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Nanocomposites of Ag with organic montmorillonite (Ag-OMMT), Ag with montmorillonite (Ag-MMT), and organic mont-
morillonite (OMMT) were successfully prepared via a one-step solution-intercalated method. Sodium MMT, silver nitrate, and
dimethyl octadecyl hydroxy ethyl ammonium nitrate were used as precursors. X-ray diffraction, Fourier transform infrared
spectroscopy, transmission electron microscopy, and energy dispersive spectroscopy analyses confirmed that the MMT layers were
intercalated, and Ag+ was partly reduced to silver nanoparticles with diameters within 10–20 nm in Ag-OMMT.The decomposition
temperature of the organic cations in OMMT and Ag-OMMT increased to 220∘C, as revealed by differential scanning calorimetry-
thermogravimetric analysis. The antimicrobial activity of the nanocomposites was tested by measuring the minimum inhibitory
concentration (MIC) and killing rate.TheMICs of Ag-OMMT against Staphylococcus aureus, Escherichia coli, andCandida albicans
were 0.313, 2.5, and 0.625mg/mL, respectively. Because of the presence of quaternary ammonium nitrate, Ag-OMMT has a better
MIC against Gram-positive bacteria compared to Gram-negative bacteria and fungi. OMMT did not show antimicrobial activity
against Escherichia coli and Candida albicans. In 2 h, 0.0125mg/mL Ag-OMMT could kill 100% of S. aureus, E. coli, and C. albicans
in solution, andAg-MMTcould kill 99.995%of S. aureus, 90.15% ofE. coli, and 93.68%ofC. albicans.These antimicrobial functional
nanocomposites have the potential for application in the area of surface decoration films.

1. Introduction

Montmorillonite (MMT), an all-purpose clay, is widely used
in a range of applications because of its high cation exchange
capacity, swelling capacity, high surface areas, and strong
adsorption and absorption capacities [1–3]. In recent years,
the synthesis and application of MMT-based antibacterial
materials have attracted great interest due to global concerns
regarding public health. Some researchers have reported
modified MMT materials with antibacterial activity. For
example, silver, copper, and zinc ions have been immobilized
on MMT [4–9], and cetylpyridinium, cetyltrimethylammo-
nium [10–12], tetradecyltrimethylammonium [13], chitosan
[14, 15], and chlorhexidine acetate [16] have been intercalated
into the MMT layers. In addition, pharmacology studies

have revealed that MMT can adsorb to bacteria such as
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus),
and immobilized cell toxins [17, 18].

Meanwhile, polymers used in several industries such
as food processing, biomedical devices, and filtering are
required to have antiseptic ability to minimize the trans-
mission of bacterial infections [19]. The dispersibility and
compatibility of antimicrobials with polymers is one of the
key factors for the preparation of antimicrobial polymers.
To improve the compatibility between the antimicrobial
and polymer, surface modification of the antimicrobial is
required. Furthermore, a lot of researches [20–23] shown that
nanoparticles, such as clay and graphene nanoplatelets which
was incorporated in antimicrobial polymer nanocomposites,
allowed for the tuning of the release of antimicrobial agents,
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Table 1: 𝑑
001

of MMTmodified with different organic cations.

Sample MMT Ag-MMT OMMT 2.25mmol
Ag-OMMT

4.5mmol
Ag-OMMT

6.75mmol
Ag-OMMT

9.0mmol
Ag-OMMT

11.25mmol
Ag-OMMT

2𝜃
001

/∘ 7.019 6.396 4.460 4.498 4.480 4.360 4.419 4.418
𝑑
001

/nm 1.258 1.381 1.980 1.963 1.971 2.025 1.998 1.998

especially reducing the burst release effect, without hindering
the antimicrobial activity of the obtained materials.

The aim of this work was to prepare organic antiseptic
MMT with good compatibility and dispersibility for use as
a nanoadditive in polymers. For this purpose, MMT was
modified with Ag+ and quaternary ammonium nitrate via
a one-step solution-intercalation technique. The structures
of different antimicrobial organic MMTs were characterized
by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy dis-
persive spectroscopy (EDS) techniques, and the thermal
stability was confirmed by differential scanning calorimetry-
thermogravimetric (DSC-TG) analysis. The antimicrobial
activity of the nanocomposites was evaluated by examining
the minimum inhibitory concentration (MIC) and killing
rate.

2. Experimental

2.1. Materials. SodiumMMT used in this study was supplied
by Zhejiang Fenghong Clay Chemicals Co., Ltd (China).
The cation exchange capacity (CEC) of MMT was 90meq
(100 g)−1. Silver nitrate (AgNO

3
) with a purity of 99.8%

was provided by Hunan Hipure Chemical Reagent Fac-
tory (China). Dimethyl octadecyl hydroxy ethyl ammonium
nitrate (DOHEAN) at 50% (w/w) in butanol was provided by
Jiangsu Hai’an Petrochemical Plant (China). Other reagents
used in this study were of analytical grade.

2.2. Synthesis of Antimicrobial Organoclays. 10 g sodium
MMT was dispersed in 200mL deionized water and stirred
at 80∘C. AgNO

3
(equimolar with the CEC) was dissolved

in deionized water and then slowly dropped into the MMT
sol, which was then kept at 80∘C for 1 h with stirring. An
equimolar quantity of DOHEAN was added to the Ag+
and MMT sol and kept at 80∘C for 2 h with stirring. The
intercalated montmorillonite (Ag-OMMT) was repeatedly
washed with deionized water to remove residual AgNO

3
and

DOHEAN. This composite was then dried at 100∘C for 24 h
and then ground to a size less than 300 mesh.

The preparation of Ag-MMT andOMMTwere consistent
with the above methods but absented the process of addition
AgNO

3
and DOHEAN, respectively.

2.3. Measurements. XRD measurements were performed
using a D/Max 2550 diffractometer (Rigaku Electrical Co.,
Ltd.) with a Cu target and K

𝛼
radiation (𝜆 = 0.154 nm).

TG and DSC curves were recorded at 20–800∘C with a
heating rate of 10∘C/min under N

2
(Netzsch STA 449 C).

FTIR spectra were collected from KBr pressed disks on a

Nicolet 380 spectrophotometer. SEM images were recorded
with a JEOL JSM-6380LV microscope, and TEM and EDS
characterizations were performed on a Tecnai G2 20 FEI
AEM.

2.4. Evaluation of Antimicrobial Activity. Gram-positive
bacteria Staphylococcus aureus, Gram-negative bacteria
Escherichia coli, and fungi Candida albicans were provided
by the China Center of Industrial Culture Collection (CICC
at Beijing).

2.4.1. Minimum Inhibitory Concentration [24]. MIC tests
were performed in MHA for the bacteria and fungi. A
serial twofold dilution of Ag-OMMT was added to an equal
volume of medium to obtain a concentration of 5000 𝜇g/mL,
which was serially diluted by double technique to achieve
solutions of 2500–9.77 𝜇g/mL. Control dishes containing
equal volumes of distilled water were also prepared. After
cooling and drying, the plates were inoculated with 2 𝜇L
of 107 CFU/mL strain solutions and incubated aerobically at
27∘C for 16–20 h for bacteria or 72–96 h for fungi. Growth
control samples of each tested strain were also included. The
MIC was defined as the lowest concentration required to
inhibit bacterial growth, that is, the concentration at which
<5 microorganism colonies were visible.

2.4.2. Antimicrobial Killing Rate [24]. The microorganism
suspension was diluted using 0.9% (w/v) sterile saline water
to 104 CFU/mL. 1mL of cell suspension was added to 95mL
of 0.05, 0.025, and 0.0125mg/mL nanocomposite (Ag-MMT
and Ag-OMMT) solutions that had been autoclaved at 121∘C
for 20min.Nanoscale SiO

2
was used as a control.The samples

were removed after 2 h shake cultivation. 50𝜇L aliquots were
spread on nutrient agar plates, which were incubated at 37∘C
for 24 h, and the numbers of colonies were counted for each
solution. The percent reductions in plate colony counts were
calculated by comparing the experiment plates to the control.
All presented data were averaged from at least 3 parallel
experiments, where the discrepancies among themwere<5%.

3. Results and Discussion

3.1. Structure and Morphology. TheXRD patterns of unmod-
ified MMT, Ag-MMT, OMMT, and Ag-OMMTs (modified
with different amounts of Ag+) are presented in Figure 1.
Table 1 shows the 𝑑-spacing of 001 (𝑑

001
) for MMT as

calculated by Bragg’s equation [25]. Ag-MMT features a
larger basal spacing (1.381 nm) than MMT (1.258 nm), indi-
cating that Ag+ was exchanged in the silicate layers. Both
OMMT and Ag-OMMT feature wide basal spacings with
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Figure 1: XRD patterns of MMT, Ag-MMT, OMMT, and Ag-
OMMTs with different amounts of Ag+. MMT: unmodified MMT;
Ag-MMT: MMT modified with Ag; OMMT: MMT modified with
DOHEAN; Ag-OMMT: MMTmodified with Ag and DOHEAN.
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Figure 2: XRD patterns of Ag-MMT and Ag-OMMTs (different
amounts of Ag+) after calcination at 750∘C for 2 h. MMT: unmod-
ified MMT; Ag-MMT: MMT modified with Ag; OMMT: MMT
modified with DOHEAN; Ag-OMMT:MMTmodified with Ag and
DOHEAN.

high𝑑
001

values between 1.96 nmand 2.03 nm, indicating that
DOHEAN has been intercalated into the MMT layers.

As shown in Figure 1, minimal metallic silver is present
in all the Ag-OMMTs (at 2𝜃 = 38∘) but is absent in Ag-MMT.
This is also noted in Figure 2, which shows the XRD patterns
of Ag-MMT and Ag-OMMTs having different amounts of
Ag+ after calcination at 750∘C for 2 h. In the presence of
easily oxidizable organic cations, Ag+ as an oxidant was
partly reduced to metallic silver during the preparation
process; after high temperature calcination, the reaction of

Ag+ and DOHEAN was complete. However, in the absence
of organic cation, Ag+ could not easily be deoxidized, even
after calcination at 750∘C. This has also been demonstrated
by EDS (Figure 3).

Figure 3 shows the EDS pattern of Ag-OMMT and the
morphologies of Ag-MMT and Ag-OMMT. The modified
MMTs appear as sandwich-like crystals in the TEM images.
Numerous black spots are homogeneously dispersed in the
MMTcrystals, as shown in Figure 3(b), which aremetallic sil-
ver nanoparticles as demonstrated by EDS andXRD analyses.
These silver nanoparticles are smaller in Ag-MMT (particle
diameter within 2–5 nm, Figure 3(a)) than in Ag-OMMT
(particle diameter within 10–20 nm, Figure 3(a)) because Ag+
is more easily deoxidized in the presence of organic cations;
this is in agreement with the XRD results (Figures 1 and 2).
Figure 4 presents SEMmicrographs showing themorphology
change of MMT before and after modification. Unmodified
MMT(Figure 4(a)) has a compact and flat surface, while, after
modification, the MMT surface becomes crinkled and rough
with wide interspacing (Figure 4(b)), which is desirable for
use as a nanoadditive.

3.2. DSC-TG. DSC-TG curves of DOHEAN, MMT, Ag-
MMT, OMMT, and Ag-OMMT are shown in Figure 5. The
TG curve of each sample shows an endothermal peak below
100∘Cwith a corresponding weight-loss due to the removal of
water. The DSC curves of MMT and Ag-MMT both feature a
second endothermal peak at 679.2∘C and 674∘C, respectively,
corresponding to the loss of hydrated water of the interlayer
cations and the structural hydroxyls [26].

The sharp exothermal peak on the DSC curve of
DOHEAN represents the evaporation or decomposition of
DOHEAN. However, there are two exothermal peaks on the
DSC curves of OMMT andAg-OMMT.The low-temperature
exothermal peak corresponds to the evaporation or decom-
position of DOHEAN on the silicate plate surfaces, and
the other peak represents the evaporation or decomposition
of DOHEAN between the silicate plates. The TG curves
of OMMT and Ag-OMMT reveal that the evaporation or
decomposition of DOHEAN occurs at approximately 220∘C,
which is higher than that of pure DOHEAN (160∘C). This
indicates that the organic cation has intercalated into the
MMT layers, similar to the initial state, and that the silicate
platelets have the ability to protect organic molecules from
decomposition. [27]. A similar behavior was reported by
Scaffaro et al. [28] during the preparation of poly(ethylene-
co-vinyl acetate) films with two commercial formulations of
nisin.

3.3. FTIR. Figure 6 shows the FTIR spectra of MMT,
DOHEAN,Ag-MMT,OMMT, andAg-OMMT.Compared to
MMT, OMMT has additional absorption peaks appearing at
2921, 2850, and 1384 cm−1. The peaks at 2921 and 2850 cm−1
arise from –CH

2
– and –CH

3
stretching vibrations, while the

one at 1384 cm−1 belongs to C–H symmetric deformation
vibrations [29].This further reveals that DOHEAN has inter-
calated into the MMT layers. The peak at 3100–3700 cm−1
represents O–H stretching vibrations [30] and the peak at
1638 cm−1 belongs to H–O–H bending vibrations [31]. This
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Figure 3: EDS pattern of Ag-OMMT and TEMmicrographs of Ag-MMT and Ag-OMMT.

(a) MMT (b) Ag-OMMT

Figure 4: SEM micrographs of MMT and Ag-OMMT.

Table 2: MIC of the samples.

Samples MIC (mg/mL)
S. aureus E. coli C. albicans

Ag-MMT 1.25 2.5 0.625
OMMT 2.5 >40 >40
Ag-OMMT 0.313 2.5 0.625

band, which is related to the ]
2
(H–O–H) bending vibration

of water adsorbed on MMT, shifted from 1631 cm−1 in MMT
to 1638 cm−1 for Ag-OMMT. Meanwhile, the intensity of this
band decreased, reflecting that the amount of water adsorbed
on MMT decreased after modification of the MMT with
organic cations.

3.4. Antimicrobial Activity Assay. As shown in Table 2, Ag-
MMT and Ag-OMMT have obvious antimicrobial activity
against a wide variety of microorganisms, including Gram-
positive bacteria, Gram-negative bacteria, and fungi. They
have the same MIC for E. coli and C. albicans, which are
2.5 and 0.625mg/mL, respectively. In addition, Ag-OMMT

has a higher MIC (0.313mg/mL) for S. aureus than Ag-
MMT (1.25mg/mL). Strong antimicrobial activity was also
observed, as outlined in Table 3. At a concentration of
0.0125mg/mL, Ag-OMMT can kill 100% of the S. aureus, E.
coli, and C. albicans population in 2 h, and Ag-MMT can kill
99.995% of the S. aureus, 90.15% of E. coli, and 93.68% of C.
albicans in 2 h.

OMMT can inhibit the growth of S. aureus; however,
its ability to inhibit the growth of E. coli and C. albi-
cans is less pronounced. This phenomenon is due to the
different cell structures of these microbes. S. aureus, a
Gram-positive bacterium, consists of a thick peptidoglycan
layer and a cytoplasmic membrane. Its peptidoglycan layer
is extensively crosslinked in three dimensions to form a
solid mesh. Despite its thickness, the peptidoglycan layer of
Gram-positive bacteria is not a barrier to the diffusion of
foreign molecules. Gram-negative bacteria, however, have a
small layer of peptidoglycan and an outer membrane made
of a toxic liposaccharide layer. Because of this structure,
Gram-negative bacteria are unusually permeable to foreign
molecules. Therefore, Gram-negative bacteria are generally
less susceptible to antibiotics and antibacterial agents than
Gram-positive bacteria [32].
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Figure 5: DSC-TG profiles of DOHEAN, MMT, Ag-MMT, OMMT, and Ag-OMMT.

Table 3: Killing rate of the samples.

𝐶sample/(mg⋅Ml−1)
Killing rate/%

S. aureus E. coli C. albicans
Ag-MMT Ag-OMMT Ag-MMT Ag-OMMT Ag-MMT Ag-OMMT

0.05 100 100 100 100 100 100
0.025 100 99.996 100 99.99 100 99.996
0.0125 100 99.995 100 90.15 100 93.68
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Figure 6: FTIR spectra ofMMT,DOHEAN,Ag-MMT,OMMT, and
Ag-OMMT.

4. Conclusions

Novel antimicrobial nanocomposites featuring sodium
MMT, Ag+, and dimethyl octadecyl hydroxy ethyl ammo-
nium nitrate were synthesized via a one-step solution-
intercalated method. XRD, DSC-TG, FTIR, SEM, TEM, and
EDS characterization indicated that Ag+ and DOHEAN
were intercalated into the MMT layers. Ag formed both
metallic species and Ag+ in the clay layer, while DOHEAN
was chemically bonded with the MMT layers. The thermal
stability of DOHEAN was improved by the protection
from the MMT layers. The nanocomposite surface became
crinkled and rough after modification, making it suitable
for combining with polymers. Further, the nanocomposites
showed a wide range of highly efficient antimicrobial activity.
The results of this study may be used as a foundation for
the future development of new types of nanocomposites of
antimicrobial polymers in many industries, such as in wood
adhesives, plastics, paints, and rubbers.
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[10] G. Özdemir, S. Yapar, and M. H. Limoncu, “Preparation of
cetylpyridinium montmorillonite for antibacterial applica-
tions,” Applied Clay Science, vol. 72, pp. 201–205, 2013.

[11] Y. L. Ke, L. F. Jiao, Z. H. Song et al., “Effects of cetylpyridinium-
montmorillonite, as alternative to antibiotic, on the growth
performance, intestinal microflora and mucosal architecture of
weaned pigs,” Animal Feed Science and Technology, vol. 198, pp.
257–262, 2014.

[12] P. Herrera, R. Burghardt, H. J. Huebner, and T. D. Phillips,
“The efficacy of sand-immobilized organoclays as filtration bed
materials for bacteria,” FoodMicrobiology, vol. 21, no. 1, pp. 1–10,
2004.

[13] B. K. G. Theng, J. Aislabie, and R. Fraser, “Bioavailability
of phenanthrene intercalated into an alkylammonium-mont-
morillonite clay,” Soil Biology & Biochemistry, vol. 33, no. 6, pp.
845–848, 2001.

[14] S. Bensalem, B. Hamdi, S. Del Confetto et al., “Characterization
of chitosan/montmorillonite bionanocomposites by inverse gas
chromatography,” Colloids and Surfaces A: Physicochemical and
Engineering Aspects, vol. 516, pp. 336–344, 2017.

[15] V. Ambrogi, D. Pietrella, M. Nocchetti et al., “Montmorillon-
ite–chitosan–chlorhexidine composite films with antibiofilm
activity and improved cytotoxicity for wound dressing,” Journal
of Colloid and Interface Science, vol. 491, pp. 265–272, 2017.

[16] K. Saha, B. S. Butola, andM. Joshi, “Synthesis and characteriza-
tion of chlorhexidine acetate drug-montmorillonite intercalates
for antibacterial applications,” Applied Clay Science, vol. 101, pp.
477–483, 2014.



Journal of Nanomaterials 7

[17] P. Herrera, R. C. Burghardt, and T. D. Phillips, “Adsorption of
Salmonella enteritidis by cetylpyridinium-exchanged montmo-
rillonite clays,” Veterinary Microbiology, vol. 74, no. 3, pp. 259–
272, 2000.

[18] Y. Zhou,M.Xia, Y. Ye, andC.Hu, “Antimicrobial ability of Cu2+-
montmorillonite,”Applied Clay Science, vol. 27, no. 3-4, pp. 215–
218, 2004.

[19] H. Weickmann, J. C. Tiller, R. Thomann, and R. Mülhaupt,
“Metallized organoclays as new intermediates for aqueous
nanohybrid dispersions, nanohybrid catalysts and antimicro-
bial polymer hybrid nanocomposites,”Macromolecular Materi-
als and Engineering, vol. 290, no. 9, pp. 875–883, 2005.

[20] R. Scaffaro, L. Botta, A. Maio, and G. Gallo, “PLA graphene
nanoplatelets nanocomposites: Physical properties and release
kinetics of an antimicrobial agent,”Composites Part B: Engineer-
ing, vol. 109, pp. 138–146, 2017.

[21] R. Scaffaro, L. Botta, A. Maio, M. C. Mistretta, and F. P. La
Mantia, “Effect of graphene nanoplatelets on the physical and
antimicrobial properties of biopolymer-based nanocompos-
ites,”Materials, vol. 9, no. 5, article 351, 2016.

[22] V. H. Campos-Requena, B. L. Rivas, M. A. Pérez, K. A. Garrido-
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