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ABSTRACT 

Montmorillonite (MMT) is a mineral that is capable of adsorbing bacteria due to its large specific surface area. Chitosan (CS), 
a biodegradable and biocompatible natural polysaccharide, has good antibacterial properties but only in an acidic medium. In this 
study, quaternary ammonium CS (QAC) was prepared by graft polymerization of 2-[(Acryloyloxy)ethyl]trimethylammonium 
chloride (AETMAC) monomers onto CS to increase the antimicrobial activity of CS in a neutral environment. Different amounts of 
CS and QAC were then mixed with MMT to form CS/MMT and QAC/MMT composites, respectively. The introduction of 
AETMAC into CS chains was confirmed by Fourier transform infrared spectroscopy. The X-ray diffraction analysis showed that 
QAC was better able to intercalate into the interlayer of MMT than CS due to the stronger electrostatic interaction between QAC 
and MMT. The antimicrobial test results demonstrated that the antimicrobial activity of CS was remarkably improved after graft 
polymerization of AETMAC. Moreover, the QAC exhibited a broad spectrum of antimicrobial activity against Escherichia coli, 
Staphylococcus aureus, and Candida albicans. Additionally, QAC/MMT had higher antimicrobial ratio than CS/MMT. The 
antimicrobial activity increased in proportion to the amount of QAC in QAC/MMT. Of particular note was the superior 
enhancement of antibacterial activity against Staphylococcus aureus that was observed when the QAC/MMT composite weight 
ratio was 1:10, suggesting its potential for antimicrobial applications. 
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1. INTRODUCTION 

Bacterial and fungal infections pose an ongoing threat to 
human and animal health (Naimi et al. 2003). The overuse and 
misuse of antibiotics has led to the appearance of drug‐resistant 
bacteria (Normanno et al. 2007). Montmorillonite (MMT), a 
naturally occurring clay, consists of silicate layers with a high 
aspect ratio. MMT is widely used in various fields, such as ad-
sorption, catalysis, and biomedicine due to its high cation ex-
change capacity, large specific surface area, good absorbability, 
low toxicity, high availability, and ease of surface modification 
(Ghadiri et al. 2015; Srinivasan 2011; Varma 2002). A number of 
studies have shown that MMT is capable of adsorbing bacteria 
(Girardeau 1987; Hu and Xia 2006; Lemke et al. 1998). Recently, 
MMT-based materials have been actively exploited for their an-
timicrobial properties (Chen et al. 2016; Kleyi et al. 2016; Zhu  

et al. 2018). MMT can be modified by ion-exchange reactions 
with cationic modifiers, physical adsorption, and chemical graft-
ing (Liu 2007; Martynková and Valášková 2014). Several inves-
tigators have attempted to modify MMT with metals, inorganic 
cations, and small molecules organic matter to enhance its anti-
microbial activity (Bujdáková et al. 2018; Malachová et al. 2011; 
Yapar et al. 2017; Zhang et al. 2018). However, most of these 
modifying agents are toxic in varying degrees and have high 
consumption levels. Thus, it would be attractive to modify MMT 
with polymer having high antimicrobial activity and good bio-
compatibility to produce an environmentally friendly antimicro-
bial agent. 

Chitosan (CS) is a natural biopolymer derived by partial 
deacetylation of chitin. It has been widely used in biomedical 
applications owing to its biodegradability, biocompatibility, 
nontoxicity, antimicrobial activity, hemostatic properties, and 
susceptibility to chemical modifications (Cheung et al. 2015). CS 
contains cationic charges in acidic media (pH < 6.5) because of 
protonation of its amino groups (Thandapani et al. 2017). How-
ever, it only dissolves in an acid aqueous solution, which limits 
its application. 

The solubility of CS can be significantly improved by modi-
fication of its hydroxyl and amine groups (Jin et al. 2017; Liu  
et al. 2012; Upadhyaya et al. 2013). The introduction of quater-
nary ammonium groups into CS chains not only enhanced the 
water solubility of CS, but also increased its positive charge den-
sity and antimicrobial activity (Peng et al. 2010). The hydroxyl 
and amine groups of CS can be grafted with vinyl monomers 
carrying quaternary ammonium groups through redox reaction 
(Hassan 2015). The graft modification of CS with long pendant 
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side-chains improved the water solubility of CS (Chen and Zeng 
2018). 

MMT has been used to improve the thermal stability,   
mechanical properties, and barrier properties against water and 
gases of CS (Giannakas et al. 2014, Wang et al. 2005). Some 
studies have used CS to enhance the antimicrobial property of 
MMT (Han et al. 2010; Lertsutthiwong et al. 2012). Moreover, 
few reports demonstrated that quaternary ammonium chitosan 
(QAC) could increase the antimicrobial activity of MMT in a 
weak acidic or weak basic medium (Wang et al. 2008). However, 
the content of CS or QAC in the composites was usually greater 
than that of MMT. Moreover, little research has been conducted 
on MMT modification using CS-grafted vinyl monomers with 
quaternary ammonium groups. In this study, QAC/MMT   
composites with weight ratios of 1:10, 1:50, and 1:100 were  
developed as antimicrobial materials. Firstly, quaternary ammo-
nium-containing monomers were graft polymerized onto CS by 
redox polymerization with ammonium persulfate. QAC/MMT 
composites were then prepared by simple solution-mixing. The 
materials were characterized using Fourier transform infrared 
spectroscopy (FTIR) and powder X-ray diffraction (XRD). Fi-
nally, the antimicrobial activity of the composites against 
Gram-negative bacteria (Escherichia coli), Gram-positive bacte-
ria (Staphylococcus aureus), and fungi (Candida albicans) was 
examined by colony counting. 

2. MATERIALS AND METHODS 

2.1 Materials 

MMT was kindly supplied by Houchi Chemical Co. (Taipei, 
Taiwan). CS, with a molecular weight of 50 to 190 kDa and a 
deacetylation degree of 75% to 85%, was purchased from Sig-
ma-Aldrich (St. Louis, MO, USA), and 2-[(Acryloyloxy)ethyl] 
trimethylammonium chloride (AETMAC) was also purchased 
from Sigma-Aldrich. Ammonium persulfate, which was used as 
the redox initiator, was obtained from Showa Chemicals (Tokyo, 
Japan). Acetic acid and sodium hydroxide were purchased from 
Katayama Chemical (Osaka, Japan). Acetone and methanol were 
supplied by Echo Chemical (Miaoli, Taiwan). All chemicals were 
used as received with no further purification.  

2.1 Synthesis of QAC 

QAC was synthesized by graft polymerization of AETMAC 
onto CS according to our previous work (Chen and Zeng 2017). 
Briefly, a 1 wt% CS solution was prepared by dissolving CS 
powder in 2 vol% aqueous acetic acid at 80 °C using a mechani-
cal stirrer. After purging with nitrogen for 30 min, 0.012 M of 
AETMAC and 0.03 M of ammonium persulfate were added 
dropwise successively to carry out graft polymerization at 80 °C 
under nitrogen purging. The reaction was continued for 3 h. The 
reaction solution was then cooled down to room temperature and 
precipitated in an excess of acetone. The precipitate was flushed 
thoroughly with methanol to remove unreacted AETMAC mon-
omer and poly([2-(acryloyloxy)ethyl]-trimethylammonium chlo-
ride (PAETMAC) homopolymer. Finally, the purified product 
(QAC) was dried at 60 °C under vacuum. The grafting ratio (GR) 
of QAC was calculated by gravimetric calculation using the 
equation (Li et al. 2013): 
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 (1) 

where Wg and Wc represent the weights of QAC and CS, respec-
tively. 

2.2 Preparation of CS/MMT and QAC/MMT compo-
sites 

A 2 wt% MMT colloid suspension was prepared by vigor-
ously dispersing MMT in deionized water. CS and QAC were 
dissolved in 0.2 vol% aqueous acetic acid to prepare 0.2 wt% CS 
and QAC solutions, respectively. The pH of CS and QAC solu-
tions were adjusted to 6.0 with 5N sodium hydroxide solution. 
Various volumes of MMT suspension were then added to CS and 
QAC solutions under vigorous stirring to prepare the CS/MMT 
and QAC/MMT dispersions, respectively. The weight ratios of 
CS/MMT or QAC/MMT were 1:10, 1:50, and 1:100. The con-
centration of CS/MMT and QAC/MMT was 1 wt%. The disper-
sions were then homogenized (IKA T18 basic, Ultra-Turrax, 
Germany) at 7,200 rpm for 10 min to disperse the CS/MMT and 
QAC/MMT particles and reduce aggregation. Subsequently, the 
dispersions were centrifuged, washed with deionized water, 
freeze-dried, and ground to obtain CS/MMT and QAC/MMT 
composite powders.  

2.3 Characterization of materials 

FTIR spectra of dry samples over the range of 4000–500 
cm–1 were collected using KBr discs with a Bio-Rad FTS-40 
spectrophotometer (Hercules, CA, USA) at a resolution of 2 cm–1 
and by averaging 32 scans.  

The powder XRD analysis was performed on a Rigaku Min-
iflex II X-ray diffractometer (Tokyo, Japan) with Cu-Kα (λ = 
0.154 nm) radiation. The XRD patterns were recorded for 2θ 
from 2° to 40° at a scan rate of 2° min–1. 

2.4 Evaluation of the antimicrobial properties 

The antimicrobial activity of the samples against Gram- 
negative Escherichia coli (ATCC 8739), Gram-positive Staphy-
lococcus aureus (ATCC 6538), and Candida albicans (ATCC 
24433) was determined according to the ASTM E2149-01 stand-
ard test method. The microbial strains were obtained from the 
Bioresource Collection and Research Center (Hsinchu, Taiwan). 
Luria-Bertani broth (LB broth, Miller; Difco, Detroit, MI, USA), 
Sabouraud dextrose broth (SDB broth, HiMedia, Mumbai, India), 
and nutrient agar (High Standard Enterprise Co., Ltd., Taichung, 
Taiwan) were dissolved in deionized water and sterilized in an 
autoclave at 121 °C for 20 min. The sterilized agar medium was 
cast on sterilized Petri dishes and allowed to solidify in a laminar 
flow hood. A loop of microbial cells was plated on the agar sur-
face to give single colonies. Single colonies of bacterial and fun-
gal cells were then suspended in 25 mL of LB broth and 50 mL 
of SDB broth, respectively, and cultured in a shaking incubator 
(120 rpm) at 37 °C. After incubating for 24 h, the optical density 
of the microbial suspension was determined at 600 nm in a Me-
tertech SP-830+ spectrophotometer (Metertech Inc., Taipei, Tai-
wan). The microbial concentration of the suspension was adjust-
ed by PBS to 1.1 × 105 colony-forming units (CFU) mL–1. 
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The MMT, CS, QAS, CS/MMT, and QAC/MMT solutions 
were prepared in deionized water at a concentration of 1 wt%. 
The prepared solution was stirred for 10 min and sonicated for 
another 10 min. One hundred µL of sample solution and 900 μL 
of microbial suspension were added to 24-well tissue culture 
plates to achieve a final sample concentration of 0.1 % (w v–1). In 
the control group, 100 µL of deionized water was mixed with 
900 μL of microbial suspension. The mixtures were cultured at 
37 °C with shaking at 120 rpm. After 0.5 h and 6 h of incubation, 
100 μL of microbial culture was withdrawn, and serial dilutions 
with PBS were performed to determine the numbers of colonies. 
The agar plates were kept in an incubator at 37 °C for 24 h, and 
the CFUs were counted visually. Each experiment was done in 
triplicate. The antimicrobial ratio (AR, %) of the test sample was 
calculated according to the equation:  

(%) 100c s

c

N N
AR %

N

 
  
 

 (2) 

where Nc and Ns are the CFU of control and test samples, respec-
tively. 

2.5 Statistical Analysis 

All quantitative data are expressed as mean ± standard devi-
ation. Statistical differences among samples were assessed by the 
least significant difference (LSD) test with the level of signifi-
cance set at P < 0.05. 

3. RESULTS AND DISCUSSION  

3.1 Characterizations of CS/MMT and QAC/MMT 
composites 

The FTIR transmittance spectra of different samples are 
given in Fig 1. CS and QAC had a broad and intense band at 
3100 – 3600 cm−1, which can be attributed to the stretching vi-
brations of the O – H and N – H groups. The band at around 1645 
cm−1 was ascribed to the C = O stretching vibration of amide I 
groups. The band for the N – H bending and C – N stretching 
vibration of amide II was located at around 1595 cm−1. Compared 
with CS, QAC exhibited two additional characteristic absorption 
bands that appeared at 1734 cm−1 and 953 cm−1, corresponding to 
the C = O stretching of ester groups and the C – N stretching of 
quaternary ammonium groups, respectively, in AETMAC, indi-
cating the formation of graft copolymer onto the CS backbone 
(Hassan, 2015). Moreover, the decrease in the intensity of the 
band at 1595 cm−1 (amide II) suggests that the amine groups of 
CS were involved in the graft polymerization reaction (Abdel et 
al. 2015). The grafting ratio of AETMAC on CS was determined 
to be 22.1 wt% by gravimetric analysis. In the spectra of MMT, 
the bands near 3630 cm−1 and 1640 cm−1 corresponded to O – H 
stretching and O – H bending, respectively. MMT also exhibited 
broad and strong absorption at around 1045 cm−1 due to stretch-
ing vibration of Si – O (Özdemir et al. 2013). CS/MMT and 
QAC/MMT composites exhibited the same characteristic bands 
as MMT and no obvious difference in shifting or intensity varia-
tion was observed due to these composites having relatively high 
MMT content.  
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Fig. 1 FTIR spectra of (a) CS; (b) QAC; (c) MMT; (d) 
CS/MMT (1/10); and (e) QAC/MMT (1/10). 

 
 
The XRD patterns of CS, QAC, MMT, and all of the com-

posites are presented in Fig. 2. CS exhibited two major diffrac-
tion peaks at 2θ = 10.32° and 20.08°, which can be attributed to 
the (020) and (110) crystal planes, respectively (Salama et al., 
2015). In the diffraction spectrum of QAC, the peak at 10.32° 
disappeared, while the intensity of the peak at 20.08° decreased 
and broadened, suggesting that the crystallinity of CS decreased 
with grafting of AETMAC monomers. The diffraction peak of 
MMT was observed at 2θ = 5.24°, which can be attributed to the 
(001) crystal plane. The d-spacing, interlayer distance, was 16.8 
Å, which was calculated by the Bragg equation. As the results of 
the FTIR spectra, XRD patterns of all composites were similar to 
that of MMT since they had low CS and QAC content. However, 
a slight shift in the d001 diffraction peak of composites towards a  
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Fig. 2 XRD spectra of (a) CS; (b) QAC; (c) MMT; (d) CS/MMT 
(1/10); (e) CS/MMT (1/50); (f) CS/MMT (1/100); (g) 
QAC/MMT (1/10); (h) QAC/MMT (1/50); and (i) 
QAC/MMT (1/100). 
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lower angle in comparison with that of MMT was observed,  
revealing that a small amount of QAC and CS had intercalated 
into the MMT structure. The interlayer distance of MMT grew 
slightly as the amount of CS and QAC increased. The d001 peak 
of QAC/MMT slightly shifted towards lower angles as compared 
to the CS/MMT when the weight ratios of polymer/MMT were 
10:1 and 50:1, indicating that the QAC chains could be more 
readily inserted into the MMT layer through a cationic exchange 
reaction. This phenomenon could be explained by the greater 
amount of cationic groups in QAC, which likely facilitated better 
interaction of QAC molecules with MMT. The largest interlayer 
distance of 17.7 Å was obtained when the weight ratio of 
QAC/MMT was 10:1. 

3.2 Antimicrobial properties of CS/MMT and 
QAC/MMT composites 

The antimicrobial properties of the CS, QAC, MMT, 
CS/MMT, and QAC/MMT composites in microbial suspension 
were evaluated comparatively against Gram-negative bacteria (E. 
coli), Gram-positive bacteria (S. aureus), and fungi (C. albicans). 
These three species were chosen because they are common nos-
ocomial pathogens.  

Table 1 presents the antimicrobial ratios of the test sam-
ples against E. coli, S. aureus, and C. albicans after 0.5 h and 6 h 
of incubation at 37 °C. All of the materials inhibited bacterial and 
fungal growth to a certain degree after 0.5 h of contact. MMT 
and CS/MMT composites exhibited good antibacterial activity 
against E. coli, whereas they showed slightly weaker antibacterial 
activity against S. aureus and low antifungal activity against C. 
albicans. CS also had a higher antibacterial activity against E. 
coli than against S. aureus and C. albicans. Interestingly, MMT 
showed a higher antibacterial activity than CS (P < 0.05). The 
positively charged amino group in CS was reported to be one of 
the main factors contributing to its antibacterial activity 
(Papineau et al. 1991). However, CS has a relatively low positive 
charge at a neutral pH, suggesting that it ought to exhibit low 
antimicrobial activity. This notion is consistent with a previous 
study that found that CS only manifested its antibacterial activity 
in an acidic environment because of its poor solubility above pH 
6.5 (Ferfera‐Harrar et al. 2014). The grafting of AETMAC with 

quaternary ammonium groups onto CS significantly improved 
the antimicrobial activity against bacteria and fungi (P < 0.05). 
The antimicrobial effects of quaternary ammonium compounds 
have been recognized for a long time. In the present study, QAC 
exhibited good antimicrobial activity and a broad spectrum of 
activity. Of particular note, the antimicrobial ratio of QAC 
against C. albicans reached 96.6% after 6 h of contact, even at a 
concentration of only 0.1 wt%. Additionally, QAC/MMT showed 
a stronger antimicrobial activity than CS/MMT composites at the 
same polymer/MMT weight ratios, owing to the higher antimi-
crobial activity of QAC relative to CS. The extent of microbial 
growth inhibition was dependent on the weight ratio of QAC to 
MMT, i.e., the larger the amount of QAC in the composites, the 
greater the antimicrobial ratio. The QAC/MMT composite with a 
weight ratio of 1:10 demonstrated the best antimicrobial activity 
among all of the composites. Of note, it showed a better inhibi-
tory activity against S. aureus as compared to pure QAC or MMT 
(P < 0.05), indicating a synergistic effect between QAC and 
MMT. The large specific surface area of MMT might enhance 
the adsorption of microbial cells onto composites from the solu-
tion, and QAC then kills these cells (Wang et al. 2006). Accord-
ingly, as a result of the dual actions of MMT and QAC, the 
composites were able to strongly inhibit the growth of microbes. 

As shown in Table 1, the antimicrobial ratios of all materials 
against E. coli increased with contact time, whereas the antimi-
crobial activity of MMT and CS/MMT against S. aureus and C. 
albicans decreased with contact time. After contact for 6 h, CS, 
MMT, and CS/MMT did not exert any antifungal effect on C. 
albicans (Table 1 and Fig. 3). In contrast, the antimicrobial activ-
ity of QAC and QAC/MMT with a weight ratio of 1:10 increased 
with increasing contact time. No bacterial was found after 6 h of 
contact with QAC/MMT that had a weight ratio of 1:10. Moreo-
ver, the antimicrobial ratio of C. albicans reached 85.7%. 

Compared with E. coli and S. aureus, C. albicans had poorer 
antimicrobial sensitivity to the test materials because fungal cells 
are protected by a rigid cell wall (Ling et al. 2013). These results 
are consistent with the findings of previous reports (Chen et al. 
2016; Liu et al. 2013). However, the QAC/MMT composite with 
a weight ratio of 1/10 also exhibited a strong inhibitory effect 
against C. albicans growth (Table 1 and Fig. 3), suggesting that it 
has great potential in antimicrobial applications. 

 

Table 1 Antimicrobial activity of materials 

Materials 

Antimicrobial ratio (%) 

Escherichia coli Staphylococcus aureus Candida albicans 

0.5 h 6 h 0.5 h 6 h 0.5 h 6 h 

CS 52.9  1.2 75.7  4.0 22.1  5.0 26.7  2.2 15.0  4.2 0.0  0.0 

QAC 99.5  0.2 100.0  0.0 80.9  1.7 93.1  0.5 43.8  1.7 96.6  0.5 

MMT 83.3  8.0 91.9  2.6 58.7  4.6 40.3  1.9 16.3  4.7 0.0  0.0 

CS/MMT (1/10) 88.9  0.0 95.2  1.9 39.8  7.2 34.9  1.4 13.4  4.5 0.0  0.0 

CS/MMT (1/50) 88.9  0.2 97.7  0.9 49.7  1.7 24.7  5.5 18.5  1.6 0.0  0.0 

CS/MMT (1/100) 78.5  2.7 93.2  1.8 54.7  4.4 14.3  4.1 16.3  6.9 0.0  0.0 

QAC/MMT (1/10) 95.3  1.2 100.0  0.0 89.9  0.8 100.0  0.0 35.7  6.0 85.7  2.8 

QAC/MMT (1/50) 97.0  0.8 99.2  0.2 61.2  8.1 56.3  5.3 27.1  4.8 0.0  0.0 

QAC/MMT (1/100) 96.2  2.0 93.6  0.9 47.5  7.7 55.8  3.5 8.6  4.6 0.0  0.0 
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Fig. 3 Images of colonies of C. albicans after (1) 0.5 and (2) 6 h of treatment with various samples: (a) control; (b) CS; (c) QAC; (d) 

MMT; (e) CS/MMT (1/10); (f) CS/MMT (1/50); (g) CS/MMT (1/100); (h) QAC/MMT (1/10); (i) QAC/MMT (1/50); and (j) 
QAC/MMT (1/100). 

 
4. CONCLUSION 

In this investigation, quaternary ammonium monomers were 
successfully grafted onto CS. A series of CS/MMT and 
QAC/MMT composites were prepared by simple mixing and 
homogenization. XRD results showed the QAC had a stronger 
interaction with MMT than with CS. The antimicrobial tests re-
vealed that the antimicrobial ratio of CS was significantly in-
creased after grafting of AETMAC onto CS. Moreover, the 
QAC/MMT composites with small amounts of QAC had a higher 
antimicrobial activity than that of MMT alone. These results 
suggest that QAC could be used as an enhancer to improve the 
antimicrobial properties of MMT. 
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