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Abstract

This study is focused on the surface modificatiohgshe materials that are used for antimicrobial
water treatment. Sorbents of different origin wacntivated by Agions. The selection of the most
appropriate materials and the most effective atiimeagents was done according to the resultseof th
sorption and desorption kinetic studies. Sorptiapacities of selected sorbents: granulated actlvate
carbon (GAC), zeolite (Z), and titanium dioxide (Bctivated by A&ions, were following: 42.06,
13.51 and 17.53 mg/g, respectively. The antimiabhbctivity of Ag/Z, Ag/GAC and Ag/T sorbents
were tested against Gram-negative bactEriacoli Gram-positive bacteri®. aureusand yeastC.
albicans After 15 min of exposure period, the highest cethoval was obtained using Ag/Z agaiBst
aureusandE. coli, 98.8 and 93.5 %, respectively. Yeast cell ination was unsatisfactory for all
three activated sorbents. The antimicrobial pathefathe activated sorbents has been examined by
two separate tests - Agons desorbed from the activated surface to thee@gs phase and microbial
cell removal caused by the A@ns from the solid phase (activated surface kit&se results
indicated that disinfection process significantgpdnded on the microbial-activated sites interastio
on the modified surface. The chemical state ofaittevzating agent had crucial impact to the inhdoiti
rate. The characterization of the native and medifsorbents was performed by X-ray diffraction

technique, X-ray photo electron spectroscopy aatrsag electron microscope. The concentration of
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adsorbed and released ions was determined by iudlyctcoupled plasma optical emission
spectroscopy and mass spectrometry. The antimar@lficiency of activated sorbents was related
not only to the concentration of the activatingraggéut moreover on the surface characteristidbef
material, which affects the distribution and theessibility of the activating agent.
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Silver, activated sorbents, antimicrobial activity, E.coli, S. aureus, C. albicans

1. Introduction

The pollution of water resources is the issue tt&hands the synergistic operation of engineers,
chemists and biologists as it was accomplishedinvitiis research. So far, various natural materials
are tested, in their native or modified forms, femoval of different water pollutants, such as:i¢ox
metals [1,2], organic compounds [1], microorganisfi$ and simultaneous pollution removal
applications [1,2]. Easily available and low costbents are always attractive for heavy metals
removal [3,,4]. This is of great importance duéh&avy metals non-biodegradability and tendency to
accumulate in living organisms [3]. The absorptidrorganic species from aquatic medium was often
conditioned by modification of the surface propestusing different chemicals [1,2]. One of the most
promising fields in water research is the poterdjgplication of sorbents activated by metal ions fo
antimicrobial activity, e.g. antimicrobial modifiedrbents [1].

The water for human consumption is subjected tonote and microbiological safety [1]. The
World Health Organization (WHO), recommended thatew intended for drinking should not contain
fecal bacteria [1]. The presence of pathogenic aricganisms and infectious agents in the water is
restricted, whether for drinking or recreation mse [13***>]1. For microbial destruction, or
inactivation in the water different conventional tihreds of disinfections are applied. Lately, the
special interest in this scientific field has beewived using metal-activated sorbents. The metad,i
such as: A Cu*, zr?*, Srf*, P, Ti** and Cd"*, are well known as good antimicrobial agents and

described as suitable antimicrobial carriers 2rfrdanic materials have several advantages over
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traditionally used organic agents: chemical stahithermal resistance, safety to the user, lostirg
action period, etc 4,5. Among them, aluminosilisand clays have been widely examined in
antimicrobial activity, due to their high ion exctgge capacity, high surface area and sorption cgpaci
negative surface charge, chemical inertness anatawll toxicity [18]. Zeolites, varied in origiand
activated by Ag, CU*-, Zre*-, Ni#*-, Sit*-, PE*-, Bi**-, Cd*-, Cr*-, F€*- and Tf*-ions, were one of
the most used inorganic materials in differentraidiobial tests4,12,1%***>16,7,8. Montmorilonite,
doped by silver, copper and zinc ions was suitatderier for bacterial cell removal 9. The
clinoptilolite, previously ZA*-exhausted, was further applied in simultaneoussphate removal and
disinfection activity [5]. The untibacterial effect of sepiolite loaded ®y**-nanoparticles was tested
by Esteban-Cubillo et al. 10, showing 99.9 %Eotoli andS. aureusell removal. Activated carbons
always have supreme position in final wastewatsatiment step due to their large surface are: Ag
loaded activated carbon has showed very good ameibhal activity against. coli and strong As (V)
adsorption [&]. Li et al. performed modifications of €y Zr?* and Fé*-activated carbon and zeolite
for enhancedE. coliremoval from urban stromwater [12]. Agodified titanium-dioxide is one of the
most widely used photocatalitic materials, applieain various wastewater applications such as
removal of organic water pollutants 11,12 and nb@ab and virus cell reduction in aquatic
environment 13,14. The metal-activated materiaés rast only used as disinfection carriers in the
water treatment area, they are also proliferatadany segments of human activity. Zeolite, actidate
carbon and titanium dioxide, activated by *AgCu**- and Zri*-ions are widely used for food

preservation 15, while Tig2loped by silver ions found its utilization as sadfsinfection fabrics 16.

This study is focused on Agctivated sorbents that have potential applicafbsrthe control
of microbial growth in the agueous system. In pneliary tests, 11 different materials: 5 naturagiir
(zeolite, sepiolite, bentonite, calcite and quart?) natural-modified (powder activated carbon,
granulated activated carbon and activated alunand)3 synthetic (artificial zeolite, titanium dide
and ion exchange resin) were loaded by-&ms. Different antimicrobial aspects of pairssofbents
and chemically active agents are critically obsérwlso, the criteria for the selection of the most
suitable carriers: natural (zeolite, Z), modifiegranulated activated carbon, GAC) and artificial
(titanium dioxide, T), by origin has been elucighténtimicrobial activity of Ag/GAC, Ag/Z and

AQ/T sorbents were tested against Gram-negativeeba&. coli, Gram-positive bacteri&. aureus
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and fungiC. albicans In order to clarify the microbial cell reductiahe disinfection effect of Agion
was observed separately in aquatic medium (freé ibgs released from the sorbent) and on the
activated surface (Agons doped on the surface). Despite well knownibiion effect of free ions in
aquatic solutions9], in this study the disinfectant contribution dfet activated surface to overall

antimicrobial activity is emphasized.

The aim of this work was to evaluate silver aceehsorbents that are the most suitable for
bacteria and fungi cell removal and to demystifgitlantimicrobial activity. The main objectives of
this work were: i) the modification of the sorbént simple metal loading process (Aactivation
process), ii) the selection of the most suitabldaots and chemical agents (towards adsorption and
desorption kinetic studies), iii) the investigatioihstructural changes of the activated materiatstae
chemical state of Agactivating agent, iv) antimicrobial tests of thg Areated sorbents, v) the
clarification of the main cell reduction pathwaydadifferentiation of the contribution of the Adgpns

released from the activated surface and-ilgs loaded on the surface activated sites.

2. Material and methods
2.1 The material selection and preparation

For the experiments in this study, 11 different enats were selected and divided in three main

groups according to their origin:

a) natural-virgin sorbents (labeled as group ATable 1): zeolite, Z (originating from Mare Baia,
Romania, (NgsXK2.44Ca 48) (Al 6. 50520 41072)(H20)28 649, bentonite, B (originating from BitaZvornik,
Bosnia and Herzegovina, B#&a 1Al2Siy010(OH)2(H20)10), sepiolite, S (originating from Ari,
Cacak, Serbia, (Sp030Mgs(OH)s(H20)4-8(H0)), calcite (originating from Central Bosnia and
Herzegovina, (MgoLLa.97)(C0Os3)), and quartz sand, Q (River Sava basin, Belgr&debia, alpha-
SIiOy);

b) natural-modified sorbents (labeled as group Bable 1): powder activated carbon, PAC (Kemika,
Zagreb, Croatia), granulated activated carbon, GR&bozjak, KruSevac, Serbia), activated alumina,
AL (Fisher Scientific, St. Louis, USA) and
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c) synthetic sorbents (labeled as group C in Table artificial zeolite, AZ (Hopkin and Williams,
London, Great Britain), titanium dioxide, T (Adssréd AS500, Dow, France) and ion exchange resin,
IR (Amberlit Resin IR-120H, BDH England).

The main constituents and their content (expressét), BET specific surface area (expressed
in m?/g) and particle size (expressed in mm) distrimrudf the selected materials are presented in

Table. 1 to provide deeper insight in adsorptivegpprties of tested materials.

Prior to their use, materials were washed by deexhivater, dried for 2 h at 105 °C and placed
in desiccators. The homogenization of dry sorbevds reached using mortar and pestle. Minimal
number of processing steps for the material préjparavas 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 sturetl analysis of native and Agactivated
materials, employing an ENRAF NONIUS FR590 XRD (BeuAXS, MA, USA) diffractometer with
Cu K, 1,2 radiation and a step/time scan mode of 0.056°/The XRD pattern of the native samples
was compared with the diffraction powder file (PDF@r activated carbon (reference pattern: 89-
7213), clinoptilolite (89—7539) and titanium-diori@86-1157).

2.2.2. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS), usedtlie surface analysis of native and
activated sorbents was carried out using SPEC®®ysith XP50M X-ray source for Focus 500 and
PHOIBOS 100/150 analyzer. AtKsource (1486.74 eV) at a 12.5 kV and 32 mA wagl dse this
study. XPS spectra were obtained at a pressuteeinange of 3xI8to 2x10° mbar. Survey spectra
were recorded from 1000 to 5 eV, with the energyp sif 0.5 eV, dwell time of 0.2 s, and with pass
energy of 40 eV in the Fixed Analyzer Transmiss{BAT) mode. Region spectra for each sample
were taken from 360 to 380 eV, which include Ag #ubtoelectron lines. Region spectra were
recorded with the energy step of 0.1 eV, dwell titseand pass energy of 20 eV in the FAT mode. For
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Ag/Z and Ag/T samples, flow gun was used and aédfusad fit C 1s energy of 284.8 eV. Spectra were
collected by SpecsLab data analysis software aradyzed by CasaXPS software package both
supplied by the manufacturer.
2.2.3.Scanning electron microscopy

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

2.3. Activation process
2.3.1. Reagents

Chemical of analytical grade A0, was supplied by Merck (Darmstadt, Germany), and
HNO; from Sigma Aldrich (St. Louis, MO, USA). Ultra-pawater produced by a Millipore Milli-Q
system (the resistivity 18 §1 cm™), was used throughout the experimental work irpton and

desorption processes.
2.3.2. Sorption experiment

Set of adsorption experiments, in the singular lbatode, was tested in order to compare
sorption capacity of 11 different sorbents for'Agns. Standard solution of A§0, was prepared by
dissolving 1 g of sulfate salt in 1 L of deionizedter; concentration of 3.2 mmol/diwas obtained.
Experiments were performed following the standamcedure: 1.00 to 4.00 g of solid sample was
added to 100 mL of standard solution of metal. $btwption process was stimulated by orbital shaker
by stirring at 170 rev mih(Heidolph ROTAMAX 120), at room temperature 21+1, %Wer a period
from 3 min to 24 h. Adsorption studies were conddatnder acidic conditions (pH=5.5). Concerning
silver ions, acidic conditions preserve ‘Agns to form black precipitate AQ, which is formed as a
result of the reaction of silver cation and the royide anion yielding AgOH, according to the

reactions (1,2):
(1)Ag" + OH— AgOH

(2)2 AgOH— H,0 + AgO (black precipitate)
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Intermediate acidic conditions enable*Agns to be removed from the solution by adsorpfiorcess,
avoiding the effect of precipitation 17. The alg of 1mL were taken at 3; 5; 10; 15 and 30 min
from the beginning of the process; as well as dft&; 3; 4; 5; 6; 8; 12 and 24 h. After final aetiion
period (24 h), sorbents and solutions were sephtagdiltration through the standard filter designe
for a wide range of laboratory applications (MF-\ibre membrane filter, mixed cellulose ester, 0.45
pum). Sorbents were exposed to ambient condition®24oh and dried on 105 °C for 2 h. All, 33,
activated samples were weighted to four digit aacyr(Radwag model mza5.3y, Radom, Poland)
before the next step — desorption experiment. Titratés and the aliquots were collected and the
concentrations were measured by inductivity cougdabma optical emission spectroscopy (ICP-
OES).

2.4. Desorption experiment

The kinetic behavior of the released’Agns was studied in a similar manner, in the siagu
batch mode. Each sorbent, previously dried and umedsafter sorption process, was submerged with
100 mL of distilled water at 20 + 1 °C over a pdripom 3 min to 24 h. The aliquots of 1mL were
taken at 3; 5; 10; 15 and 30 min from starting tiaewell as after 1; 2; 3; 4; 5; 6; 8; 12 and 24e
samples were gently stirred at 50 rev tby orbital shaker. After final desorption perioi2d h, the
sorbents and solutions were separated, filtratedl dned, following the same procedure as the
activation step. The aliquots, 14 measurement poivere collected using microtubes of 1.5 mL
volume. Phase removal (solid particles in aliquotsls performed using ultracentrifuge (Heraeus
Sepatech Biofuge 13) on 12,000 rpm for 5 min amdctimcentrations of metal ions in supernatant was
analyzed by induced coupled-mass spectrometry MSH-

2.5. The metal ions concentration determination
2.5.1 The concentration of residual metal ions after sorption process

The aqueous phase concentrations of-idgs were detected by inductively coupled plasma
optical emission spectroscopy (ICP-OES)Tdrermo iCAP 6500 systeraquipped with the Thermo
ITEVA software, a concentric nebulizer, and a CyatoSpray Chamber. External calibration with
standards prepared from Certipur Merck 1000 mgithgle standard solutions, was applied for the
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measurements. Calibration blank, calibration stedsland samples were acidified with 65 % nitric
acid (Trace Select from Sigma-Aldrich) to final @stiment to 2 % nitric acid. The detection limit for
Ag’-ions was 0.02 mg/L, operating on 328.068 nm. Samfidr Ag measurements were collected in
amber vials. These solutions were acidified, ckrgéd and the concentrations of ‘Aigns were
measured after the experiments were accomplishieel.a€curacy and precision of the measurement

were controlled using LGC ERM-CAOQ11 reference mater

2.5.2. The concentration of released metal ions after desorption process

The concentration of Agions was determined using Thermo iCAP Qc ICP-MStefal
calibration was used with calibration standardspared from 1000 mg/L single element Merck
solutions for each analyzed ion. Calibration stadslavere prepared with 1 % HNQ@s a diluent
(Fluka Analytical Trace Select HND As internal standard Indium was used. After gviemth
measurement continuing calibration verificationusion (CCV) was analyzed in order to verify the
integrity of the instrument calibration. CCV wasepared from the Accu standard ICP multi element
standard MES 21-1. Certified reference material EGAMD11b was measured undiluted to verify the
overall performance of the measurements and thalsey 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 fgf #ons, expressed in mg of doped metal per

g of sorbent, is calculated from Eq. (1):

where Co (mg/L) is an initial element concentration (in te@ndard solution), an@s (mg/L) is

concentration after 24 h of activation process. Vhél) is volume of contact solution (standard
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solutions) andn (Q) is the mass of examined sorbent. The SGspeaific characteristic for each type

of sorbent and depends on the nature of materthbnhemical agent.
2.6.2. The desorption capacity

The desorption capacity (DC) for analyzed materi@pressed in mg of released metal per g
of sorbent is calculated from Eq. (2):
(2)DC = C—‘fv
m
where Cd (mg/L) is the total desorbed concentration aftérh2V (L) is the volume of contacting

solution andn’ (g) is the mass of activated material, after sorpgprocess.

2.7. Microbiological tests
2.7.1 Reagents and microbial culture

Antimicrobial activity was tested against microloigical cultures: Gram-negative bacteiia,
coli (ATCC 25922, Microbiologics, USA), Gram-positiveadieria, S. aureus (ATCC 25923,
Microbiologics, USA) and fungC. albicans(ATCC 24433, Microbiologics, USA). Solid substmate
for E. coli and S. aureuswere prepared by Plate count agar (Torlak, Serbvelile Sabouraud
malotose agar was used for C. albicans growth &Koi$erbia). Analytical grade, sodium chloride,

NacCl, was supplied by Merck (Darmstadt, Germany).

2.7.2. Antimicrobial tests for Ag*-activated sorbents

The antimicrobial activity of AGactivated sorbents was evaluated agaistoli, S. aureus
and C. albicansusing the standard test dilutioBriefly, a mass of 0.1 g of each activated sorbent
(Ag/GAC, Ag/Z and Ag/T) was added to a tube contegr9.9 mL of sterile 0.9 % NacCl solution (pH
6.2). The saline was inoculated with 0.1 mL of areraight culture inoculum. The tubes were
incubated in a water bath shaker (Memmé&tymany) at 150 rpm, for 15 to 20 min, at 37 °CeTh
aliquot of 0.1 mL of the mixture, saline, activatsatbent and inoculum, was diluted in the 9.9 mL of
the saline. Other, different dilutions were alsof@ened. From each dilution, the 0.1 mL aliquot was

placed in a Petri dish and covered with appropi@atr. After 15 min of the incubation at 37 °C, the
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number of surviving microorganism colonies was ¢ednAs 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 ofE. coli, S. aureusandC. albicansby released Agion in aqueous phase was
also investigated. Antimicrobial tests were perfedrby different concentrations of free ‘Aigns,
collected after 15 min of desorption period of AGG Ag/Z and Ag/T. Test tubes were inoculated
with 0.1 mL overnight culture inoculums. After irzation period at 37 °C, the aliquot of 0.1 mL was
diluted in the 9.9 mL of the saline. The dilutioest is performed as described in the previous

paragraph. A control sample, without Aign was performed under the same conditions, linesa

2.7.4. Estimation of antimicrobial activity

The degree of the microbial cell reduction (R, %swalculated according to Eq. (3):

[CFU,,,~CFU,]

3)R% =
(3)R% CFU

100

cont

where CFUont is the number of microorganism colonies in thetmdrsample with native sorbents or
only with saline, and CFYis the number of microorganism colonies in theegivith silver activated

samples (Ag/IGAC, Ag/Z, Ag/T) or with Agions released from the activated surface.

All antimicrobial tests were performed in triplieatThe mean value and standard deviation were

calculated by Origin Pro software (OriginLab Corguawn).

3. Results and discussion

3.1. Preliminary investigations
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Sorption and desorption capacities of 11 sorberstddd by Ad-ions, after 24 h are presented
in Table 2. The efficacy of activation process etedmined by sorption capacities (SCs). Virgin
natural sorbents were analyzed in preliminary itigason in greater scope due to availability and
possible easier implementation. But, the analystsved that natural-modified and synthetic materials
have higher affinity for metal ions, than the virgines. The range of SCs was: 42.06-3.28 mg/g for
Ag’-ions. The high affinity was manifested for Aigns, which is related to hydrated ionic diameter
phenomenon [21]. Hydrated radius is inversely propoal to cationic radius. The value of silver
cationic radius is 1.13 A which indicates that lagdd radius of Agion has an advantage for easier
absorption by sorbent 18. The affinity of eachddgnaterial for silver ion was also considered iand
presented in the lower part of Table 2. Desorpstutdies give information on the concentration of
released ions into the solution. The slow reledsmetal ions from the activated surface is followed
by an antimicrobial effect. Supporting this phenoomg the presence of free ions after desorption was
analyzed in distilled water. The range of DCs wh$£5-0.009 mg/g for Agions. These results
indicate that DSc are nearly 20 (for titanium-doe)i to 2000 (for artificial zeolite) times lowerethn
SCs of the same materials. Low desorption rateeaivin metals, adsorbed or naturally present in
minerals, was proved in our previous study 19.Dmsam of metal ions by the natural virgin and

modified material did not show any specific order.

Regarding SCs and DCs obtained for*Aans, as well as the differences in the origin of
examined materials, for further antimicrobial testéparticle size 0.4-0.8 mm), as a representaifve
natural virgin sorbent, GAC (particle size 2-4 mm)natural modified sorbent and T (particle size
0.25-1.2 mm), as a synthetic sorbent, were seleCted of the criteria for the selection of approgriat
sorbent, beside proven antimicrobial efficacy, asbent stability and its lifetime [12]. In this sky
sorbents of different desorption rates are intewily selected because the release of-idags will

determine the pathway of overall antimicrobial ates.

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

The selection of appropriate sorbents and actigadiment depends on several parameters: SC
(quantity of the surface loaded activating ageh6),21]; desorption kinetics (stability of the sarbe
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slow release of free metal ions) [17522*>]20; chemical state of the activating agent \#s; Agd')

[18<***>]21,22 and structural properties of the materiatt@eoorosity enables better distribution of
the Ag-ions through the material and easier accessibilftghe activating agent to the microbial
solution) B,18,40]. Taking into account all of the above, #ppropriate sorbent selection and their
microbiological testing depends on many factorse Helection of different materials, activating
components, sorption capacities of the modifiedosots and minimum inhibitory concentration

(MIC), used in some previous antimicrobial inveatigns are presented in Table 2.

Successful activation process, e.g. good sorptapacity for specific metal is a prerequisite
for the choice of adequate activating agent (mietalselection). Metal ions (&g Cu*, and ZR")
provide efficient microbial cell reduction [22,23h literature, there are opposite explanationateel
to the explanation of antimicrobial activity. Atrdt, microbial cell reduction was explained by
conventional approach that free metal ions inatgiv@acteria and fungi cell growtld,P2<***>]23.
But, lately, the contribution of the activated migteon antimicrobial activity has also been evédda
[4,12]. Within this study both influences are consédk cell reduction due to free ions in solution
[22,23] and the antimicrobial effect of the iongpdd on the surface of sorbent [18,41]. These two
steps do not exclude each other, e.g. they are leomeptary. Although some of previous
investigations indicated similar conclusian, [this phenomenon has not been yet clarified. Kihetic
study of released ions from the surface enablescthgfication of antimicrobial mechanism of

activated sorbents.

In some of the previous studies the importancénefchemical state of the activating agent for
the antimicrobial activity was appointed [40s41*>]24. Inoue et al. investigated antibacterial attiv
of silver activated zeolite and discovered that lbhetericidal activity was very low when oxidation
state of silver was zero [43]. Ferreira et al. oN@red that the ratio of present silver ions and
elemental silver (e.g. A¢Ag® atomic ratio) on the activated surface determirsed overall
antimicrobial effect. Nevertheless, the porositynodterials and distribution of the chemical agent
dictated the accessibility of the activating agen0]. Magana et al. focused on the influence of the
porosity on antimicrobial effect of the montmoriiten(calcined and milled) [18]. Better inhibitioate
was obtained by calcined clay where*Akg°® atomic ration was lower. This could be directly the

consequence of Agon incorporation in the interlayer of the calainsample and non homogeneous
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profile distribution of the activating agent. Besidhetal ion activating treatment, impregnation of
materials by film of oxides or hydroxides [12] item used procedure for sorbent modification. The
metal hydr(oxide) coating approach provides bettebent stability in water due to its low solulyilit
constant [37]. The slower release of metal ionmftbe hydr(oxide) activated surface into the soluti
may affect microbial removal for a longer time. @@n capacity of hydr(oxide) layered sorbents

proved to be lower than metal-activated materib.|

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

The activation process, with Agons as chemical agent and GAC, Z and T as selected
sorbents, was performed in singular batch mode.chamge of sorption capacity of Ag/GAC, Ag/Z

and Ag/Z, with time, during 24 hours, for activatiprocess, is shown in Fig. 1.

Comparing the sorption capacities of GAC, Z andoibsents for Ad-ions, the values were:
42.06, 13.51 and 17.53 mg/g, respectively. The iegphctivation process was very efficient for
Ag/GAC and satisfactory for Ag/T and Ag/Z. Afted b, 65 % of Ag-ions were loaded on GAC,
while 27 and 21 % were adsorbed onto T and Z stsbdiine change of the sorption capacity per time
can be fitted by kinetic models pseudo-first and pseudo-second ordeath kinetic models gave a
similar sorption trend. Using GAC sorbent, 50 %irofial Ag*-ions were removed from the solution
after 45 min, while Z and T showed slower sorptikimetics, 50 % of Aions were uptaken in 3 h
and 2 h, respectively. From the obtained valuesooption efficiency and kinetic parameters for the

activation process, Agons are the most suitable choice for chemicaVvatihg agent.

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

Desorption kinetic studies give the informationdzhen the change of concentration of released Ag
ions per time. Slow release of metal ions enaltkgsilgy and longevity of the activated sorbenteTh
release of free Agions was simulated in deionized water, at pH Sufindy 24 h. Desorption kinetic

studies of Ag/GAC, Ag/Z and Ag/T are shown in Fig.
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Comparing desorption capacities of AQ/GAC, Ag/Z adiT, expressed in mg/g the values obtained
were: 0.32, 0.008 and 7.41, respectively. Therebigious difference in Agions release tendency
between selected materials. Ag/Z exhibits low deson rate, while Ag/GAC has moderate
desorption rate of Agions in contrary to Ag/T, with high desorption eatFor this study, these
differences in the desorption rates of selecteceriads$ are convenient for the analysis and expianat
of the contribution of the activated sorbent (zatidd sites on the surface of the material) to
antimicrobial activity. Separate analysis of thembial cell removal caused by the Aigns from the
agqueous phase and Ans from the solid phase will be performed. Tigportant distinction in this
approach is related to the chemical state of thivaing agent. Structural and surface analysis of
native and Agractivated sorbents provide better insight in treehanism 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, andwated, Ag/GAC sorbent are shown in Fig.3. The
analysis showed that silver activated sorbent le&s Isubjected to structural change. The presence of
elemental silver (A} has been detected at characteristic pealiss 38.10°; 44.25° and 64.40°
[44,45]. The broad peaks of GAC and the sharp petksver appeared in the pattern of the Ag/GAC
refer to the coexistence of the both Ag/GAC and GBT Silver ions (Ad) from the activation
medium, AgSO, solution, were adsorbed on GAC surface and they Hmen reduced by carbon
atoms, a strong reducing agents, to elementalrihg®) 25. This reaction explains the chemical state
of the activating agent which is loaded as metafliver on Ag/GAC activated surface. The
appearance of two new peaks, # 2 20.95° ((Na,K)S;03) and 2 = 23.30° (S), are also a

consequence of reduction process of the sulfatepgi®Q?) from the activation medium.

The results of XRD analysis of native, Z, and atyd, Ag/Z sorbent are shown in Fig.4. The analysis
has shown that there were no significant structahanges between natural and activated sorbent,
except for the silver peak which appeared whervaietd sorbent has been analyzed. The diffraction
pattern of modified sorbent has peak& £210.00° and 22.55°) which are less intensive therpeaks
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for the natural sorbent. This is the consequencthefpresence of different silver states, elemental
silver (Ad) and ionic silver (A [41]. Moreover, low intensity of elemental silyesharacteristic
peak at 2 = 38.10°, indicated lower amount of silver in #eplite framework and higher dispersion
of the metal inside zeolite hosf41]. Silver in ionic state was not noticed by XRiDalysis, but

complementary XPS technique has confirmed its piase

The results of XRD analysis of native, T, and atid, Ag/T sorbent are shown in Fig.5. The analysis
showed that there were no significant structuraingfes between synthetic and activated sorbent. The
characteristic peak of titanium-dioxide has beereoled at 2 = 25.30°.The diffraction pattern of
AgQ/T indicated that silver is present in activageabent as ionic silver, in form of silver (I, libxide,
AgO, detected at2=32.50° 26. Although its empirical formula, Ag§€uggests that silver is in the +2
oxidation state in this compound, silver (I, llixide is a mixture of two silver oxides and is

formulated as Ag\g" O, or AgO-Ag0; 27 The confirmation of the presence of silver in iostate

in Ag/T sorbent has also been the subject of XRyais.

3.3.2. XPS analysis

XPS spectra of activated, Ag/GAC sorbent are preskin Fig.6. In Fig.6a the survey
spectrum shows the positions of oxygen, carbon sindr elements. The analyzed sample consists
mainly of carbon with the atomic percentage (irexbtiable) of 93.3 %. Although the sample has 4.5
At % of oxygen, and 2.2 At % of silver, accordirgthe position of Ag 3gb photoelectron line at
368.14 eV, and Ag 3@ at 374.17 eV, Fig. 6b, silver is in its metalltate [44***>]28.

XPS spectra of activated, Ag/Z sorbent are predemid-ig.7. In Fig.7a the survey spectrum
shows photoelectron lines of the main elementsthanl atomic percentage in the insert. The atomic
percentage of silver is 0.7%, and the region spectfin Fig.7b) shows Ag 3d lines. These, Ag 3d,
lines are fitted into two contributions, indicatitige simultaneous presence of both chemical stdites
silver. The position of Ag 3¢ lines at 371.1 and 368.0 eV, can be attributethéometallic silver
(Ag®) and silver (I, Ill) oxide, in form of AgO, respiely 29,30. Metallic silver was also detected by
XRD analysis, while the presence of Agjgnal could be attributed to the silver ions iakanged in
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the hosts of structure of Ag/Z. Similarly, Ags3dines are fitted into two contributions positionad
376.9 and 374.3 eV corresponding to metallic sij¢e) and AgO, respectively [52].

XPS spectra of activated, Ag/T sorbent are preskeint Fig. 8. In Fig.8a the survey spectrum
shows the positions of oxygen, titanium, silver @adoon. The atomic percentage of each component
is given in the insert. The position of the Ti 2pag at 457.5 eV, close to Ti gpat 458.0 eV
corresponds to a +4 oxidation state in titaniunxidie, TiO, [26<***>]31 which is in accordance with
a bit more than two times higher atomic percentafgexygen. The oxygen also resulted in oxidation
of silver which is present in the form of oxide AgBigh resolution XPS spectrum of Ag 3d region is
presented in Fig. 8b. Fitted Ags3dphotoelectron line positioned at 367.3 eV, witmsyetrical shape
before and after activation process, correspondheosilver ionic state of AgO [25]. The results

obtained from XPS analysis correspond to XRD stmattanalysis.

3.3.3. SEM analysis

The surface morphology of the native, GAC and atéigt sorbents, AgQ/GAC was investigated by FE-
SEM technique. Representative FE-SEM images of GAG Ag/GAC are shown in Fig.9. GAC
sample consists of many particles with random foamd sizes [6]. After Agactivation process, FE-
SEM images showed the presence of white nanopestarh the surface of Ag/GAC, with the particle
size of diameter less than 200 nm. The distributbbrthe particles is pretty homogeneous. The
characteristic layout of the silver particles on/@4C, aggregated in regular shapes of squares,
triangles and circles, indicate that elementalesilvas formed crystallites on the sorbent surfagg [
This analysis is in agreement with XRD and XPS mémphes, which confirmed the presence of

metallic silver (Ad) on the Ag/GAC surface.

Representative FE-SEM images of the native, Z sitnkr activated zeolite, Ag/Z are
presented in Fig.10. The surface morphology of ire@lonfirmed the presence of different particle
shapes and sizes, which commonly appear in compteganic crystalline structures such as natural
clinoptilolites [16]. The differences in microgragpbf native, Z, and activated sorbent, Ag/Z, aselite
of Ag'-activating agent, previously confirmed by XRD aXBS analysis. The presence of metallic
silver has been detected through white partictesgularly spread on the surface of the Ag/Z sarben
Similar results of the silver activated zeolitefaues have been already reported [18].
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Representative FE-SEM analysis of native, T and/aed, Ag/T sorbents are presented in
Fig.11. The surface morphology of the native antvated titanium-dioxide consists of similar,
regular shaped particles [29]. After activationgass, the micrographs of the Ag/T surface exhibited
slight increase in the number of white spots, whiaticates the presence of the silver. Although FE-
SEM images did not clearly show the presence okilver on Ag/T surface, XRD and XPS analysis
confirmed the presence of the ionic silver on tbivated sorbent. Moreover, XPS analysis provided

the information about the atomic percent of theesiloaded on Ag/T, 1.8 % (Fig.8, inserted table).

3.3. Antimicrobial tests

The antimicrobial activity of the sorbents activhtey Ag™-ions, has been observed through the
reaction of metal ions loaded on the surface ofdbeent and free metal ions detached from the
activated surface in aqueous phase. Slow and cms release of silver ions in the microbial
environment is critical factor needed to ensure ah@amicrobial efficacy [22,42]. Simultaneously,
metal activated sorbents tend to attract the negjgtcharged membranes of the bacteria to the sirfa
of the material, where the positive charged silees inactivate microbial or enable them to repéica
[4,12,17]. With this study, an attempt to make stidction between the contribution of the *Agns
from the aqueous phase and*Agns from the activated surface to antimicrobietivaty. In order to
achieve this, two separate experiments were peddrrantimicrobial tests of the activated sorbents
(Ag*-ions from the solid phase) and antimicrobial test&\g’'-ions from the aqueous phase. For the
low release rate of Agons, it could be expected that an antimicrobffda is a consequence of the
presence of Agions on the surface (activated sites are resplengb the microbial cell reduction).
For sorbents with high desorption rate of Agns, the cell inactivation is related to the jrese of

desorbed Agions into the microbial solution.

3.3.1. Antimicrobial activity of Ag*-activated sorbents

The antimicrobial activity of Ag- activated matdsiavas tested in three different stages of
their exhaustion. Ag/GAC, Ag/Z and Ag/T sorbentgeveested with maximum Agoad: after 24h of
sorption process (labeled as sample 24S, in Tgblaftér 6 h of desorption period (sample labeled a
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06D, in Table 3) and after 24 h of desorption piiample labeled as 24D, in Table 3). In order to
ensure that the reduction of both bacteria andtyisasxclusively the consequence of antibacterial
activity of activated sorbents, experiment was ggened in dark. The exposure period was limited to
15 min, to minimize desorption of free A@ns in the solution, e.g. to minimize the effettreleased

Ag’-ions to antimicrobial activity.

Cell reduction was the most successful using Agibent. ForE. Coli the reduction reached
90.7, 92.2 and 93.5 %, for the samples 24S, 06D24i respectively (Table 3). The inhibition rate
for S. aureusin three different steps of Ag/Z exhaustion, shdwthe values: 99.1, 99.6 and 99.8 %.
Antimicrobial activity againsC. albicanswas found to be insufficient when Ag/Z was testebere
for 24S, 06D and 24D samples cell inactivation wi&s1, 20.9 24.5 % , respectively. This is affected
by the presence of Agons which are incorporated and dispersed intariagerial. It was not only the
concentration of the activating agent, since zedtiad the lowest sorption capacity for “Agns,
comparing with GAC and T sorbents, as presentedrable 1, but also the accessibility and

distribution of Ag-ions resulted in the efficient antimicrobial ady\[5].

When testing Ag/T, activated sorbent the resulteevilgtermediate inhibition. The disinfection
was 10 % lower comparing to Ag/Z, despite the high@rption capacity of Ag/T for Agions, as
shown in Table 1. The inhibition rate of Ag/T agsik. coli, tested for 24S, 06D and 24D samples,
increased in following order: 78.4, 82.0 and 86.8réspectivelyS. aureusell inactivation provided
by Ag/T, with respect to the order of tested samBS, 06D and 24D), was: 79.0, 85.1 and 89.6 %.,
Comparing all three activated sorbent, removaCoflbicans was the most efficient by Ag/T . The
rate of antimicrobial activity increased for lesaded Ag/T samples. For 24S, 06D and 24D agéinst
albicans the inhibition rate was: 33.3, 40.7 and 48.1 %peetively. Structural analysis of Ag/T
showed that silver is also doped as*Aan (in the chemical form of AgO), but probablyeth
heterogeneous distribution of A@ns on the surface, as well as reduction of AgQhe surface 32,
led to less efficient antimicrobial activity, compd to Ag/Z. The analysis of the inhibition rate is
specially interesting from desorption aspect. Alijo Ag/T sorbent has 10 times more pronounced
desorption rate than Ag/Z, antimicrobial activity Ag/T did not extend 80 %. This leads to the
conclusion that inhibition is mostly the consequent the contact between microbial and Agns
from activated surface sites and not' Agns detached from the surface.
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When testing, Ag/GAC, this sorbent showed the Iawed reduction againgt. coli, S aureus
and C. albicans(Table 3). Inhibition rate again&. coli, tested for 24S, 06D and 24D activated
Ag/GAC samples was 47.2, 49.7 and 51.8 %, respygtiRespecting the order of selected samples
(24S, 06D and 24D%. aureusell reduction was similar d&s coli inhibition, with values: 45.0, 48.3,
and 50.0 %, while fo€. albicanscell removal was less efficient, with values: 38@.4, and 43.2 %.
These results were expected due to the fact tivar sons from the activation medium were reduced
when loaded on the GAC surface and Ag/GAC actigdtes are filled by metallic silver. Elemental
silver is known to be an ineffective inhibitor [43put silver bactericidal effect depends on its
bioavailability [40]. This fact implies that micri@ cell reduction of Ag/GAC is consequence of Ag
ions release in the solution from Ag/GAC surfacerimy 15 min of exposure period. This will be
further examined in the antimicrobial tests of thg'-ions released from the activated surface.
Furthermore, GAC and Z sorbent had the same desorpate, which indicates their similar
antimicrobial activity. On the other hand, Ag/ZIsent proved to have double inhibition effects due t

surface properties, as stated previously.

When antimicrobial data of the Agctivated sorbents shown in Table 3, are analyttes,
microbial cell reduction for Ag/GAC activated sonbés in ascending order fro@. albicans overS.
aureausto E. coli, while for Ag/Z and Ag/T there is slight advantafge S. aureuscell reduction
comparing toE. coli. For all three activated sorbent, albicansproved to be the most resistible
microbe by silver inhibition. Different microbiapecies have different protective mechanism when
exposed to chemical agent, e.g. different stateswdr [30]. Among tested organisnits, coli andS.
aureushave shown high sensitivity upon exposure to sifeepecially to A&ion, which is present on
activated sites on Ag/Z and Ag/T sorbents).albicanscells can produce the antioxidative enzyme,

catalase, which can protect the cell from degrada3.

Another observation is related to the exhaustiomogdeof the tested samples. It was noticed
that more exhausted sorbents (the samples labaled6B and 24D) manifested slightly higher
antimicrobial activity, compared to the fresh aated ones (24S). This is probably related to the
availability of the Ag- activated surface sites. The high*Agn loadings resulted in a reduction of the
antimicrobial activity as described elsewhere [1§,Z'The sorbent after 6 and 24 h of desorption

period was more effective in antimicrobial activityan the maximum loaded one. There are two
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possible explanations, which are in agreement sitldies of other authors: i) this is due to the
reduction of silver ions to elemental forms (frong*Ao Ad’) [21] and ii) the release of Agions
leads to increase in porosity of the material [TBhe higher AJAgP ratio in activated material
expressed better antimicrobial activity [41]. Witie release of Agons from the surface (after 6 and
24 h of exhausting period), there is much more $gce on the surface that enables bacteria tb ‘gra
on the surface’, which improves the overall antmoigal effect. Similar conclusions have been

already reported [21].

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

As previously shown in desorption kinetic studitested Ag/GAC, Ag/Z and Ag/T sorbents
have different affinities for releasing Agpns. Low desorption is characteristic for zeglite
intermediate rate for activated carbon and highoge®n rate for titanium-dioxide sorbent. The
selection of the sorbents with different desorptrates is made on purpose in order to follow the
influence of free Afrions in aqueous solution. The antimicrobial efficaof Ag-ions released in
aqueous phase during desorption experiment cou&irdme the contribution of desorbed ions to the
overall antimicrobial activity. These conclusionsuld clarify the pathway of the antimicrobial

activity of the activated sorbents.

This study was subjected to the controlled antiobi@l conditions, using free Agdons
released from the Ag/GAC, Ag/Z and Ag/T sorbentstb®nts were tested in different stages of their
exhaustion, previously described in antimicrobidts of the ABactivated sorbents. Samples are
labeled in the same manner: 24S-a (sorbent aftér @activation process), 06D-a (sorbent after 6 h
of desorption process) and 24D-a (sorbent aften 24 desorption process). Label ‘a’ stands for the
concentration of Aiyions in aqueous phase. Desorption period foratiges was limited to 15 min.
This interval is equal to duration of the incubatigeriod in antimicrobial tests of Agolid phase.
The results of antimicrobial activity of released’Aons are presented in Table 4.

Ag/Z sorbent showed low desorption rate forAons after 15 min of desorption period. Solid
samples in different exhaustion stages (24S, 064D) Adesorbed low quantities of Agpns in
agueous phase (24S-a, 06D-a, 24D-a). The valuesneldtare expressed in mg/L: 0.080, 0.030 and
0.020, respectively. The concentrations of Aans desorbed from Ag/GAC sorbent were 10 times
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higher than those of Ag/Z, collected in the sameriral. The values for AQ/GAC samples, with
respect to their order (24S-a, 06D-a, 24D-a) arge0@ 0.200 and 0.035 mg/L, respectively. Ag/T
sorbent showed extremely good release of-idgs, with values of 5.00, 0.400 and 0.170 mgheraf
15 min of desorption period, for collected samp&ES-a, 06D-a and 24D,-a respectively.

Results indicate that, similar to the order of #mgimicrobial activity of Ad-ions from the
activated sorbents, the most sensitive to the poesef Ag-ions in aqueous phase wele aureaus
and E. coli [9], while C. albicanswas the most resistible one. The cell reductiogf-ions from
aqueous phase (see Table 4) was performed in $ear@microbial experiment, related only to the
concentration of free Agions in the microbial solution. As expected, aelinoval decreased as the
concentration of Afyions decreased, for the analyzed aqueous san®d€sa, 06D-a and 24D-a. The
best cell removal for all three microbes was olgdifor Ag/T aqueous samples, due to the highest
desorption rate. In general, antimicrobial activifyAg'-ions desorbed from the Ag/GAC, Ag/Z and
AgQ/T activated sorbents is low because of the séxpbsure period (15 min) of activating agent ® th

microbial solution (see Table 4).

3.3.3. Overall antimicrobial activity

Overall antimicrobial activity of Ag/GAC, Ag/Z and\g/T activated sorbents could be
explained through divided antimicrobial tests of Agns from the solid phase and Aigns from the
agueous phase. The most important aspect of thestigation is related to the different desorption
rates of the selected and tested materials, whialled to examine and follow the changes iri-Ag
aqueous and Agsolid microbe interactions. Regarding Ag/Z sorbemtere low desorption rate is
observed and due to neglecting antimicrobial agtiof released Agions (as shown in Table 4), the
conclusion is that an overall cell reduction isamsequence of Agactivated sites on the surface.
Despite this, Ag/T with high desorption rate hag#icant contribution of Afrions that are desorbed
from the activated surface to an overall inhibiti@omparing the inhibition rate of 24S (Agctivated
T, Table 3) and 24S-a (Adons desorbed from Ag/T, Table 4) samples, ald0st of the total cell
reduction is related to the presence of Aans in aqueous phase. The high desorption oFiggs
from the Ag/T activated surface after 15 min ofaesion was significant to exhibit how this result.
Similar observation can be made for Ag/GAC antimial analysis, where Agons were loaded as

elemental silver (A} on the GAC surface, which additionally confirnie tantimicrobial effect of
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released Agions. But, it is important to point out that inflace of Ag-ions from the aqueous phase

is the most dominant for the fresh activated sahemith maximum Ag-loading (samples marked as
24S, in Table 3), where the change of the contergleased Aions with time is the greatest (24S-a,

in Table 4). Samples after exhaustion period (sampharked as 06D and 24D, in Table 3) have
slower desorption kinetics and the release of-ibgs is, as expected, less expressed. For these
samples, the contribution of Agons in cell removal (Table 4) is less expressedl the most of the

antimicrobial activity belongs to the effect of Agctivated surface sites.

Observing all interpreted results and discussi@ms;losing the activating agent and its
chemical state, structural properties of the attidasorbents, separate antimicrobial analysis ef th
Ag’-ions in the aqueous and Agpns from the solid phase, there is a strong sifiefelief that the
overall antimicrobial effect is not only related tlee presence and quantity of Aigns, but also is
affected by the surface properties of the samples.clarification of this phenomena and mechanisms
of antibacterial activity on the sorbent surfacd e a focus of further investigations in thisldief

the research.

4. Conclusions

This research is focused on antimicrobial activifyAg -activated sorbents. Sorption and
desorption capacities were important criteria Fa $election of proper and suitable materials:itegol
granular activated carbon, and titanium dioxidee TAg -activated sorbents were examined in
antimicrobial tests againgt coli, S. aureusandC. albicans The greatest inhibition rate, after 15 min
of exposure period, was obtained for Ag-zeolite $s.aureusand E. coli, 99.8 and 93.5%,
respectively. For all activated sorbents, the ldwemoval efficacy is obtained agairst albicans
Structural analysis of the activated sorbents gesgghts into the chemical state of the silver
activating agent, which reflects greatly their amtrobial efficacy. The XRD, XPS and FE-SEM
analysis confirmed that silver in Ag-granular aatad carbon was in elemental form fpgn Ag-
titanium-dioxide was in ionic state (Ag while in Ag-zeolite was in elemental (Agand ionic state
(Ag"). This was confirmed in antimicrobial tests, whég-granular activated carbon had the lowest

removal rate, for all three tested microbial.
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The pathway of the antimicrobial activity was ofesfic interest in this study. The
antimicrobial activity of the activated sorbents@deen observed through two different aspects: the
inhibition rate of the Aions loaded on the surface activated sites andonéribution of the free
Ag’-ions released from the activate surface into aquetvironment. Separately, antimicrobial tests
were performed to demystify the contribution of tkelid phase, activated surface, in total
antimicrobial activity. The results indicated thamtimicrobial performance of activated sorbents
depends not only on the concentration of the aiitigaagent, but also on the surface characterisfics
the material, which directly determines the disttibn and the accessibility of the activating agent
This research is an attempt to alleviate the dsounson antimicrobial effect of silver activated
materials. Moreover, this paper gives a strong ritezal and empirical baseline for further

development and application of different activepsion and filtration media.
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Fig. 1. Activation process of GAC, Z and T sorbents by Ag+- ions

Fig. 2. Desorption process of Ag'-ions, released by Ag/GAC, Ag/Z and Ag/T sorbents
Fig.3. XRD analysis of GAC (dashed line) and Ag/GAC sorbent (solid line)

Fig.4. XRD analysis of Z (dashed line) and Ag/Z sorbent (solid line)

Fig.5. XRD analysis of T (dashed line) and Ag/T (solid line)

Fig.6. XPS spectra of Ag/GAC sample: a) the surspgctrum with the position and the atomic
percentage of the main components; b) high resmiutgion spectrum of Ag 3d showing the fitted
binding energies.
Fig.7. XPS spectra of Ag/Z sample: s) the survegcspm with the position and the atomic
percentage of the main components; b) high resmiutgion spectrum of Ag 3d showing the fitted
binding energies.
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Fig.8. XPS spectra of Ag/T sample: a) the survegcspm with the position and the atomic
percentage of the main components; b) high resmlutegion spectrum of Ag 3d showing the fitted
binding energies.

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)

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)

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)

Table 1. The component profile (%), BET specificface area (fig) and particle size (mm)
distribution of the selected materigl$35,36,37,38,39
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Sorbent Component, % BET specific Particle size, Ref
surface area, mm
m?lg
NATURAbenA. VIRIGN Zeolite (Z)  Clinoptilolite, 80 Acti¢atihg ion 0.4:8 [34]
L Ag’
MATERIA SC, mg/g DC
LS ,
Bentonite  SiO,, 55 59.3 <0.074 [35] mg
NATURAL A. \BEENe 2| (2) 13.868 <0.074 [32] 0.0
MATERIALS (S) MgO, 28.6 85
Calcite (C) Befi€l8te (B) 3.28.8 0.001 Present 0.3
study 0
Quartz (Q) Sd@idlfie (S) 15.2% 0.20-0.55 Present 0.0
study 3
B. Powder Catleire, (€).9 7.151014 0.023 [36] 0.0
MODIFIE  Activated 4
D Carbon Quartz (Q) 4.23 0.6
(PAC) 8
B. GCGDIRES] Carhder 63.3 16.161436 0.355-1.60 [37] 0.0
Activated  Activated 4
Carbon Carbon (PAC)
(GAC) Granulated 42.06 0.3
Activated MefPgaty 230 0.50-2.00 Present 2
Alumina Carbon (GAC) study
(AL) Activated 6.52 0.0
SYNTHET Artificial /Alumina (AL) 280 0.45-1.50 Present 11
IC  SYNTHETIC Zeolite Artificial 15.83 study 0.0
MATERMYERIALS (AZ) Zeolite (AZ) 09
LS Titanium 17.53 1.0
Titanium-  Tikexigen-joxide, 250 0.25-1.25 [38] 5
dioxide (T) 88n Exchange 21.18 0.0
lon IResin (IR) 300 0.354-0.841  Present 43
Metal ion Exchange  SC (mg/g) DC (mg/g) study
Ag* Resin (IR)  GAC>IR>T>P  T>Q>GAC>B>Z>IR>C~PAC>S>AL~AZ
AC>AZ>S>7>
C>AL>Q>B

Table 2. Activation (sorption) and desorption caipes of 11 different sorbents for Agons,

after 24 h of duration time.
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Table 3. Sorption capacity of activating componentgifferent modified sorbents and their minimum

inhibitory concentrations in antimicrobial activitg,41

Material

Zeolite X

Zeolite X

Zeolite Y

Clinoptilolite

Clinoptilolite

Clinoptilolite
Sepiolite

Montmoriloni
te
Montmoriloni

te

GAC

GAC
GAC
TiO,/citozan
TiO,

Activating
component
Ad

Agd

Ad'

Cuv#*

Ni2+

et
cd"

Ag
Ag’
Ag'
A
Ag°

Sorption MIC

capacity (mg/g) (mg/mL)

20.0 0.15; 0.15; 0.15

98.0 0.3;0.3;1.0; 1.0
97.0 0.2;0.2;1.0; 1.0
26.0 10.0; 10.0

5.20 10.0; 10.0

13.0 10.0

10.0 /

33.6 2.5

/ 0.5;0.5

10.0 0.016

24.7 0.5

16.5 0.02

50.0 0.00038

/ 10.0; 10.0; 10.0

Exposure Antimicrobial Ref.
period, h activity
1;1;1 E. colj; [22]
P. aeruginosa;
S. eureus.
24; 24; 48; AE. coli; [41]
B. subtilis;
S. cerevisiae;
C. albicans.
24; 24; 48; A&. coli; [41]
B. subtilis;
S. cerevisiae;
C. albicans.
24; 24 E. colj; [4]
S. eureus;
24; 24 E. colj; [4]
S. eureus;

24 A. junii [5]
24 E. coli [24]
S. aureus
24 E. coli [18]
24; 24 Pycnoporus [23]

cinnabarinus

Pleurotus ostreatus
24 E. coli [6]
0.17 E. coli [39]
24 E. coli [40]
24 E. coli [29]
24;24;24  E. coli, [30]

S. aureus,

C. albicans
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TiO, Ag’ 10.0 0.001 24 E .coli [41]

E. S. C.

coli aur albi

eus can
s

Sa CF R CF R CF R
mpl U/ (%) u/ (%) u/ (%)
e mL mL mL

24S 06 24 24S 06 24 24S 06 24 24Ss 06 24 24S 06 24 24s 06 24

D D D D D D D D D D D D

Co 39 39 39 6.0 6.0 6.0 22 22 22
ntro 8x 8x 8x 0 0 0 0 0 0
I 100 100 10 x10 x10 x10 x10 x10 x10
GA 5 5 5 5 5 )
C
Ag/ 21 20 19 47. 49. 51. 33 31 3.0 45  48. 50. 1.4 14 12 34. 36. 43.
GA O0Ox O0Ox 2x 2+ 7+ 8% O0x O0x O 0+ 3+ 0z 5x 0 5x 1+ 4+ 2%
C 10° 100 10 03 04 03 100 10 ;(10 04 03 05 10° ?3(10 10° 02 01 03
Co 38 38 38 54 54 54 27 27 27
ntro 3x 3x 33X Ox Ox Ox 8x 8x 8x
1Z 100 100 10 100 100 10 100 100 10
Ag/ 35 3.0 25 90. 92. 93 51 22 1.1 99. 99. 99. 22 22 21 19. 20. 24
Zz 6x Ox Ox 7+ 2%+ 5% Ox Ox Ox 1+ 6+ 8= 5x 0x O0x 1+ 9%+ 5%

100 100 100 02 01 01 10° 1066 10° 0.1 0.2 0.1 10° 100 100 04 03 04
Co 34 34 34 50 5.0 5.0 27 27 27
ntro 5x 5x 5x Ox Ox Ox Ox Ox Ox
IT 100 100 10 10 100 10 100 100 10
Ag/ 74 59 41 78. 82. 86. 1.0 74 52 79. 85 89 1.8 16 14 33. 40. 48.
T 5x 0x Ox 4% 0+ 8+ 5x 5x 0x 0z 1t 6+ Ox Ox O 3z 7+ 1%

100 100 100 02 03 0.2 10° 100 100 03 04 04 10° 10° x10 03 02 0.2

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.

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.

Sa
mpl
e

Co
ntro

sali
ne
sol

E.
coli

CF
u/
ml
24S
a
2.1
2 X
10°

06
Da
2.1
2 X
10°

24
Da
2.1
2 X
06

R

(%)

24s 06
a Da

24
Da

S.
aur
eus

CF
u/
ml
248

1.3
5x
10°

06

Da
1.3
5x
10°

24
Da
1.3
5x
10°

R

(%)

24s 06 24
a Da Da

C.
albi
can
s
CF
u/
ml
24S
a
1.4
3x
10°

06

Da
1.4
3x
10°

24
Da
1.4
3
x10
6

R

(%)

24s 06 24
a Da Da
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utio

Ag/ 16 17 19 22. 16. 8.0 1.0 11 12 20. 18. 10. 1.2 13 14 14, 42 14
GA 5x 8 x 5x 2 0+ = 7 X 0 x 1x 7 5+ 4+ 2 X 7 X 1x 7+ £ +
C 100 106 106 =+ 02 01 100 1060 100 + 0.2 0.1 10° 10° 10° 02 02 01
0.3 0.2
Ag/ 19 20 20 66 57 33 1.2 13 13 74 37 22 1.3 14 13 35 21 238
z 8x Ox b5x = + + 5x O0x 2x = + + 8x Ox 9x % + +
10° 10° 10 01 01 0.1 10° 10° 10° 01 01 041 10° 10° 10° 02 02 0.2
Ag/ 13 16 1.7 36. 22. 17. 80 10 1.1 40. 24. 12. 10 12 13 26. 16. 56
T 5x 5x 5x 3 2+ 5% Ox 2x 8x 7 4+ 6% 5x O0Ox b5x 6% 2+ =
100 166 10 + 02 0.2 10 106 1¢f + 0.3 0.2 10° 100 10° 03 02 0.1
0.3 0.4
Highlights

Different sorbents were activated by "Aigns and modified sorbents

sorption capacities, in range of values: 42.06-83128].

were determined by

Granulated activated carbon (GAC), natural zedlt §nd titanium dioxide (T) activated by

Ag’-ions, were tested agairst coli, S. aureuandC. albicans

The most successful bacteria removal was obtaisedyAg/Z against. aureusandE. coli,

while the yeast cell reduction reached unsatisfgcttiect for all three activated sorbents.

XRD, XPS and FE-SEM analysis showed that the chanstate of the silver activating agent

affects the antimicrobial activity, as well as gtrictural properties of the material.

An overall microbial cell reduction, which is pemnfieed by separated antimicrobial tests on the

Ag’-activated surface and Agons in aquatic solutions, is a consequence df bwchanisms.
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