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Abstract. Organoclays were prepared using Argentinean montmorillonite (Mt), hexadecyltrimethy-
lammonium, or benzalkonium chloride at different concentrations. Surfactant incorporation, a
key factor in biocide capacity, was estimated using interlayer space and thermogravimetric analysis
(TGA). Subsequently, Fe oxides were grown on the organoclays. Saturation magnetization indicated
that all magnetic composites could respond to an external magnetic field. Inhibition experiments
showed high antibacterial activity against Enterococcus faecium, Escherichia coli, and Salmonella ty-
phimurium. The synthesized nanocomposites loaded with 150% CEC (cation exchange capacity) of
hexadecyltrimethylammonium were the most effective. Those results were more precisely investi-
gated using the viable plate count method. The magnetic materials had a similar antimicrobial effect
to those without magnetic properties, indicating that Fe oxides can be nucleated to impart a magnetic
response without affecting the biocide properties. The organoclays showed higher antibacterial activ-
ity against E. coli than against the other bacteria assayed. In addition, the agar disk-diffusion method
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revealed that antimicrobial agents were not released from clays, which is a relevant fact in the water

treatment process.

Keywords. Magnetic-clay composites, Antibacterial materials, Montmorillonite, Organoclay, Surfac-

tant.
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1. Introduction

In different parts of the world, drinking water usu-
ally contains a diversity of pathogens, such as viruses,
bacteria, protozoa, and parasites, which pose a se-
rious risk to human health. In particular, gram-
negative bacteria (S. typhimurium, E. coli, Vibrio
cholera, and Campylobacter jejuni) and some gram-
positive bacteria (Bacillus cereus, and Staphylococcus
aureus) have been reported as harmful microorgan-
isms found in the water of different countries, and
the monitoring and remediation of water containing
them is crucial to avoid associated complications re-
lated to the most predominant pathogens mentioned
above [1]. This is necessary and encourages the pro-
duction of simple and economical materials to ad-
dress this problem.

Several biocide materials based on clays, such
as clays modified by the sorption of biocide com-
pounds, have been proposed for various applica-
tions, including cosmetics, medicine, food, and the
detergent industry [2]. Among biocide compounds,
alkyltrimethylammonium cations, especially qua-
ternary amines, are commonly employed as or-
ganic compounds with antibacterial activity [3-6].
However, the isolated use of these compounds for
wastewater treatment is limited because they are
soluble and can become pollutants in the effluent.
Therefore, the employment of adequate support
materials that allow the biocide action of the com-
pounds to avoid their dissolution in the effluent is a
potential alternative.

Clays have been proposed as support materials
for biocidal compounds. Among them, those based
on montmorillonite (Mt) and alkyltrimethylammo-
nium cations have been proposed as antifungal ma-
terials [6,7] and pollutant adsorption materials [8,9].
More recently, organoclays with a magnetic response,
that is, organoclays modified by the growth of mag-
netic Fe oxide particles, have also been employed
for the removal of heavy metals, dyes, and arsenic
[10-12]. The combination of magnetic nanoparticles
with clays has been considered for enzymatic immo-
bilization [13,14], the development of catalytic mate-

rials [15,16], environmental remediation [17-20], and
the design of biocompatible materials [21]. With re-
gard to water treatment, these materials have the ad-
vantage of providing new sorption sites, but also al-
lowing material recuperation through magnetic ex-
ternal fields. It avoids direct handling and decreases
the health risk of workers. However, the antibacterial
capacity of these materials and the potential changes
caused by Fe growth have not yet been analyzed.

The demonstration of antibacterial activity by
magnetic organoclays will allow us to obtain mag-
netic and biocidal materials in a single composite.
This study aimed to provide an overview of antibacte-
rial activity against gram-positive and gram-negative
bacteria of magnetic organoclays, synthesized by the
incorporation of hexadecyltrimethylammonium or
benzalkonium chloride on an Argentinean Mt, with
posterior Fe oxide nucleation.

2. Materials and methods
2.1. Materials

Commercial Argentinean bentonite (Castiglioni Pes
and Co.) from Rio Negro Province was used as raw
material. The main bentonite component is mont-
morillonite (Mt) (88.2%) with structural formula
(Siz.81Alo.19) (Al} 40Fe** . 27Mgo.32)10(OH)2Nag 37Cag.06
Ko.o2 [6]. The bentonite has an isoelectric point at
pH 2.7, the external surface area (determined by N,
adsorption) is 66.0 m2/ g[19], and its cation exchange
capacity (CEC) of 0.825 mmol/g [22].

The surfactants used for organoclay synthe-
sis were hexadecyltrimethylammonium bromide
(HDTMABr) or benzalkonium chloride (BAC).
HDTMABr (Purity > 97%, MW = 364.45 g/mol, and
critical micelle concentrations of 0.9 mM) was pro-
vided by Fluka (Buchs, Switzerland). BAC (95% pu-
rity, MWayg = 354 g/mol, being a mixture of alkylben-
zyldimethylammonium chlorides with alkyl chains
of C8, C10, C12, C14, C16, and C18 length) was pur-
chased from Sigma (Buenos Aires, Argentina).

The KNO3 and KOH (99% purity) used for Fe ox-
ides synthesis were purchased from Biopack, while
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Figure 1. Chemical structures of HDTMABTr (A)
and BAC (B).

Fe (SO4)-7H,0 (analytical degree) was supplied from
Cicarelli Lab (Buenos Aires, Argentina).

Escherichia coli ATCC 25922, Enterococcus fae-
cium, and Salmonella typhimurium were donated by
the Microbiology Department, School of Sciences,
Universidad Nacional de La Plata (Argentina).

Nutrient broth, nutrient agar, and Mueller Hinton
(MH) agar were purchased from Merck (Darmstadt,
Germany), and resazurin from Sigma (Buenos Aires,
Argentina). Ultrapure water (Milli-Q grade, 0.22 um
filtered) was employed to prepare all media and dis-
persions (Millipore Co., MA, USA).

2.2. Materials synthesis

Organoclays were produced in batch conditions
by putting in contact with 15 g of Mt and solu-
tions of HDTMABr or BAC (1 L) with concentra-
tions equivalent to 50%, 100%, or 150% to the ben-
tonite CEC. The suspensions were stirred at 400 rpm
for 24 h (room temperature). The obtained prod-
ucts were washed several times with distilled water,
lyophilized, ground, and adequately stored. The
synthesized products were labeled with prefixes H,
for bentonite modified by HDTMABr, (Figure 1A)
or B when BAC (Figure 1B) was used, followed by
the surfactant concentration in solution (50, 100,
or 150) and finally by Mt from montmorillonite
(i.g.: H50MY).

Magnetic organoclay was synthesized following
a previously reported procedure [11,23], using the
organoclays as base materials. For this, 25 mL of
0.3 M FeSO4-7H» 0 solution was incorporated into an
organoclay suspension (5.9 g/L water) and kept un-
der continuous shaking for 2 h. Then 25 mL 0of 0.49 M
KNOj3 solution and 25 mL of 1.25 M KOH solution
were added, and the suspension was heated to 90 °C
for 2 min. The system was cooled to room temper-
ature and the obtained material was washed twice
with distilled water. The samples were recovered by

magnetic separation and lyophilized. The materi-
als were labeled as the organoclays base material but
adding Mag at the end of the name (e.g., H50MtMag).
The synthesis was replicated using raw clay in-
stead of organoclay, and the material was labeled
MtMag.

2.3. Samples characterization

X-ray diffraction (XRD) patterns were measured us-
ing a Philips PW 1710 diffractometer (CuKx radia-
tion, 40 kV, 35 mA, 10 s/step, 0.02° step size). To im-
prove the diffraction peak definition corresponding
to the crystallographic plane 001 of Mt, samples were
scanned in oriented mode. For this, samples were
previously maintained at 0.47 relative humidity for
48 h.

Thermogravimetric measurements (TGA) were
performed using Rigaku 8121 equipment, with alu-
mina as reference material. For that, 20 mg of sam-
ples were placed on alumina crucibles and heated
from 24 °C to 1000 °C, in an air atmosphere, in-
creasing the temperature at a rate of 10 °C/min.
The TGA first-order derivative (DTGA) was calcu-
lated. The actual surfactant loaded was determined,
with respect to the clay CEC, considering the mass
loss between 150 °C and 1000 °C, as previously
reported [6].

The Mdossbauer spectra of Mag samples were mea-
sured at room temperature employing a spectrome-
ter, in transmission geometry, containing a °’Co/Rh
radioactive source (constant acceleration, 512 mul-
tichannel detections). A 12 um thick «-Fe foil was
used for velocity calibration and all the isomer shifts
were referred to this standard. Each Mossbauer spec-
trum was analyzed using a commercial program that
allows the use of a hyperfine magnetic field and
quadrupole splitting distributions [24]. The total Fe
concentration of the samples was estimated from the
Maossbauer spectrum, following the procedure pro-
posed by Montes [25].

For hysteresis loops measurements, the samples
were placed on a diamagnetic sample holder with
a negligible signal. The equipment used was a
LakeShore 7404 vibrating sample magnetometer, ap-
plying an external field between +1.9 T. The extracted
magnetic parameters were the high field susceptibil-
ity (ynifi), remnant magnetization (Mr), coercive field
(Hc), and saturation magnetization (Ms).
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2.4. Antimicrobial assays

2.4.1. Microdilution method and minimum
inhibitory concentration (MIC)

Overnight cultures of E. coli (ATCC 25922), S. ty-
phimurium, and E. faecium were cultured in fresh
nutrient broth from cell stocks preserved at —80 °C.
After incubation, the bacterial concentration was ad-
justed to 1.0 x 108 cells/mL to produce the inocula.

The bactericidal activity of Mt, MtMag,
H50Mt, H50MtMag, H100Mt, H100MtMag,
H150Mt, H150MtMag, B50Mt, B50MtMag, B100Mt,
B100MtMag, B150Mt, and B150MtMag was eval-
uated in suspensions of nutrient broth using the
microdilution method in 1.5 mL Eppendorf tubes,
according to International Clinical Standards. The
samples were suspended in 900 uL of nutrient broth
at concentrations of 10.0, 5.0, 2.5, 1.25, and 0.625 g/L,
and 100 pL of bacterial inoculum was added to each
tube. The tubes were incubated in a shaker at 15 rpm
at 37 °C for 24 h. Controls were prepared without
clays or bacteria. The tubes were decanted after
incubation, the supernatants were transferred to a
96-well microtiter plate, and viable cells were quan-
tified by the reduction of the vital dye resazurin as-
say [26]. Finally, the MIC was determined for each
sample.

2.4.2. Agar disk-diffusion method

The presence of growth inhibition haloes was as-
sayed to evaluate the extent of biocide activity. The
procedure was carried out according to the guide-
lines described by the International Clinical Stan-
dards (CLSI/NCCLS) using sterile glass cylinders of
8 mm 6 mm 10 mm (external and internal diame-
ter, length) containing sample suspensions instead of
paper disks. Samples with a relatively high amount
of surfactant (H150Mt, H150MtMag, B150Mt, and
B150MtMag) were considered for this assay, employ-
ing 10 g/L of each suspension, while Mt and MtMag
were used as control samples. Overnight cultures of
E. coli, S. typhimurium, and E. faecium were used
to prepare adjusted inocula of 1.5 x 10® cells/mL
and then employed as inoculum to seed MH agar
plates. The cylinders were placed after inoculation
and 50 uM of each sample was dropped into the re-
spective cylinder. Incubation was carried out at 37 °C
for 24 h.

2.4.3. Assays in Erlenmeyer flasks

Assays in Erlenmeyer flasks were performed us-
ing only the samples with the highest antimicrobial
efficiency based on the microdilution method re-
sults. The tests were performed in 50-mL Erlenmeyer
flasks, and the viable plate count method was used to
enumerate viable bacteria.

In this procedure, overnight cultures of each strain
were employed as inoculum (1.5 x 108 cells/mL). The
assayed materials (H150Mt and H150MtMag) were
dispersed in fresh nutrient broth at different concen-
trations, depending on the susceptibility of each bac-
terium. Specifically, 0.25 g/L was added to fresh me-
dia against E. coli, 0.50 g/L against S. typhimurium,
and 0.80 g/L against E. faecium. Bacterial inocu-
lum was added to a final volume of 20 mL. The mi-
crodilution method showed that the MtMag samples
were harmless to all strains. Based on these results, a
control constituted by MtMag was used at the corre-
sponding concentration in all cases. The incubation
conditions were 37 °C and orbital shaking at 200 rpm
for 24 h. After the incubation period, aliquots were
taken from each sample and dilutions ranging from
107! to 107 were prepared. The cells were then
plated on nutrient agar and incubated at 37 °C for
24 h. Finally, the colony-forming units (CFU) were
quantified. All experiments were performed in tripli-
cate.

2.5. Statistical analysis

Data obtained from the viable plate count method
were graphed and analyzed using GraphPad Prism
version 6.00 software (GraphPad). Data related to the
number of viable bacteria were analyzed using Stu-
dent’s ¢-test. Differences between groups were con-
sidered significant when p-values were lower than
0.05 (95% confidence level).

3. Results
3.1. Sample characterization

Table 1 shows the d001 values (corresponding to the
interlayer space of Mt) for all considered samples.
Organic samples presented d001 values higher than
those of Mt, which indicated the entrance of the sur-
factant into the Mt interlayer space. The d001 values,
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Table 1. The d001 (nm) and the actual organic load (% CEC, calculated from TGA) indicate the organic
content in the external surface (VdW) and the interlayer space (exchanged)

Sample do01 (nm) Actual load (% CEC) VdW (% CEC) Exchanged (% CEC)
- 1.26 (Na*) 0 0 0
1.43 (Ca**)
MtMag® 1.27 (Na*/Fe) 0 0 0
1.47 (Ca**)

H50Mt* 1.5 43 +4 23+2 20+ 2
H100Mt* 2.1 84+7 59+4 25+2
H150Mt* 2.2 116 £ 10 89+8 27+3

H50MtMag* 1.6 36 +3 16 £2 20+ 2
H100MtMag* 2.0 68 + 6 38+3 30+2
H150MtMag* 2.2 90+9 63 +6 27+3

B50Mt 1.6 41 +4 14+1 27+3

B100Mt 1.8 72+7 52+4 20+ 2

B150Mt 2.0 79+7 58+ 6 21+£2

B50MtMag 1.6 30+3 23+2 13+1
B100MtMag 1.9 57+6 36 +3 21+£2
B150MtMag 1.9 36+6 41 +4 25+2

Note: Previously reported [11].

previously reported for H50Mt, H100Mt, and H150Mt
were 1.5, 2.1, and 2.2 nm, respectively [11], reveal-
ing a monolayer arrangement for H5OMt but pseudo-
trilayer for the others [27,28]. Similar d001 values
and surfactant arrangements were observed for mag-
netic samples based on HDTMA clays, indicating
that Fe oxide synthesis does not significantly mod-
ify the size of the interlayer space of the organoclays.
The determined d001 values for B50Mt, B100Mt, and
B150Mt were 1.6 nm, 1.8 nm, and 2.0 nm, respec-
tively, which indicates surfactant arrangements cor-
responding with monolayer for B50OMt, bilayer for
B100Mt, and pseudo trilayer for B150Mt [27,28]. De-
pending on the layer charge (=interlayer cation den-
sity = packing density of the alkylammonium ions) of
the clay mineral and the chain length of the organic
ion, different arrangements of organic molecules be-
tween the layers can be formed. The geometry of
the surface and the degree of exchange can also in-
fluence. The organic ions may lie flat on the sili-
cate surface as a monolayer or bilayer or, depending
on the packing density and the chain length, an in-
clined pseudo trilayer structure can be formed, with
the chains radiating away from the silicate surface.

For HDTMA-based clays, the magnetic composites
attained for BAC presented similar d00I values to
those of the organoclays, revealing that more surfac-
tant molecules remained in the interlayer space after
Fe oxide synthesis.

The TGA for both surfactants allowed us to ob-
serve that the actual organic content in the sam-
ples was lower than the concentration in the suspen-
sion, indicating that not all available surfactants were
incorporated into the Mt surfaces. The mass loss
percentage was determined from TGA data analysis,
while the actual surfactant loading for all exchanged
samples was calculated considering the mass loss of
the MtMag structural hydroxyl groups. The actual
values of % CEC of the organomagnetic samples were
lower than the theoretical ones, calculated from the
initial amount of HDTMABr applied. This behavior
has been mainly attributed to two factors: incom-
plete exchange of HDTMA+ as observed for the ac-
tual CEC obtained for organic Mt, and increased re-
lease of surfactant during the synthesis of magnetic
material, as previously determined [12].

In addition, a higher amount of surfactant incor-
porated in the synthesis implies a higher surfactant
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Table 2. Hyperfine parameters extracted from Mdéssbauer spectra fittings

Paramagnetic sites

Sample Fe3* (1) Fe3* (1) RP

o A RSA 6 A RSA ) A RSA

B50MtMag 0.33p20 0.6500 10x+2 0.3992 1.88p15 1+1 045010 0.05786 335

B100MtMag 0.30p19 0.65¢27 9+1 0.3510 1.70015 <1 0.3509.1 2.901066 25%4

B150MtMag 0.35908 0.500.16 7+1 030020 1.15920 31 0.41333 0.07.25 21+4

Magnetic sites
Sample Fe304 (A site) Fe3O4 (B site) o-FeOOH

9 H RSA ) H RSA ) € H RSA
B50MtMag 0.36p24 47.510 19+3 0.44025 43322 30%x4 043915 -0.1497 3550 71
B100MtMag 0.31p;7 48.21p3 31+4 0.55018 44.923 31+4 0320 -0.1497 36.609 4+1
B150MtMag 0.300.15 48.1g31 25+4 0.55025 44551 40+3 043010 —0.149; 35600 4+2

Symbols: §, A, and ¢ represent the isomer shift, the quadrupole splitting, and the quadrupole shift,
respectively, in mm/s, while H denotes the hyperfine magnetic field (T) and RSA the relative spectral

area for each proposed Fe site.

content on the clay surface, but the contents calcu-
lated by TGA indicate that there is no saturation of
the clay CEC with the amount of amine incorporated.
For example, for the H50Mt sample, approximately
43% of amine was incorporated.

Considering the data of the actual load for organ-
oclays and their magnetic counterparts, it can be
noted that during Fe oxide synthesis, a minor part of
the surfactant is lost, that is, more surfactant remains
in the composites. The actual organic load obtained
for both surfactants at equal concentrations seems
to be similar for the two lower concentrations; how-
ever, in the case of 150% CEC, B150Mt presented a
lower organic incorporation than H150Mt. This can
be related to the structural characteristics of the BAC
molecule, which presents a structure with two phenyl
rings, while HDTMA presents a head-tail structure,
with BAC higher than HDTMA. The small size of
HDTMA makes its incorporation easier at relatively
higher concentrations of Mt in BAC molecules. This
hypothesis is also supported by evidence that the
surfactant percentage on the interlayer was higher
for HDTMA than for BAC. These differences in the
Mt loading and their distribution could cause differ-
ences in the Fe content and magnetite formation in
the composites, as revealed previously for HDTMA
[12]. To analyze this issue, magnetic and hyperfine
characterization of BAC samples was performed, as
discussed below.

Figure 2 shows the Mdssbauer spectra and the
proposed fit for the magnetic organoclay obtained
using BAC. The spectra for samples containing
HDTMA have already been reported [11]. Six Fe
environments were proposed (Table 2): two param-
agnetic Fe®* (called Fe3* (I) and Fe®* (II)), one associ-
ated with Fe in paramagnetic relaxation (PR), the two
expected sites for magnetite (Fe3O4 A and B), and
another corresponding to goethite (oc-FeOOH).

Paramagnetic Fe** environments and paramag-
netic relaxation can be associated with the presence
of Mt [12], while magnetite and goethite are the Fe
oxides synthesized during alkaline oxidation in the
presence of nitrate. The relative spectral area (RSA)
for magnetite was 49 + 5% for B5OMtMag, 62 + 6%
for B100MtMag, and 65 + 6% for BI50MtMag, while
goethite presented values around 5% for all the sam-
ples. The ideal magnetite reveals a ratio between the
RSA of the B and A sites of 1.8 [29], allowing us to con-
clude that the synthesized magnetite on the organ-
oclays presented different grades of oxidation, owing
to the obtained ratios for B5OMtMag, B100MtMag,
and B150MtMag, which were 1.58, 1.00, and 1.60,
respectively. Based on these results and a previ-
ous report [29], the attained magnetite oxides on
BAC samples present structural formulas of Fe, 99Oy,
Fe; 9204, and Fep 9604 for B5SOMtMag, B100MtMag,
and B150MtMag, respectively, and the oxidized form
seems to be maghemite, with hyperfine parameters
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O Experimental data

Proposed fit

Fe**(I)
——— Fe¥ (1)
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o-FeOOH

Fe,0, (A)
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velocity (mm/s)

Figure 2. Mossbauer spectra of magnetic organoclays synthesized using BAC. Dots represent experimen-

tal data, and the red line is the resultant fit.

similar to magnetite and identical diffraction pat-
terns.

The actual magnetite content was related to the
magnetic response and was estimated by considering
the total Fe concentration of each sample (Table 3).
The total Fe concentration was determined from the
Mossbauer spectra using the approximate method
described previously [25]. The Fe concentrations as-
sociated with magnetite (Table 3) were similar for
the three magnetic composites developed using BAC,
whereas the values were lower than those reported
for H50MtMag, H100MtMag, and H150MtMag of
134, 152, and 131 g/kg, respectively [11]. In the same
work, it was concluded that the HDTMA molecules
located on the internal surface of Mt would decrease
the incorporation of Fe at that site, leaving more Fe
atoms free for magnetite formation on the external
surface of the clay. The Fe atoms on the inner sur-

face of the clay do not favor magnetite formation. Ac-
cording to TGA analysis, the surfactant loading in the
interlayer space is higher with HDTMA than with
BAC for the same initial surfactant concentration.
This result may be associated with the larger volume
of BAC molecules than that of HDTMA. Similar in-
terlayer Fe concentrations were determined for mag-
netic organoclays prepared from organoclays with
the same initial surfactant concentration. Larger sur-
factant molecules could hinder Fe incorporation into
the interlayer space. Thus, despite the lower BAC
concentration in the interlayer space compared with
HDTMA, the incorporation of Fe ions into the Mt in-
terlayer space could be just as difficult, leaving Fe
ions available for oxide formation. For the BAC-
based magnetic compounds, the magnetite content
(Table 3) was similar for all compounds, despite dif-
ferences in Fe concentration.
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Figure 3. Hysteresis loops of magnetic organoclays obtained using BAC surfactant.

Table 3. Total Fe concentration, Fe in magnetite (Fe3O4), and magnetic parameters extracted from
hysteresis loops: high field susceptibility, coercive field Hc, remanent magnetization Mr, and saturation

magnetization Ms

Sample Total Fe Fe3sO4 Fein Fe304 XYhif Hc Mr Ms
(g/kg) (%) (g/kg) (107"m?*/kg) (mT) (Am?/kg) (A-m?/kg)
BMt50Mag 206 + 14 49+5 100 + 10 7.8+0.5 2+2 040+£0.10 13.5+0.2
BMtl100Mag 172+ 20 62+6 107 + 13 45+0.3 9+2 236+0.05 13.9+0.2
BMtl150Mag 166 + 16 65+5 108 £ 11 5.0+0.3 14+2 3.14+0.02 153+0.2

Note: Results for samples based on HDTMA were previously reported [11].

Going deeper into the magnetic characteriza-
tion, Table 3 also presents the magnetic param-
eters extracted from hysteresis loops. The rem-
nant magnetization and coercive field were deter-
mined for all samples, indicating hysteresis be-
havior and magnetite particles with sizes greater
than 36 nm. In addition, the high field suscep-
tibility, also observed for all samples, indicated

the presence of particles with superparamagnetic
behavior, that is, particles with sizes lower than
36 nm [30]. This result was observed in Figure 3.
These observations have been previously reported
for H50MtMag, H100MtMag, and H150MtMag sam-
ples, as well as for magnetite particles formed on
beidellite clays [17] and a material composed of
MtMag-hydrothermal carbon [11,19]. Saturation
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magnetization determined for BAC samples re-
sulted in 13.5 A-m?/kg (BMt50Mag), 13.9 A-m?/kg
(BMt100Mag), and 15.3 A-m?/kg (BMt150Mag). The
higher value determined for BMt150Mag could be
attributed to the fact that the magnetite formed on
B150MtMag was less oxidized than that formed on
B100MtMag. The saturation magnetization values
obtained for all BAC-based organoclays suggest that
they can be manipulated by an external magnetic
field.

3.2. Microdilution method and minimum in-
hibitory concentration (MIC)

The results of the antimicrobial activity of organ-
oclay against E. faecium, E. coli, and S. typhimurium
using the microdilution method revealed with re-
sazurin were used to determine the MIC (Table 4).
Mt and MtMag did not present bactericidal ac-
tivity as well as H50Mt, H50MtMag, B50Mt, and
B50MtMag samples, probably because surfactant
concentration was lower than the minimum nec-
essary to have antibacterial activity in these cases.
The aforementioned samples presented relatively
low surfactant concentrations at the external sur-
face (Table 1), which is the main factor responsible
for the biocide characteristics of the clay [6]. The
samples synthesized using surfactant concentrations
equivalent to 100% CEC revealed variable behavior,
whereas samples obtained at 150% CEC presented
the highest bactericidal activity, in agreement with
the higher concentration of surfactant at the exter-
nal surface of the composites. Specifically, viable
cells could not be detected with the H150Mt and
H150MtMag sorbents at the concentrations assayed
for all strains. In addition, it is important to high-
light that H100MtMag, B100MtMag, H150MtMag,
and B150MtMag presented biocide activity similar to
that of non-magnetic variants, which allows the in-
clusion of iron oxides for manipulation with sorbent
purposes without modifying the bactericidal activity.
Among the microorganisms assayed, E. coli seemed
to be the most susceptible to the biocide action of
organoclays in all cases.

In conclusion, non-viable bacteria were detected
in H150Mt and H150MtMag samples at all the con-
centrations tested. They became the most efficient
system and were selected as the samples for assays in
Erlenmeyer flasks.

Table 4. Minimum inhibitory concentration
(MIC) for different samples in E. coli, S. ty-
phimurium, and E. faecium

E. coli E. coli S. typhimurium  E. faecium
Sample  MIC (g/L) MIC (g/L) MIC (g/L)
Mt ND* ND* ND*
MtMag ND* ND* ND*
H50Mt ND* ND* ND*
H50MtMag ND* ND* ND*
H100Mt 1.25 10.0 10.0
H100MtMag 1.25 10.0 5.0
H150Mt <0.625** <0.625** <0.625**
H150MtMag <0.625** <0.625** <0.625**
B50Mt ND* ND* ND*
B50MtMag ND* ND* ND*
B100Mt <0.625** ND* 1.25
B100MtMag  <0.625** ND* ND*
B150Mt <0.625** 1.25 <0.625**
B150MtMag  <0.625** 1.25 1.25

Notes: *ND means non-determinate cause in the exper-
iment the highest clay concentration (10.0 g/L) could
not inhibit bacterial growth. **<0.625 g/L means that
bacterial growth could not be detected for the lowest
concentration assayed in the experiment (0.625 g/L).

3.3. Agar disk diffusion method

This method is usually employed to determine the
susceptibility of a bacterial strain to antimicrobial
compounds. A clear zone, ring, or halo without
bacterial development represents growth inhibition,
which depends on the antimicrobial effectiveness of
the compound, its concentration, and its ability to
diffuse through the agar. Figure 4 shows bacterial
lawns after incubation. It is possible to appreciate
the absence of an inhibition halo in all cases. Ac-
cording to the microdilution method, the concentra-
tions assayed (10 mg/mL) of H150Mt, H150MtMag,
B150Mt, and B150MtMag were over the minimum
value necessary to inhibit bacterial growth in liquid
media. Therefore, they must be suspended and kept
under constant stirring during water treatment to en-
sure intimate contact between them and bacteria.
The fact that surfactants are not released into the wa-
ter is an advantage, as if they were, they could be rem-
nant pollutants.
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Figure 4. Plates employed in agar-disk diffusion method; samples assayed were (A-C) H150Mt,
H150MtMag; (D-F) B150Mt, H150MtMag; controls assayed were (A-F) Mt, MtMag.

3.4. Assays in Erlenmeyer flasks

The present experiment was carried out with in-
formation provided by the microdilution method
and MIC, which was used as a guide to determine
which material concentration must be applied to en-
sure suitable growth inhibition. The results revealed
that the most susceptible bacterium was E. colj;
in agreement with the results of the microdilution
method, a concentration of 0.25 mg/mL of mate-
rial was required to cause bacterial inhibition in
this case (Figure 5). The second one was S. ty-
phimurium which required 0.50 mg/mL of material
to be inhibited. The most resistant bacterial strain
was E. faecium which required 0.80 mg/mL. Fur-
thermore, there were no significant differences be-
tween H150Mt and H150MtMag; thus, the growth
of Fe oxides did not affect the antibacterial activity
of surfactant-loaded clays. This result indicates that
this modification can be performed without damag-
ing the biocidal properties of the compounds, with

the advantage of providing a magnetic response that
can be used to remove the material relatively easily
without direct contact after the remediation process.

4. Conclusions

Antimicrobial materials for water treatment were
synthesized by modifying Argentine montmoril-
lonite with hexadecyltrimethylammonium or ben-
zalkonium chloride at different concentrations, with
the posterior growth of Fe oxides. The chosen Fe ox-
ide synthesis was adequate to impart a magnetic re-
sponse to the biocide materials; only a small amount
of surfactant was lost during the procedure, with-
out significant antibacterial activity. The surfactant
molecules were adsorbed on the external and inter-
nal surfaces of Mt. From an antimicrobial point of
view, the surfactant located at the external surface is
more relevant than that located at the internal sur-
face; thus, the samples that showed higher surfactant
presence on the external surface were those that were
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Figure 5. The number of viable bacteria for (A) assay against E. coli (material concentration 0.25 mg/mL,
(B) assay against S. typhimurium (material concentration 0.50 mg/mL, and (C) assay against E. faecium

(material concentration 0.80 mg/mL).

loaded with the highest surfactant concentrations.
The material developed using the highest concentra-
tion of HDTMA had the highest surfactant load on
the external surface, which is probably related to the
smaller size of HDTMA compared to BAC. Magnetite
was the main Fe oxide formed, and the saturation
magnetization of all composites suggests adequate
manipulation by an external magnetic field.
Although the Mt and MtMag samples did not
show antimicrobial activity, the synthesized organ-
oclays showed antimicrobial activity against bacte-
ria. Among them, the sample with HDTMA as the or-
ganic source and a CEC load of 150 was the most ef-
ficient. The bacteria most susceptible to these ma-
terials were E. coli, S. typhimurium, and E. faecium,
which were the most resistant. When the organ-
oclays become magnetic, their antimicrobial activity
remains, and the samples have an advantage: they

can be recovered from the medium more easily than
the non-magnetic ones, using an external magnetic
field.

As a concluding remark, magnetic organoclays de-
veloped with a relatively high amount of HDTMA
can be used as biocide materials for water treat-
ment without releasing surfactants into the effluent.
Therefore, it was possible to manipulate the mud de-
rived from the treatment using an external magnetic
field to separate the composites.
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