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ABSTRACT

The pathogen microorganism found in water causes several diseases in the human being and it
is essential finding alternatives for water disinfection especially for regions which not count with
purified water distribution systems. The natural zeolites modified with metals have been investi-
gated for this purpose. However, few works have been considered a consortium of microorgan-
isms and packed column systems. Therefore, the microbicide effect of silver-modified clinoptilolite-
heulandite-rich tuff (ZGAg) on a specific microorganisms or microorganism consortium composed
by Escherichia coli, Staphylococcus aureus, and Candida albicans in a continuous system was investigated
considering the characteristics of each microorganism, the complexity of microorganism systems
(individual species or consortium), and the height of the natural zeolite bed (mass of the micro-
bicide agent). The release of silver from the silver-modified clinoptilolite-heulandite-rich tuff after
the disinfection processes in the continuous system was also considered in this work. The natural
zeolite of 30 mesh particle size from Guerrero (Mexico) was modified with silver using an AgNO,
solution. Unmodified and silver-modified natural zeolites were characterized by scanning electron
microscopy, X-ray energy dispersive spectroscopy, and X-ray diffraction. Microbial cultures from
the American Type Culture Collection were acquired for the disinfection experiments. The obtained
disinfection breakthrough curves were analyzed to obtain different parameters (among them break-
point, disinfected water volume, and disinfection process kinetics). It was found that the disinfected
water volume was higher for E. coli than S. aureus and C. albicans for both 300 and 400 mg of ZGAg
and the volume varied depending on the mass of the microbicide zeolitic material. The resistance of
the microorganism to the microbicide zeolitic material was changed when the microorganisms are in
a consortium. The disinfection experimental data were well fitted to a nonlinear logistic model and
the mass of the ZGAg and the type of microorganism affect the t,, and k parameters.
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1. Introduction account for 44% (1,716 km?/year) of such consumption. The
remaining 56% of the water (2,212 km?/year) is released into
the environment as waste, for example, from municipal
and industrial effluents and as wastewater from agricul-
. . ture [1]. In 2015, 2,477 operating plants in Mexico processed
Corresponding author. 120.9 m?3/s, 57% of the 212.0 m?/s of water collected by sew-
age systems, while the industry treated 70.5 m3/s of the

A total of 3,928 km? of freshwater are consumed around
the world every year. Agriculture has been estimated to
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wastewater; based on these data, The National Commission
of Water (Mexico), CONAGUA, estimated that 19.8 m3/s were
reutilized directly (before discharge) and 88.1 m3/s of treated
wastewater were used indirectly (after discharge); such
interchange of treated wastewaters, in which water of first-
use is substituted, was estimated to be 5.1 m? [2]. Although
sewerage coverage has increased and wastewater treatment
performance levels have been upgraded in some countries
[3], such improvements should take place simultaneously
to avoid the increase of pollution loads. Probably this could
explain the first conclusions of the Global Water Quality
Monitoring Programme indicating that approximately
one-third of all African, Latin American, and Asian fluvial
courses are severely contaminated by pathogenic organisms
(caused by human and animal excrement) consequently
the health of millions of people is at risk [4]. Bacteria are
the most abundant type of microorganisms responsible for
water contamination [5]. Some of the most important oppor-
tunistic human pathogens found until now are Cryptococcus
neoformans and Stachybotrys chartarum, as well as members
of the Acremonium, Alternaria, Aspergillus, Aureobasidium,
Candida, Chaetomium, Cladosporium, Exophiala, Fusarium,
Mucor, Nectria, Paecilomyces, Penicillium, Phialophora, Phoma,
Rhizopus, Rhodotorula, Sporothrix, and Scopulariopsis [6].
Niemi et al. [7] reported the presence of fungi in 50%-100%
of the water samples. These results were confirmed by Novak
et al. [8], who found that 80% of tap water samples contained
fungi and yeasts, most of them are potentially pathogenic.
Safe use of drinking water is achieved by supervising
bacterial parameters of fecal contamination. These parame-
ters are correlated with gastrointestinal diseases, although
the cause of the illnesses is the viral agents resulting from
fecal contamination [8]. Therefore, it is relevant to monitor
microorganisms such as Escherichia coli, a bacteria widely
used as a water quality indicator because its presence indi-
cates recent contamination of drinking water due to waste-
water or animal feces. Depending on its strain, E. coli may
cause symptoms such as abdominal cramps, fever, vomit,
diarrhea, and hemolytic uremic syndrome, among others [9].
Other bacteriological and viral agents of gastroenteritis cause
a self-limited disease with symptoms similar to the flu, such
as the case of intoxication by toxin-producing Staphylococcus
aureus strains that induce nausea, vomit, and diarrhea. The
survival capacity of Staphylococcus explains its presence when
coliforms cannot be detected [10]. Besides these organisms,
Candida albicans was also considered in this work because
their virulence factors represent a potential health risk,
especially in the case of immunocompromised individuals.
Yamaguchi et al. [11] demonstrated that bottled mineral
water was more contaminated than tap water; Candida spp.
species identified were Candida parapsilosis, Candida glabrata,
and Candida albicans, which indicate that bottled mineral
water from water dispensers and tap water could represent a
possible source of infection by filamentous fungi and yeasts.
The fact that yeasts and filamentous fungi were found in
samples in which no fecal or total coliforms were detected
highlights the importance of reevaluating the criteria used to
analyze drinking water for microorganism presence.
Different chemical agents have been used as disin-
fectants to eliminate biological contaminants from water.
However, some of them carry inconvenient such as the case

of trihalomethanes and chlorophenols which are by-prod-
ucts of disinfection processes using chlorine gas (Cl)) and
hypochlorite (ClO"), respectively [12]. Large-scale use of
ozone is expensive (O,) for water disinfection [13], and its
reaction to organic substances in water results in decreased
concentrations of total organic carbon and the generation of
undesirable and prejudicial by-products such as aldehydes,
ketones, carboxylic acids, hydroxy acids, alcohols, and esters.
Ultraviolet (UV) light is not suitable for residual disinfection:
depth and organic matter dissolved in the water prevent the
germicide activity of the radiation. The interaction between
reactions results in inactivation, including biochemical reac-
tions that can be affected by temperature during the irra-
diation period, but it is mainly during the post-irradiation
period that reactivation processes are produced if sufficient
conditions are available [14]. One of the essential factors
that affect the yield of the UV reactor is the trajectory of the
microorganisms flux because it is generally turbulent [15].

In several studies, researchers recommend the use of
zeolites, both natural and synthetic, to incorporate metallic
ions (Ag, Cu, Zn, Hg, Sn, Pb, Bi, Cd, Cr, and Ti) to develop
microbicide agents for water disinfection [16-25]. In few
investigations have been considered the columns packed
with silver-modified natural zeolites for water disinfection,
and focus the attention only on one microorganism and not
microorganisms in a consortium. Recently, Akhigbe et al.
[26] simultaneously investigated the bactericide action of
the silver-modified zeolite for E. coli and the capability of
this material to remove Cd, Pb, and Zn from aqueous solu-
tions in the presence of this microorganism using a column
system. The authors found that the flow rate and the bed
height effect on the column service life. Therefore, the aim
of this paper was to evaluate the disinfection process by
silver-modified clinoptilolite-heulandite-rich tuff packed
column from continuous system, taking into account the
behavior of specific microorganism and a consortium
of microorganisms (E. coli, S. aureus, and C. albicans) sus-
pended in deionized aqueous media at different height of
the zeolite bed columns, which is also related with masses
of the microbicide agent used for disinfection. The desorp-
tion (release) of silver from the silver-modified clinoptiloli-
te-heulandite-rich tuff after the water disinfection processes
was also investigated.

2. Materials and methods
2.1. Materials

The natural zeolite used in this work was collected in
the state of Guerrero (ZG). The material was ground and
sieved to obtain 30 mesh size particles. Reagents used were
commercial analytical grade.

2.2. Treatment of natural zeolite
2.2.1. Zeolite treated using NaCl solution

The sodium form of zeolite was obtained by the proce-
dure described by Rivera et al. [22]. For that purpose, 100 g of
30 mesh particle size ZG were weighted and added to 500 mL
of a 1 M solution of NaCl for 12 h under reflux. This pro-
cedure was repeated twice. The solution was then decanted,
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and solids were washed using deionized water until washing
water was free of CI, for which AgNO, was employed. Solids
were finally dried at 85°C for 5 h. The result of this process
was sodium-conditioned zeolite (ZGNa).

2.2.2. Zeolite treated using AGNO, solution

A 45 g sample of ZGNa was subjected to reflux using
500 mL of a 0.01 M solution of AgNO, for 12 h. This pro-
cedure was carried out twice. The solution was decanted,
and solids materials were washed using deionized water
until washing water was free of the excess of AgNO,, ver-
ified by the use of NaCl solution considering the reaction:
AgNO, + NaCl —» AgCl + NaNO, in which the AgCl is an
insoluble precipitate. The sample was then dried at 85°C for
5 h, which resulted in silver-conditioned zeolite (ZGAg). The
procedure was carried out in the absence of visible light to
prevent Ag photoreduction [22].

2.3. Zeolite characterization

2.3.1. Scanning electron microscopy and X-ray energy
dispersive spectroscopy

The morphology and elemental composition of the dif-
ferent natural zeolites were determined using a JEOL JSM-
6610LV scanning electron microscope (SEM) with an Oxford
X-ray energy dispersive spectroscopy (EDS) system. Samples
were mounted directly onto the holders, and 2,000x images
were obtained at 20 kV. Five different regions of the zeolitic
materials were analyzed at 500x to determine their elemental
composition.

2.3.2. X-ray diffraction

Powder X-ray diffraction patterns of zeolite samples
were obtained using a SIEMENS D5000 diffractometer cou-
pled to a copper-anode X-ray tube. The setup was established
at 4° and 60° for angle 20 and step size of 0.05 s.

2.4. Microbicide effect
2.4.1. Microorganisms

E. coli (ATCC 25922), S. aureus (ATCC 6538), and C. albicans
cells (ATCC 10232) were used as pathogenic microorgan-
isms; cells were propagated aerobically in Luria-Bertani
liquid medium, tryptic soy broth, and Sabouraud agar,
respectively, at 37°C for 20 h in water bath (Lab-Line Shak-
R-Bath). Cultures were centrifuged (Hettich Zentrifugen
Universal 32R) at 10,000 rpm for 10 min at 4°C and washed
twice with sterile deionized water to eliminate Cl~ions pres-
ent in the solution. Cells were resuspended in sterile distilled
water and dilutions were repeated until a concentration of
1.0 x 107 colony forming units (CFU)/100 mL was achieved.
The microbial consortium was prepared using the three
microorganisms to emulate wastewater, although other
associated components were not present [18].

2.4.2. Column system

A glass column with a diameter of 1 cm and a height of
40 cm was used for the experiments; 300 and 400 mg of ZGAg

were packed into the column. These masses correspond to
heights of 3 and 5 mm, respectively. A liquid suspension
containing 10.0 x 10" CFU/100 mL of E. coli, S. aureus, and
C. albicans cells was prepared. Experiments were conducted
using each microorganism separately or in the consortium;
for that purpose, solutions were passed through the column
ata 10 mL/min flow rate. The same procedure was performed
for reference using ZGNa.

2.4.3. Quantification of microorganisms

Aliquot parts of 1 mL of the sample were taken every
hour for 24 h; aliquots were diluted using 30 mL of 0.01 M
phosphate solution. These samples were filtered using a
0.45 ym membrane per APHA [27] method to quantify coli-
form bacteria. Membranes were kept at 35°C for 24 h in an
incubator (Shel Lab LI5). Microorganism colonies were
quantified using a SOL-BAT Q-20 counter.

2.5. Quantification of silver in the effluent

Other samples were taken to determine the concen-
tration of silver in the effluent or silver desorbed from the
ZGAg, as the same time as microorganism were collected.
The pH of the aqueous solution was adjusted to a value of
3 to preserve the chemical species of the silver. A Perkin
Elmer 3110 spectrophotometer using an Ag hollow cathode
lamp at a 328.1 nm wavelength was employed to quantify
silver. It is important to mention that the Ag" contained
in the silver-modified clinoptilolite-heulandite-rich tuff is
desorbed when the influent (suspended microorganisms in
aqueous media) has troughed the packed column of the zeo-
litic material and this could be explained with the base on
the following reaction:

ZGAg (Ag") + X' (cationic ions in the suspension of
microorganisms in aqueous media) - ZGAg (X*) + Ag*
(Ag" in the suspension of microorganisms in aqueous media)

2.6. Modeling of breakthrough curves using nonlinear equations

To obtain parameters to describe the disinfection process
in a continuous flow system the model used by Mthombeni
et al. [28] to deactivate microbes in a drinking water column
system was applied in this work.

When microorganisms (N,) pass through a bed contain-
ing silver-modified zeolite, a number of microorganisms (N,)
are obtained at certain intervals (t); when N, is plotted as a
function of ¢, the resulting graphic is a sigmoid curve. The
general form of the equation is as follows:

N,
N, =m )

whose linear form is as follows:

N
ln(Ni_Nt]—k(t ty) )

where k (min™) is the rate constant, that is, a measure of
the steepness of the slope of the breakthrough curve. The
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necessary time to achieve median concentration (half N,) of
bacteria counts is named t_, (min).

3. Results and discussion
3.1. Characterization
3.1.1. SEM and X-ray EDS

The ZG SEM image (Fig. 1(a)) shows that crystals have
a hexagonal shape with well-defined beveled edges, which
are characteristic of clinoptilolite-heulandite [29]. Similar
results were observed for ZGNa and ZGAg (Figs. 1(b) and
(c)). However, in the case of ZGAg, small particles were
found on crystal surfaces, which correspond to the contrast
points shown in Fig. 1(c). As will be discussed in the section
on zeolitic material composition, these particles are enriched
by Ag [30].

Significant element weight percentages measured in ZG
were 46.52% + 2.0%, 34.89% + 2.16%, and 7.41% + 1.57% for O,
Si, and Al, respectively (Table 1). Besides other elements, Na,
Mg, K, and Ca were detected. Given that K and Ca weight
percentages were higher than the values for Mg and Na,
the natural zeolite was of the potassium-calcium type. Fe
contents in the natural zeolite could be due to an associated
iron ore [31].

When ZG is treated with sodium to obtain ZGNa,
Na increases 48-fold concerning its weight percentage as
found in ZG, and Ca decreases significantly; therefore, the
ensuing ion exchange reaction can explain the following
behavior:

ZG(z)+2Na’(s) «> ZGNa (z)+Ca™ (s)

F
-

Fig. 1. SEM image of (a) ZG, (b) ZGNa, and (c) ZGAg.
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where z and s represent the natural zeolite and the aqueous
solution, respectively.

When ZGNa was placed in contact with the AgNO,
solution, Na decreased noticeably, and a weight percentage
of 12.93% of silver was found in ZGAg (Table 1). The ion
exchange reaction possibly taking place is as follows:

ZGNa(z)+Ag"(s) <> ZGAg (z)+Na'(s)

This shows that Na'is displacing by Ag" from the
exchange sites located in the clinoptilolite-heulandite
crystalline network [18,22].

Table 1
Elemental analysis of natural zeolite from the state of Guerrero,
before and after the modifications

Element Wt. %
7zG ZGNa ZGAg

(@] 46.52 +2.02 49.17 +2.51 42,54 +1.62
Na 0.05 +0.04 2.40 +0.49 0.07 £0.04
Mg 0.89 £0.15 0.91+0.26 0.70 £0.25
Al 7.41+1.57 7.11+1.39 6.74 +1.05
Si 34.89+2.16 34.23 +0.59 31.53+1.04
K 5.15+1.10 3.79+0.79 298 +1.04
Ca 2.27 +0.80 0.98 +0.90 0.56 +0.17
Fe 2.83+0.31 1.43 £0.61 1.96 £0.72
Ag ND ND 12.93 £2.79

ND: not detected.
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3.1.2. X-ray diffraction

Fig. 2 shows that the crystal structures of ZGNa and
ZGAg remained unchanged, due to no displacements of the
reflexions were observed, when comparing ZGNa and ZGAg
X-ray diffraction patterns with those of ZG, the only changes
seen were in the intensity of the reflections along the diffrac-
tion pattern due to the replacement of ions in zeolite for Na*
or Ag', depending on the treatment applied to the zeolitic
material.

The X-ray diffraction patterns of the zeolite-rich tuff
unmodified and silver-modified were compared with those
of clinoptilolite (C), heulandite (H), and quartz (Q) in which
powder diffraction files numbers are 00-039-1383 for clinop-
tilolite and 01-085-1843 for heulandite. The powder diffrac-
tion patterns of the samples were similar with those of the
standards, which confirm that clinoptilolite, heulandite, or
both are components of the zeolitic material. Quartz con-
tent in the zeolite-rich tuff was low with the base on the
reflexion intensity at 26.7 2q (Miller’s index 011), which was
compared with the PDF number 03-065-0466, as can be seen
in Fig. 2.

3.2. Microbicide effect
3.2.1. ZGAg mass of 300 mg
3.2.1.1. Specific microorganisms

Figs. 3-5 present breakthrough curves for E. coli, S. aureus,
and C. albicans using ZGAg as well as silver desorption.
Microorganisms E. coli, S. aureus, and C. albicans showed no
growth for 5.5, 3, and 2 h, respectively.

Fig. 3 shows that the concentration of silver released in
the effluent by ZGAg was 1.38 mg/L (0.0128 meq/L) at 1 h
(corresponding to 600 mL of water), which had decreased
down to 0.88 mg/L at 5.5 h. Below such silver concentration,
E. coli cells recover their growth by 52% with respect to the
initial microorganism concentration. It should be mentioned
that the volume of disinfected water before the breakpoint
was 3,300 mL. Mthombeni et al. [28] reported that the break-
point in which bacteria appeared for the first time in the

—_ ZGAg
=
i
2
2 ZGNa
g
E 1 - a
76

2 Theta (degrees)

Fig. 2. X-ray diffraction patterns of ZG, ZGNa, and ZGAg. The
C-H and Q, corresponding to the reflexions of clinoptilolite,
heulandite, and quartz.
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Fig. 3. Silver desorption and breakthrough curve of water
disinfection using 300 mg of ZGAg with E. coli.
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Fig. 4. Silver desorption and breakthrough curve of water
disinfection using 300 mg of ZGAg with S. aureus.
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Fig. 5. Silver desorption and breakthrough curve of water
disinfection using 300 mg of ZGAg with C. albicans.

effluent water was reached under conditions similar to those
observed in this work.

Akhigbe et al. [26] obtained similar results for E. coli and
argued that they interrupted the process because the bed had
become obstructed due to biofilm formation and disinfection
efficiency had decreased.
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In the case of S. aureus, disinfection after the continuous
flow process using 300 mg of ZGAg was 1,800 mL; therefore,
disinfection was 1.8 times higher for E. coli than for S. aureus.
This result can be explained considering that S. aureus devel-
ops higher resistance to the microbicide activity of ZGAg as
compared with E. coli, probably due to structural and physi-
ological differences between the two microorganisms. Fig. 4
shows that S. aureus survival is zero for silver concentrations
from 1.93 to 1.48 mg/L (0.0179 to 0.0137 meq/L) in the water.
After that point, silver concentration decreased gradually
down to a level of 1.24 mg/L (0.0115 meq/L), and the S. aureus
population increased by 58% concerning the initial number
of colonies.

Akhigbe et al. [26] state that biofilm formation during
the disinfection process, as well as in the process published
by Monds and O’Toole [32], is unique in biology because it
involves the coordinated activity of several relatively small
prokaryote genomes, as opposed to the larger eukaryote
genomes necessary for the formation of a functional mul-
ticellular community. The formation process begins with
the attachment of planktonic cells to surfaces [33]. Bacterial
biofilm is affected by environmental conditions in the net-
work, among them are hydraulic forces, disinfection regime,
and materials, as well as intrinsic cell characteristics such
as hydrophobicity, surface charge, polysaccharide produc-
tion, and cell motility [34,35]. S. aureus presents features that
result in biofilm formation. This microorganism regulates
the process as a response to a cell-cell signaling mechanism
termed quorum sensing (QS). In Staphylococcus, the QS sys-
tem is called accessory gene regulator (agr), and its role is to
regulate processes including virulence factors, antibiotic pro-
duction, and biofilm formation; biofilm formation is used by
the microorganism to adhere to and colonize new sites and
to protect itself from phagocytosis and antibiotics [36]. It is
thus reasonable to suppose that S. aureus resistance is partly
due to the formation of biofilm on zeolite surfaces.

C. albicans presented the highest resistance to ZGAg
microbicide activity (for a mass of 300 mg) of the three
selected microorganisms. Some CFU/100 mL were observed
in the effluent up to a volume of 1,200 mL (Fig. 5); this
volume was 2.75 and 1.5 times lower with respect to the
disinfected volume of E. coli and S. aureus, respectively.
When the silver concentration was within the interval from
1.21 to 0.85 mg/L (0.0112 to 0.0078 meq/L), C. albicans mortal-
ity was 100%. However, when the silver concentration was
lower than 0.85 mg/L, C. albicans increased 46% with respect
to its initial population.

3.2.1.2. Microorganism consortium

The microorganism consortium composed by E. coli,
S. aureus, and C. albicans showed a different behavior after
treatment with the same mass of 300 mg of ZGAg in compari-
son with each microorganism species investigated separately.
In this case, no CFU was detected at 0.83 h (which corre-
sponds to a volume of 498 mL) for E. coli and S. aureus, and no
growth was observed in C. albicans until 4 h (2,400 mL) (Fig. 6).
E. coli and S. aureus were equally resistant to ZGAg microbi-
cide activity. However, C. albicans was more labile than E. coli.

The different behavior displayed by the microbial con-
sortium as a result of the disinfection process is probably due
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Fig. 6. Silver desorption and breakthrough curve of water
disinfection using 300 mg of ZGAg with the microbial consortium
(E. coli=S. aureus—C. albicans).

to biofilm formation [33], which is favored in cells presenting
a high degree of adhesion due to polysaccharide production
[34,35]. The biochemical biofilm formation process known
as QS plays an important role in the initial fixation of cells
on surfaces and in controlling biofilm growth. As already
mentioned, QS systems are also involved in polysaccharide
synthesis, microbial adherence, cell division, and cell
motility [37,38].

3.2.2. ZGAg mass of 400 mg
3.2.2.1. Specific microorganisms

No E. coli CFU were detected until 7.5 h when the zeo-
lite bed was increased from 300 to 400 mg, and the resulting
disinfected water volume was 4,500 mL (Fig. 7), 1.36 times
the volume obtained using 300 mg of zeolitic material. Initial
silver concentration in the effluent during the disinfection
period varied from 1.10 to 0.71 mg/L. After 7.5 h, the silver
concentration decreases slightly to 0.60 mg/L, and E. coli cells
grow 76% with respect to their initial concentration.

Therefore, a comparison of both disinfection processes
shows that using a higher 400 mg bed of ZGAg results in
longer column useful life and better performance than
when using a 300 mg bed. Similar results were obtained by
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Fig. 7. Silver desorption and breakthrough curve of water
disinfection using 400 mg of ZGAg with E. coli.
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Mthombeni et al. [28], who used resin pearls modified with
silver nanoparticles and Akhigbe et al. [26], who used 1, 2,
and 5 mg of silver-modified zeolite.

Fig. 8 shows that the concentration of silver is initially
higher when disinfecting water by microbicide activity of
400 mg ZGAg than when using a 300 mg bed. These results
indicate that the amount of ZGAg released in the effluent
does not necessarily depend on the initial mass of zeolitic
material used to pack the column. Gonzaga [39] reported
similar results from research using masses of 100 and 200 mg
of silver-treated natural zeolite from the state of Guerrero.

Using 400 mg of ZGAg with S. aureus resulted in a 2.16
increase in the volume of disinfected water with respect to
the 300 mg bed, which confirms the effect obtained from the
increase in bed mass described by Akhigbe et al. [26] and
Mthombeni et al. [28].

In the case of C. albicans, the disinfected water volume
was 7,200 mL at 12 h. No significant differences in the silver
concentration of effluents were observed as a result of
using 300 or 400 mg ZGAg masses; the concentrations were
1.21 and 1.29 mg/L, respectively (Fig. 9).

The volume of disinfected water obtained by using
400 mg of ZGAg was six times larger than the volume
achieved by using 300 mg. This disinfected water volume
was obtained within a silver concentration interval between
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Fig. 8. Silver desorption and breakthrough curve of water
disinfection using 400 mg of ZGAg with S. aureus.
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Fig. 9. Silver desorption and breakthrough curve of water
disinfection using 400 mg of ZGAg with C. albicans.

1.29 and 0.53 mg/L. The microbicide activity of ZGAg against
C. albicans was observed at silver concentrations as low as
0.53 mg/L.

3.2.2.2. Microorganism consortium

The results using a 400 mg mass of ZGAg resulted in
differences in the disinfection process; the volume of disin-
fected water for E. coli and S. aureus decreased by 7% and
23%, respectively, as opposed to C. albicans, whose water
volume increased by 4%. Therefore, C. albicans presents less
resistance against the microbicide activity of ZGAg than
E. coli and S. aureus when it is a member of the microbial
consortium E. coli-S. aureus—C. albicans (Fig. 10).

C. albicans was found to be the most sensitive microor-
ganism to the microbicide effect of silver using either 300 or
400 mg of ZGAg, followed by E. coli, and finally S. aureus,
which was the most resistant microorganism in the consor-
tium, as already stated. An increase in ZGAg mass results
in an increase of disinfected water volume [26,28,39]. The
behavior of this process is probably a result of biofilm formed
by bacteria in the structure of ZGAg, especially S. aureus, due
to its capacity to synthesize large amounts of extracellular
polysaccharides due to its agr activator [36]; for their part,
Mei-Hiu et al. [40] found a QS detection response taking
place as bacterial colony density increases, which results in
the synthesis of biosurfactants by bacteria, which weaken
water surface tension and allow bacteria to propagate rap-
idly, thus increasing the resistance to the microbicide effect
of Ag. On the other hand, the already formed biofilm is used
by E. coli; monocultures have been demonstrated to adhere
easily to surfaces, and laboratory scale focused on biofilms
in drinking water have reported the incorporation of E. coli
into the matrix [41-43] and concluded that E. coli had grown
into the biofilm. Moreover, two independent biofilm culture
studies focusing on water distribution systems quantified
E. coli in the systems and estimated that the microorganism
represented 0.1% of the total biofilm microbial community
[44,45]. For its part, C. albicans produces different QS detec-
tion molecules involved in biological processes, morpholog-
ical changes, or biofilm formation; tryptophol is one of the
most important of these molecules [46]. Biofilm structures
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Fig. 10. Silver desorption and breakthrough curve of water
disinfection using 400 mg of ZGAg with the microbial consortium
(E. coli-S. aureus—C. albicans).
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may vary depending on growth conditions; in the case of
C. albicans, biofilms take 24-48 h to achieve maturity [47,48].
This result suggests that C. albicans lacks enough adhesion
capacity to form a biofilm on the ZGAg structure, and that
any biofilm actually forming would lack the necessary time
to achieve maturity and provide resistance to this microor-
ganism against the microbicide effect of Ag.

Biofilm cells can be between 10 and 1,000 times more
resistant than planktonic cells against a large number of
broad-spectrum antibiotics (ampicillin, streptomyecin, tetra-
cycline, gentamicin, etc.) as well as oxidizing biocides such
as chlorine, iodine, and ozone [49,50]. Different relationships
between fungi and bacteria could be based on various com-
positions of separate species in water systems, different
methods, or different biological mechanisms affecting such
relationships [6]. Frequently, fungi are secondary colonists of
pre-established bacterial films [51,52].

In general, the silver released from the silver-modified
clinoptilolite-heulandite-rich tuff after the disinfection
processes in a column system is found in the range of 0.4
1.3 mg/L. The observed values are higher than the maximum
secondary level established by the Environmental Protection
Agency (USA), which is 0.1 mg/L.

3.3. Modeling of breakthrough curves using nonlinear equations

Experimental data were fit to the logistic growth model
described in Section 2.5. The kinetic constant and the time
in which microbial colony concentration is half the initial
concentration (t,) are shown in Table 2.

Both the t,, parameter and k reveal the effect of the micro-
bicide agent (ZGAg) on microorganisms responsible for
water contamination [53]. The ¢, increases as antimicrobial
material mass increases [28]. However, the k decreases around
10% for E. coli using 400 mg in comparison with 300 mg and

Table 2

this behavior is opposite for S. aureus and C. albicans. The
k increases 6.7 times for S. aureus and 1.2 times for C. albicans
when the mass of ZGAg increases from 300 to 400 mg. As
shown in the table, when using masses of 300 mg of ZGAg
for specific microorganism disinfection processes, the highest
velocity constant is observed in E. coli, followed by C. albicans
and finally S. aureus. The time (t,)) microorganisms take to
reach half their initial concentration is higher for bacteria
in comparison with yeast. This behavior changes when the
mass is increased from 300 to 400 mg of ZGAg because the £,
parameter is higher and the k value is lower for yeasts than
for bacteria.

In the microbial consortium, k values show that when
using a 300 mg mass of ZGAg, the microorganism with the
highest velocity constant is C. albicans, followed by E. coli and
finally by S. aureus. Similar results were obtained when the
mass was increased from 300 to 400 mg of ZGAg. Table 3
also shows that the ¢, parameter is higher for yeasts than for
bacteria; S. aureus reaches half its initial concentration in the
shortest time among microorganisms of its type.

3.4. Disinfection mechanism

The silver (Ag") released (desorbed) from the silver-mod-
ified materials as well as the Ag nanoparticles deposited on
the surface could interact with the microorganisms to disrupt
their metabolism and kill them [20,54,55]. In the case of this
paper, the authors modified the clinoptilolite-heulandite-rich
tuff with taking in account the ion exchange properties of
the zeolitic material assuming that the Ag* occupied the ion
exchange sites on the clinoptilolite or heulandite network.
Therefore, the Ag* domain over the other silver chemical spe-
cies under the experimental conditions of this work and the
disinfection mechanism could be carried out when the Ag*
has been released from the zeolitic material and the cell wall

Parameters of the logistic model describing water disinfection for specific microorganisms in a column system (flux at 10 mL/min)

Microorganism Mass (mg)
300 400
t,, (min) k (min™) r? t,, (min) k (min™) r?
E. coli 354.7 0.36 0.99 741.5 0.32 0.99
S. aureus 226.6 0.09 0.99 418.6 0.61 1
C. albicans 144.3 0.15 0.95 744.3 0.18 0.99
Table 3

Parameters of the logistic model describing water disinfection for test microorganisms in the consortium in a column system

(flux at 10 mL/min)

Microbial consortium Mass (mg)

300 400

t,, (min) k (min™) 2 t,, (min) k (min™?) r2
E. coli 216.3 0.12 0.93 405.05 0.18 0.99
S. aureus 95.1 0.08 0.83 328.43 0.03 0.88
C. albicans 640.5 1.28 0.99 867.94 0.82 0.82
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is damaged and as a consequence their internal components.
In this context, Akhigbe et al. [26] consider that some bac-
terial cells death by the action of silver ions released from
the silver-modified zeolite named this mechanism as liquid
phase disinfection, and also mention that some cells are
attached to the particles when they are in contact with silver
ions from the zeolite matrix named this mechanism as solid
phase disinfection. In general, the mechanisms of interac-
tions of Ag-heulandite-clinoptilolite-microorganisms are not
well understood.

4. Conclusions

Clinoptilolite-heulandite is a major component of natural
zeolite from the state of Guerrero. Its crystalline struc-
ture remained unchanged after contact with a solution of
NaCl and AgNO, used to obtain sodium and silver zeolitic
material.

ZGNa failed to present microbicidal activity against
E. coli, S. aureus, and C. albicans in a continuous flow
system.

When using a mass of 300 mg of ZGAg, the microorgan-
ism showing highest sensitivity to its microbicidal effect is
E. coli; when the mass was increased to 400 mg, the most
sensitive microorganism is C. albicans.

S. aureus presents a different behavior, and it shows
the highest resistance to the microbicide effect of ZGAg
independently of the mass in the packed column.

C. albicans is the most sensitive microorganism to the
microbicide action when the microbial consortium formed
by E. coli, S. aureus, and C. albicans are in contact with ZGAg.

The experimental data are well fitted to a nonlinear logis-
tic model using parameters to describe a disinfection pro-
cess in a column system; the values of breakthrough curve
meantime (t,) increases as ZGAg mass increases as well.
The k parameter varied depending on the mass of microbial
agent in contact with microorganisms and the type of them
(bacteria or yet).

Concerning the microbial consortium, nonlinear logistic
model fitting and parameters t,; and k were different with
respect to the data obtained for specific microorganisms,
which confirms the existence of an interaction between
microorganisms and the Ag from ZGAg.

The silver desorbed (released) from the silver-modified
clinoptilolite-heulandite-rich tuffs is higher than the max-
imum secondary level established by the Environmental
Protection Agency (USA) when the breakpoint is reached in
all investigated systems.
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