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H I G H L I G H T S  

� Montmorillonites with cetylpyridinium (CP) adsorbed were evaluated against 2 fungi. 
� The CP adsorption on montmorillonites occurred by three different interactions. 
� DTGA allowed quantifying the % of adsorbed CP in the processes involved. 
� The inhibition diameters for both fungi were related to their susceptibility to CP. 
� Materials with antifungal activity for technological applications.  
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A B S T R A C T   

Two raw bentonites, from Argentina (Mt-A) and Turkey (Mt-T), rich in montmorillonite, were loaded with 
different concentrations of cetylpyridinium chloride (CP), ranging from 50% to 150% of their respective cation 
exchange capacity (CEC). Their antifungal activity was tested against Alternaria alternata and Chaetomium glo-
bosum. Thermal analysis was used to identify the different surface adsorption sites of the CP on the montmo-
rillonite (Mt) samples as well as to quantify the surfactant amount related to each process, which could play a key 
role in the antifungal capacity of the synthesized materials. Three different CP interaction processes with the Mt 
surface sites were observed. Two occurring at the outer Mt surface (electrostatic interaction between CP and the 
negative surface sites of Mt (B), and van der Waals (VdW) interactions between long tails of CP molecules (A) and 
one at the inner (or interlayer) Mt surface due to the cation exchange between CP and the inorganic interlayer 
cations (C). The simultaneous occurrence of these processes was confirmed by the increase of the interlayer 
thickness due to the entrance of CP by C process and the decrease of the initial negative zeta potential values by A 
and C processes, respectively. 

The antifungal activity of clays against strains of A. alternata and C. globosum, was evaluated by agar diffusion 
assay. Then, the inhibition diameter was related to the actual CP load and its distribution according to A, B, and C 
processes. Samples with the highest inhibition zone, Mt-A-CP150, and Mt-T-CP150, presented the greatest actual 
CP loaded (103 and 110% CEC, respectively). For both samples, the CP amount related to the A process was the 
lowest, with values around 10% CEC, while the major contribution occurs for the CP related to the B process 
(49.9 and 57.7% CEC, respectively). The Pearson correlation coefficients ρ determined between inhibition zone 
diameters and CP amount related to each adsorption process indicated that the A and B processes play a key role 
in the controlled release of the CP from the organoclays. 

For A. alternata the ρ values for A and B processes resulted in 0.84 and 0.87, while for C. globosum 0.84 and 
0.91, respectively, being non-significant for C process in both cases. 
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These results allow proposing these materials for possible antifungal applications, preventing CP degradation, 
and enhancing the durability of the materials.   

1. Introduction 

Exposure to mold may result in human illness through three different 
mechanisms: infection, allergy, and toxicity [1]. Particularly, indoor 
environments, especially kitchens and bathrooms, cannot usually 
maintain a constant humidity and temperature during the day, 
prompting the growth of fungal species [2]. In this sense, species of the 
genera Alternaria, Cladosporium, Phoma, and Aureobasidium can easily 
attain growth from the hyphal tip within minutes [3]. 

The proven antibacterial and antifungal capacity of different qua-
ternary ammonium compounds (QAC) [4] has led to their wide distri-
bution in hospitals, industry, and cosmetics products. Particularly, 
cetylpyridinium, CP, is a QAC-based surfactant that exhibits germicidal 
properties and it is used in medicine, cosmetics, food, and detergents 
industry, among others. The antibacterial properties of CP against 
Gram-positive bacteria, Staphylococcus aureus, and Bacillus subtilis, as 
well as Gram-negative bacteria, Pseudomonas aeruginosa, Escherichia coli, 
and Proteus vulgaris, were reported [5,6]. 

In order to improve the biocidal activity of materials and their life-
span, current research focuses on materials with simultaneous biocidal 
action: contact killing and released based biocidal action [7,8]. In this 
sense, the biocide could be supported by a solid matrix to encapsulate 
the molecules, improving product quality by delaying its degradation 
and providing a controlled biocide release [9]. 

One of the most common clays that presently recognized adsorption 
and/or encapsulation capacity of quaternary amines is montmorillonite 
(Mt). Worldwide Mt samples modified by the incorporation of CP have 
been proposed as antimicrobial materials, achieving different effec-
tiveness [10]. It was found that a CP loading of 50% of the cation ex-
change capacity (CEC) of Mt maintained its antibacterial properties 
against S. aureus [12]. However, antibacterial capacity, indicated as 
percentage reduction of plate counts, against Salmonella enteritidis range 
within 39 and 99% when three Mt of different origins were exchanged 
with 150% of the respective CEC [13]. Recently, it was proposed that 
surface interactions with the hydrophobic tails of surfactant molecules 
cause the adhesion of bacteria on organo-Mt surfaces generating damage 
to cell membranes and causing their protein dysfunction [14]. Although 
important research has been done to demonstrate the effectiveness of CP 
on Mt against bacteria [12,15] there is not still research evaluating these 
composites against indoor fungi, as A. alternata and C globosum. 

The distribution of CP on Mt could be a key factor in the achieved 
antifungal activity of materials. Sorption of cationic surfactants onto 
phyllosilicates, as Mt clays, occurs into the Mt interlayer space, via 
cation exchange capacity and by the incorporation of CP into the Mt 
external surface [16–18]. Therefore, the quantification of CP located at 
the external surface of Mt could be a good indicative parameter to 
predict the antifungal activity of Mt-CP composites. 

Several efforts have been performed to determine the distribution of 
the QAC cations on clays surface [19]. proposed a mathematical equa-
tion to quantify the amount of surfactant exchanged in clays under 
anoxic conditions. This calculation quantifies almost well the amount of 
incorporated organic, but it does not consider the formed products due 
to the pyrolysis of organic matter. 

In this frame, this work presents the characterization of two (Turkey 
and Argentina) raw and CP loaded bentonites. The raw materials were 
loaded with different CP concentrations and evaluated as antifungal 
materials again against A. alternata (KU936229) or C. globosum 
(KU936228). The mathematical deconvolution of specific peaks of dif-
ferential thermogravimetric analyses (DTGA) was proposed to calculate 
the actual loaded CP and also to evidence and quantify the interaction 

processes between CP and the different surfaces of the Mt, considered as 
a potentially crucial factor for the antifungal effect of the modified 
materials. For that, modifications to the mathematical model proposed 
by Ref. [19] were performed, considering sample humidity, complete 
organic matter oxidation, and clay dehydroxylation. Then, X-ray 
diffraction (XRD) analysis and zeta potential determinations were per-
formed on all samples to identify the occurrence of the different in-
teractions at the internal and external Mt surfaces, respectively. 

2. Materials and methods 

2.1. Materials 

The Argentine bentonite labeled as Mt-A, rich in montmorillonite 
(Table 1), was used as received while the Turkish bentonite was purified 
according to the method used in a previous study [12] and labeled as 
Mt-T. The <2 μm fraction of the Mt-A sample, obtained by centrifugation 
at 15,000 rpm, to eliminate the coarse fraction impurities, was labeled as 
Mt-A2μm and used only to determine the structural formula of the Mt-A. 

The Turkish bentonite (Mt-T) comes from the Resadiye-Tokat region, 
which is located in the province of Tokat in central-northeastern Ana-
tolia, Turkey [20] (Fig. S1). It belongs to the Kapakli formation of Upper 
Cretaceous age (72–65 million years), [21]. These sediments were 
deposited in a shallow marine environment [21] giving rise to the 
bentonite levels formed by in situ alterations of the volcanic glass by 
hydrothermal and diagenetic processes [22] where seawater had a 
considerable effect. 

Del Lago bentonite (Mt-A), as it is commercially known, comes from 
the Northwest of the province of Río Negro, Argentina (Fig. S1). This 
rock belongs to the Allen formation of the Malargüe Group, Upper 
Cretaceous in age [23]. The depositional environment corresponds to 
shallow waters of low energy, with a limited supply of fresh water in the 
presence of saline or slightly saline water [24,25], where the bentonite is 
composed of smectite clays formed after the alteration of volcanic glass 
coming from short pyroclastic events. 

The CP chloride monohydrate (�96%), MW ¼ 358.01 g mol�1, and 
critical micelle concentration (CMC) 1.03 mM [26], was purchased from 
Sigma Aldrich and used as supplied. 

2.2. CP loaded montmorillonite samples preparation 

The CP loaded Mt-A or Mt-T samples were prepared following a 
similar procedure reported previously to obtain organo-montmorillonite 
[12]. Briefly, CP in amounts equivalent to the predetermined percentage 
of cation exchange capacity (CEC) values of the respective Mt samples 
(50%, 75%, 100% or 150% CEC) were dissolved in 25 mL of distilled 
water, and 1 g of clay was sprinkled under magnetic stirring at 400 rpm 
and the dispersion stirred further 3 h at room temperature. At the end of 
the stirring period, the solid and liquid phases were separated by 
centrifugation at 14,000 rpm for 10 min. The solids were washed three 
times with distilled water to remove chloride anions, testing in the su-
pernatants with AgNO3 0.1 M, until they were free of chloride anions. 
The solids were dried in an oven at 60 �C, and then ground in a mortar, 
and denoted as Mt-A-CP50, Mt-T-CP75, etc. 

2.3. Petrography identification, mineralogical composition (Rietveld 
method), cation exchange capacity (CEC), M€ossbauer analysis, and 
structural formula determination 

Petrography images were obtained from random grain mounts 
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immersed in Canadian balsam, using an Olympus BX60 petrographic 
microscope, to identify impurities remaining in the Mt purified samples. 

Diffraction data were collected from powder samples X-rayed within 
3� < 2θ < 70�, using Bruker AXS D2 Phase equipment, with operating 
conditions: 40 kV and 35 mA, Cu Kα radiation, Ni filter, a step width of 
0.02�, and 1.0 s step�1 counting time. The estimated standard deviations 
were derived from individual scale factors calculated by the Fullprof 
method, for the respective phases, excluding other error contributions. 
Mineral quantification was obtained by the [27] method applied to the 
diffraction patterns. 

The CEC value was determined using the ([Cu(en)2]2þ complex [28]. 
Concisely, the copper complex was added to Mt dispersions (10 mg 
mL�1) and magnetically stirred (400 rpm) for 3 h. The supernatant was 
isolated by centrifugation at 14,000 rpm for 10 min and used to quantify 
the [Cu(en)2]2þ, in a UV–visible spectrophotometer (Hewlett Packard 
8453) at λ ¼ 548 nm. The experiments were performed in triplicate and 
the average CEC values were reported (Table 1). M€ossbauer spectros-
copy, based on the recoil-free resonant absorption of gamma rays, allows 
studying Fe environments on solid samples, such as clays. Hyperfine 
parameters, extracted from M€ossbauer spectrum fit, give information 
about Fe oxidation state as well as the relative spectral area of each 
identified environment. Besides, in specific cases, it allows iron oxides 
identification. M€ossbauer spectra were collected at room temperature 
using a standard spectrometer in a transmission geometry (512 channels 
and a57CoRh radioactive source). The detector system was calibrated 
using an α-Fe foil and all the isomers shifts were referred to this stan-
dard. Since measurements performed at 12 mm s�1 revealed the absence 
of magnetic signals, the velocity was set to 4 mm s�1. 

In order to attain the accurate elemental compositions of both Mt 
samples, X-ray fluorescence (XRF) analysis (Bruker S8 Tiger with 
dispersive wavelength) was used. The purified Mt-T was analyzed 
without further treatment, while for Mt-A sample the <2 μm fraction 
(labeled as Mt-A2μm) was used. The structural formula of Mt-T and Mt- 
A2μm samples was determined from the chemical composition (%) 
following the procedure proposed elsewhere [29]. The total charges 
from the octahedral and tetrahedral sheets were calculated by adding 
the deficiency or excess caused by the isomorphic replacement in each of 
them, as indicated by the structural formula [29]. 

2.4. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed using Rigaku 
8121 equipment with alumina as reference material. 20 mg of samples 
were placed in alumina crucibles and heated from 24 to 1000 �C at a 
scanning rate of 10 �C min�1 in air atmosphere. The first-order deriva-
tive of TGA (DTGA) was calculated in all cases. 

The actual amount of surfactant loaded (X) was determined from 
mass loss values obtained by the respective TGA, in a temperature range 
from 150 to 1000 �C (eq. (1)). Based on previous work [19], additional 
considerations were made: i) the organic matter present in the Mt-CP 
samples were combusted completely to a high temperature due to the 
oxidizing atmosphere used. ii) the mass losses percentages were 
normalized concerning the humidity of each sample (dry basis). iii) 
dehydroxylation of Mt was a process that occurs in all Mt-CP samples, 
which is proportional to the inorganic residue at the end of the process 
(1000 �C). The f factor (eq. (2)) was defined, considering the previous 
issues, and used to correct the dehydroxylation process of the Mt in the 

Mt-CP samples. The f factor ranges from 0 to 1, where the highest value 
indicates the highest Mt proportion in samples. 

X ¼
1000 � ðSot �  ðMtrt �  f ÞÞ

CEC  � MW
(1)  

f ¼
ð100 � Sot Þ

ð100 � MtrtÞ
(eq 2) 

In eq. (2) Sot is the mass loss percentage corresponding to the CP 
exchanged in each Mt sample at the temperature range studied, and Mtrt 
is the mass loss percentage in the Mt in the same temperature range, to 
consider the structural dehydroxylation process. The percentage of mass 
loss indicated by the step-like drop in the TGA curve corresponds to the 
integrated area under DTGA peaks. The peaks of CP decomposition 
(from 150 �C to 400 �C) were mathematically deconvoluted by fitting 
the signal to two or three Gaussian functions with R2 � 0.98. 

2.5. X-ray diffraction and zeta potential analyses 

To assess the crystallinity changes between samples without and 
with different CP loading, X-ray diffraction patterns were recorded from 
3 to 70� (2θ) with the same equipment and conditions indicated previ-
ously for Rietveld analysis. Differences were evaluated by changes in 
001 reflections. To determine the probable CP entrance to the Mt 
interlayer, the scheme and molecular size length were determined using 
geometry optimization tools (Jmol v. 14.80.20). 

Electrokinetic potentials were determined using Brookhaven 90Plus/ 
Bi-MAS employing the electrophoretic mobility function. The electro-
phoretic mobility was converted into zeta potential values automatically 
using the Smoluchowski equation. The operating conditions were: λ ¼
635 nm, 15-mW solid-state laser, scattering angle of 90� and tempera-
ture of 25 �C. For each determination, 40 mg of sample was dispersed in 
40 mL of a 10�3 M KCl solution, used as an inert electrolyte, and the 
slurry was stirred. The pH dispersion was adjusted by dropwise addition 
of HCl or KOH at different concentrations and followed by magnetic 
stirring until equilibrium was established (10 min). 

2.6. Antifungal assays 

The antifungal potential of the modified clay samples was assessed 
by agar well diffusion method by Ref. [30] with two fungal strains: 
A. alternata (KU936229) and C. globosum (KU936228) previously iso-
lated from bio-deteriorated coatings and identified [31,32]. Petri dishes 
with 15 mL of Malt Extract Agar (MEA) medium inoculated with 200 μL 
of the corresponding spore dispersions were prepared. The inoculum 
concentration was adjusted to 105 spores mL�1 by the use of a Neubauer 
counting chamber. 7.0 mm diameter wells were punched out from the 
agar plate and each one was filled with 20 mg of the tested material. The 
assay was done in triplicate with the corresponding controls (raw Mt-A 
and Mt-T samples). All the plates were incubated at 28 �C, and after 48 h 
inhibition zone diameters (ID) were measured. Solids with ID � 7 mm 
were considered active against the strain tested and when the ID < 7 mm 
(fungal growth on material) were considered without antifungal 
activity. 

Table 1 
Cation exchange capacity (CEC), mineralogical composition as percentage wt. (Mt: Montmorillonite; Q: Quartz; F: Feldspar, Cris: Cristobalite, Cal: Calcite and Gyp: 
Gypsum) of indicated samples.  

Sample CEC (cmol(þ)/kg) Mt (%) Q (%) F (%) Cris (%) Cal (%) Gyp (%) 

Mt-A 87.3 � 0.8 88.2 � 0.9 5.2 � 0.4 5.0 � 0.6 – – 1.6 � 0.5 
Mt-A2μm 97.5 � 0.9 100.0 – – – – Traces 
Mt-T 96.9 � 0.3 96.0 � 0.8 – – 3.0 � 0.7 1.0 � 0.4 –  
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3. Results and discussion 

3.1. Mt characterization 

To identify the presence of non-crystalline species and/or low 
amounts of crystalline species, not revealed by XRD analysis, several 
petrographic images were examined. Fig. 1 shows the petrography of 
random grain mounts for the Mt-A2μm sample, where some gypsum 
crystals were identified with the clay aggregates, while for the Mt-T 
sample glass shards and calcite crystals together with the clay aggre-
gates were detected. The presence of glass shards indicates that the 
sample still contains vitreous material that has not been completely 
transformed into bentonite and reaffirms, that the precursor was vol-
canic ash. 

As a consequence of the interaction with marine waters (a natural 
sodium source), the bentonites formed were in both cases Na-bentonite 
type, corroborated by the oxide content determined by XRF (Table 2). 

Figs. S3 (A) and (B) show the XRD patterns for Mt-A and Mt-T, 
together with the Rietveld analysis. 

Particularly, the Mt % increases for Mt-A2μm respect to the Mt-A 
sample (Table 1) revealed the complete elimination of coarse material 
(within the detection limit of XRD, around 2%). The presence of SiO2 as 
quartz and cristobalite species was detected in Mt-A and Mt-T samples 
respectively, while feldspar was found in Mt-A and calcite in Mt-T 
samples only. 

The higher CEC value obtained for Mt-T (Table 1) than Mt-A was 
related mainly to the higher montmorillonite content in Mt-T [33], as 
also observed by the higher CEC value obtained for the purified 
Mt-A2μm than for Mt-A sample. 

The oxides content was within the range of those reported in the 
literature for this type of material [29]. The percentage of exchange ions 
Naþ, Ca2þ, and Kþ indicated a predominance of sodium montmorillonite 
in both samples, as it was expected by their genesis process. 

The presence of iron in the crystalline structures of clay minerals 
significantly affects their physical and chemical properties [34], 
consequently, before determining the structural formula, the iron 
oxidation state present in the Mt structure must be detected to conclude 
whether it participates as Fe2þ or Fe3þ. M€ossbauer spectroscopy is the 
best technique to study Fe environments, so it was used to determine the 
iron oxidation state in both Mt samples. The M€ossbauer spectrum of the 
Mt-T sample was fitted for the three characteristic Fe environments 
corresponding to montmorillonite clay [35] and a paramagnetic phase 
attributed to the relatively low Fe content (Table 3 and Fig. S3). Besides, 
around 3% of Fe2þ was found. For the Mt-A2μm sample, the same Fe 
environments as those obtained for the Mt-T sample were identified, 
except for the presence of the Fe2þ phase [36]. 

The main oxides (Table 2) were used to obtain the structural 
formulae of both samples. Besides, to achieve more exact structural 
formulae, the presence of phases other than montmorillonite (Rietveld 

analysis and petrographic observations) was considered using the 
following corrections: 

- In the Mt-T sample: the presence of Fe2þ phase (M€ossbauer spec-
troscopy Table 3), was considered belonging to the octahedral sheet. 
The SiO2 value was modified by subtracting the SiO2 percentage 
amount corresponding to the cristobalite content (Table 1), and the 
CaO content was corrected by subtracting the percentage of calcite 
(Table 1).  

- In the Mt-A2μm sample: the amount of CaO balanced with SO3 
(Table 2) was assigned to gypsum (SO4Ca 2.H2O), evidenced in 
Fig. 1, and subtracted from the final CaO value. 

The following structural formulae were obtained for each sample. 

Mt-A2μm: Si3.81 Al0.19 (Al1.40 Fe3þ
0.27 Mg0.32) O10 (OH)2 (Na0.37 

Ca0.06 K0.02) 
Mt-T: Si3.75 Al0.25 (Al1.47 Fe3þ

0.24 Fe2þ
0.02 Mg0.24) O10 (OH)2 (Na0.60 

K0.03). 

3.2. Thermogravimetric, XRD, and zeta potential analyses 

Peaks associated with the dehydration process of adsorbed water 
were found at 99.5 �C and 77.1 �C for Mt-A and Mt-T samples, respec-
tively (Fig. S4). Particularly, for the Mt-A sample, a second peak related 
to the dehydration process was found at 108.7 �C, linked with the higher 
Ca2þ content concerning the Mt-T sample (Table 2) [37]. In the same 
temperature range, important decreases in the intensity of the dehy-
dration peaks (Fig. S4) and the mass loss % value (Table 4) were found 
for the respective CP loaded Mt samples. This behavior evidenced the 
exchange of the raw hydrated interlayer cations by CP [38,39]. 

The dehydroxylation process of the octahedral structure observed at 
about 650–700 �C indicated the presence of the cis-vacant mineral in 
both raw Mt samples [40,41]. For CP loaded products this peak was also 
observed, although shifts towards lower temperatures, of around 600 �C, 
attributed previously to the penetration of the methyl groups of the 
surfactant into the siloxane layer [42]. Besides, the shoulder appearing 
at temperatures around 700 �C can be ascribed to the oxidation of 
charcoal and the formation of CO2 [43]. 

The peaks within 150–400 �C (Fig. 2) were assigned to organic cation 
decomposition [44,45]. The DTGA peak fitting by using three Gaussian 
functions reveals the different adsorption interactions proposed by 
Ref. [17,18]; of CP onto Mt, defined here as A, B and C processes (Fig. 3). 
The C process, occurring at temperature �300 �C, corresponds to CP at 
the interlayer Mt surface by cation exchange between CP and the inor-
ganic interlayer cations. The B process, revealed at lower temperatures 
than C, occurs at the outer Mt surface by electrostatic interaction be-
tween CP and the negative Mt surface sites. Finally, the A process, 
observed at the lowest temperature �240 �C (CP isolated decomposition 

Fig. 1. Petrographic images of Mt-A2μm and Mt-T samples with their mineral phases.  
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value 237.9 �C, Fig. S5), related to the van der Waals (VdW) interactions 
between long tails of CP molecules interacting with Mt by B process. 

Table 4 summarizes the total mass loss values for both raw Mt 
samples and their products loaded with CP, indicated as actual surfac-
tant loading (unit areas obtained were referred to as % CEC of the 
respective raw Mt samples). 

The DTGA analysis of peaks reveals that the external adsorption of 
CP occurs even in samples loaded with CP concentrations lower than 
100% CEC, this allows concluding that adsorption of CP occurred 
simultaneously at the internal and external surface sites (see XRD and 
zeta potential sections), as also reported for HDTMA adsorption on Mt 
[46]. The increase of the CP concentration generates a higher concen-
tration of CP molecules on the outer surface due to interactions between 
the alkyl chains by VdW forces. This causes a decrease in the degrada-
tion temperature of the CP, approaching the temperature of the free CP. 

As shown in Table 4, generally the total actual CP loading percent-
ages for Mt-A-CP samples were higher than those for Mt-T-CP samples 
being, the process C always higher for Mt-A, despite its lower CEC value, 
than for Mt-T samples (Table 1). Process C also increases with the initial 

CP used concentrations, which can be also revealed by diffraction pat-
terns analysis, due to it is directly connected to the d001 basal space. 
Fig. S6 A and B show the XRD patterns of Mt-A and Mt-T samples and 
their respective Mt-CP products. 

The basal reflection of the Mt-A sample was fitted by two Voight 
functions (R2 ¼ 0.983; Fig. S6 A), which could be associated with the 
presence of hydrated Naþ and Ca2þ ions at the interlayer [37,39]. 
However, for the Mt-T sample, the fit was to a single Voight function (R2 

¼ 0.999) assigned to the hydrated Naþ, which was the main cation 
present at the interlayer (Table 2). The amount of CP loaded and its 
arrangement in the interlayer of both Mt samples, shifted the basal 
reflection to lower 2θ values [47]. However, the different CEC values of 
montmorillonite samples, which are directly related to the total layer 
charge, could modify the surfactant bonding strength and its arrange-
ment at the interlayer. Consequently, the CP arrangement at the Mt 
interlayer was until now related mainly to the total actual % CP loaded 
(Table 4). The monolayer arrangement is observed for Mt-A-CP75 and 
Mt-T-CP75 samples because the interlayer thickness attained a value of 
0.77 nm and did not permit the CP bilayer arrangement that needs at 
least 0.91 nm (Fig. S7). 

When the CP actual loading increased up to around 80% CEC for the 
Mt-A-CP100 sample (81.9% CP actual loading, Table 4) the interlayer 
thickness value (0.92 nm) indicated that a CP bilayer arrangement was 
attained (Fig. S7) [47]. However, for the Mt-T-CP100 sample (77.7% CP 
actual loading, Table 4), the peak of the basal reflection was enlarged 
and its deconvolution allowed determining two maxima at 1.77 nm and 
1.85 nm, which would indicate the presence of mono- and bilayer ar-
rangements, respectively. For CP actual loading �100% CEC (Table 4), 
the interlayer thickness value was higher than 1.16 nm and conse-
quently, the pseudo-trilayer arrangement prevailed in both samples 
[47]. 

CP percentages related to process A and B were higher in Mt-T-CP 
samples than in Mt-A one, these showed some preference of CP for 
external sites in Turkish samples (Fig. 3). Zeta potential measurements 
provide information about the modification of the electrical surface 
charge on the external surface by the increase in the loading amount of 
surfactants [48]. Fig. 4 A and B show zeta potential vs. pH curves for 
Mt-A and Mt-T samples and their corresponding CP-loaded samples, 
respectively. 

For both raw montmorillonites, negative surface charge values were 

Table 2 
Oxides content (%wt.) of indicated samples determined by XRF. Standard deviations were <5%.  

Sample SiO2 Al2O3 Fe2O3 MgO Na2O CaO K2O TiO2 BaO MnO SO3 

Mt-A2μm 62.29 22.00 5.92 3.55 3.12 1.25 0.26 0.54 0.03 0.04 0.39 
Mt-T 62.34 23.04 5.31 2.54 4.89 0.84 0.37 0.16 – 0.03 0.15  

Table 3 
M€ossbauer hyperfine parameters of Mt-A2μm and Mt-T samples. δ and Δ 
represent the isomer shift and the quadrupole splitting in mm s�1, respectively. 
RSA is the relative percentage of the spectral area.  

Fe environment Sample 

Mt-A2μm Mt-T 

Fe3þ (I) δ ¼ 0.36 δ ¼ 0.34 
Δ ¼ 0.55 Δ ¼ 0.49 
RSA ¼ 53 � 3 RSA ¼ 45 � 4 

Fe3þ (II) δ ¼ 0.37 δ ¼ 0.38 
Δ ¼ 1.15 Δ ¼ 1.38 
RSA ¼ 22 � 2 RSA ¼ 23 � 2 

Fe3þ (III) δ ¼ 0.095 δ ¼ 0.095 
Δ ¼ 0.01 Δ ¼ 0.01 
RSA ¼ 3 � 1 RSA ¼ 1 � 1 

PR δ ¼ 0.44 δ ¼ 0.39 
Δ ¼ 0.02 Δ ¼ 0.26 
RSA ¼ 22 � 2 RSA ¼ 28 � 3 

Fe2þ – δ ¼ 1.15 
Δ ¼ 2.88 
RSA ¼ 3 � 1  

Table 4 
Mass loss percentage of the indicated Mt and CP loaded samples. The actual surfactant loaded (calculated with eq. (1)) was expressed as % CEC, and the area of the 
DTGA peaks for each process was referred to as the actual CP loaded indicated as % CEC. Associated errors were obtained performing error propagation of the 
corresponding equations [11]]. DRX basal reflection values are expressed in nanometers.  

Sample % mass loss Total actual CP loading (% CEC) A process (% CEC) B process (% CEC) C process (% CEC) d001 (nm) 

25-150 (�C) 150-1000a (�C) 

Mt-A 11.7 5.5 – – – – 1.26a 

Mt-A-CP50 3.0 18.1 47 � 1 – 21.2 � 0.5 25.8 � 0.4 1.43 
Mt-A-CP75 1.4 24.1 70 � 2 2.2 � 0.5 27.9 � 0.8 39.3 � 0.7 1.70 
Mt-A-CP100 1.5 27.3 82 � 2 7.4 � 0.6 33 � 1 41.6 � 0.5 1.85 
Mt-A-CP150 2.1 32.9 103 � 3 10.6 � 0.3 49.9 � 0.4 42.5 � 0.6 2.16 
Mt-T 8.5 5.4 – – – – 1.24 
Mt-T-CP50 1.7 17.8 41 � 1 – 20.2 � 0.7 20.8 � 0.8 1.40 
Mt-T-CP75 2.3 23.9 63 � 2 1.1 � 0.4 33.7 � 0.5 28.2 � 0.7 1.70 
Mt-T-CP100 2.1 28.4 78 � 2 9.7 � 0.8 37.6 � 0.4 30.7 � 0.6 1.73a 

Mt-T-CP150 2.4 37.9 110 � 3 10.0 � 0.3 57.7 � 0.8 42.3 � 0.5 2.09 
CP 6.3 93.7 100 – – –   

a The basal reflection of these samples was fitted by two Voight functions peaks (Fig. S6). 
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found through the entire pH range evaluated, the zeta potential values 
resulted more negative for Mt-A than for Mt-T sample (around �35 and 
�27 mV, respectively), in agreement with their respective lower CEC 
value (Table 1). This behavior is originated by the relative contribution 
of the Stern and diffuse layers to the permanent surface charge [49,50]. 

The CP loading increase generated a general shift towards less 
negative zeta potential values for all CP-loaded samples exchanged, 
concerning the corresponding raw Mt sample. The decrease in negative 
zeta potential values, even with the lower amount of CP loading, con-
firms the occurrence of processes A and B at the external Mt surface, 
which also supports the simultaneous existence of these adsorption 
mechanisms with that of process C (revealed by XRD analysis). This 

decrease in the negative zeta potential values, with the increasing 
amount of CP, was also assigned recently to a stronger effect of pH on the 
variable charges evidencing its participation, although the structural 
charges continue dominating the zeta potential behavior [51]. The CP 
concentration increase to actual loading �77% CEC reverses the zeta 
potential values to positive ones (Fig. 4), in agreement with the results 
found for other surfactants previously studied [52]. 

Particularly, for Mt-A-CP75 and Mt-T-CP75 samples, with an actual 
CP loading amount of 70% CEC and 63% CEC, respectively (Table 4), the 
pH dependence of the zeta potential sign allowed determining the iso-
electric point of edge surface (IEPedge) at around pH ¼ 3.5. However, for 
Mt-T-CP100 sample (with actual CP loading ¼ 78%) the IEPedge shifted 

Fig. 2. DTGA, derivate weight loss curves in the organic temperature range and their deconvolution peaks. Different colors identify the processes: A (green), B (pink), 
and C (blue). The fit quality of the mathematical deconvolution performed in all the samples was controlled by the R2 value (�0.98). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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to pH ¼ 7.5. These shifts in the isoelectric point value are in agreement 
with results found by Refs. [51]; for different amounts of methylene blue 
loaded on a Mt with CEC ¼ 0.96 and assigned to the variable charge 
domination of the behavior. Finally, for samples with higher CP loaded a 
reversion to positive values can be observed, in line with the increasing 
percentage of processes A and B. The CP concentration in all loaded Mt 
samples was almost 16-fold higher than the CMC of the CP and, thus, the 
surface adsorption of micelles should also be considered in these 
samples. 

3.3. Diffusion test results 

The images of the agar and the correspondent diameters of diffusion 
test against C. globosum and A. alternata are shown in Fig. 5 and Table 5. 
Both Mt samples with CP loading higher than 100% CEC (actual >77.8% 
CEC, Table 4) evidenced antifungal activity presenting inhibition zone 
higher than 7 mm except for Mt-A-CP100 sample where no growth was 
found on the surface (ID ¼ 7) against C. globosum. 

Although CP has bacteriostatic activity by altering the permeability 
of cellular membranes [53], for CP loaded Mt samples the enhanced 

hydrophobicity and affinity of the CP loading at the clay surface are 
postulated as the antibacterial mechanism involved [13]. Furthermore, 
the lack of CP desorption of CP loaded Mt samples against Salmonella 
[13], and S. aureus and P. aeruginosa [12] indicated that, in these 

Fig. 3. Scheme of sorption processes (A, B and C) of CP on montmorillonite clays, proposed by the DTGA peaks from 150 �C to 400 �C.  

Fig. 4. Zeta Potential vs. pH curves for A) Mt-A and B) Mt-T sample and their respective CP loaded products. Symbols indicate: (■) raw Mt, (●) Mt-CP50, (▴) Mt- 
CP75 and (▾) Mt-CP100, (◂) Mt-CP150 samples. Lines show the trends of the measured values. 

Table 5 
Diameters of diffusion –values in mm-test results expressed as mean � SD of the 
triplicates.  

Sample C. globosum A. alternata 

Mt-A <7 <7 
Mt-A-CP50 7.0 � 0.1 7.0 � 0.1 
Mt-A-CP75 7.0 � 0.1 7.0 � 0.1 
Mt-A-CP100 7.0 � 0.1 9.6 � 0.6 
Mt-A-CP150 12.1 � 0.9 18.9 � 0.5 
Mt-T <7 <7 
Mt-T-CP50 7 � 0.1 7.0 � 0.5 
Mt-T-CP75 7 � 0.1 7 � 0.3 
Mt-T-CP100 9.6 � 0.7 11.4 � 0.6 
Mt-T-CP150 12 � 1 13.9 � 0.9 
CP 40 � 2 42 � 2  
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samples, the antibacterial effect is localized on the CP modified clay 
surface and is not due to CP dissociation from the clay. Recently, in 
previous work [54] authors reported a direct relation between the 
HDTMA addition to Mt and the antimicrobial activity, which indicated 
that HDTMA loaded at concentrations higher than the CEC leads to an 
increase in the membrane/OMMT interaction with the corresponding 
increase in antimicrobial activity (against E. coli and S. aureus). 

Diffusion tests for isolated CP against both strains were tested 
(Fig. S8). The activity against both strains for raw Mt-A and Mt-T was 
null. Therefore, only the addition of CP is responsible for this bioactivity. 
The CP activity for some samples seemed to be limited to their surface 
(ID ¼ 7 mm), while clear inhibition zones diameters � 7 mm for Mt 

samples with CP exchange corresponding to 100% CEC and higher (81.9 
and 77.8% actual total CEC, for Mt-A and Mt-T samples, respectively) 
were observed in the diffusion test (Fig. 4). 

The inhibition zone, for both A. alternata and C. globosum, increases 
with the CP actual loading on both Mt samples (Fig. 6), exposing the 
antifungal activity of the CP, even though it is supported onto Mt sam-
ples. For the same amount of total CP loaded, the inhibition zone 
resulted higher for A. alternata than for C. globosum, for both Mt samples, 
indicating greater effectiveness of the CP against A. alternata than 
C. globosum. 

Going deeper to understand if the CP distribution on the external or 
the internal surfaces of the Mt samples modifies the inhibition zone 

Fig. 5. Diffusion essay images against Alternaria alternata and Chaetomium globosum strains for Mt-A, Mt-T, Mt-A-CP100/150, and Mt-T-CP100/150 samples.  

Fig. 6. Diameters of inhibition zone (mm) against both fungal strains vs total CP loaded in the indicated Mt sample.  
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diameter of the CP-loaded samples, Fig. 7 shows the % CP loaded dis-
aggregated according to A, B, and C processes vs the inhibition zone of 
both fungi. In this sense, it is necessary to take into account that higher 
inhibition zone diameters are related to a higher ability to diffuse in the 
culture medium. For the Mt-A sample for both fungi, the C process (CP 
into the interlayer space) remained relatively constant after reaching an 
inhibition zone greater than 7, while the CP amount located at the 
external surface by A and B processes increases with the inhibition zone. 
Different behavior is observed for the Mt-T sample where the inhibition 
zone increases, for both fungi, increases with the CP bonded to Mt-T via 
the three identified processes. 

Particularly, for both samples, the increase of the inhibition zone by 
the amount of CP related to the B process is more significant than that 
observed for the other processes, which would indicate a direct relation 
of the inhibition zone diameter with the CP loaded preferentially to the 
external surface of both Mt samples. 

The Pearson Correlation Coefficient (95% confidence level), between 
inhibition diameters and % of CP loaded related to each process, taking 
into account data obtained for both Mt samples are presented in Table 6. 
The coefficients resulted significant only for CP loaded at the external 
surface, related to A and B processes, indicating that CP at the external 
surfaces is relevant for a controlled release of the CP from the 
organoclays. 

4. Conclusions 

Two bentonite samples from Turkey and Argentine were loaded with 
different CP concentrations, characterized, and tested against 
A. alternata and C. globosum. 

DTGA peak analysis allowed observing and quantifying the occur-
rence of three simultaneous CP sorption process on the surface of 
montmorillonites: cation exchange between CP and the Mt interlayer 
ions (C), electrostatic interactions between CP and the negative external 
sorption sites of Mt (B) and van der Waals interactions between the own 
surfactant molecules (A) with the already adsorbed CP molecules by B 
process. 

Organo-montmorillonites showed antifungal activity against 
A. alternata and C. globosum. DTGA quantification analyses and diffusion 
test results allow concluding that, employing the Pearson correlation 
coefficient, CP occurring at the external Mt surface (processes A and B) 
are crucial for antifungal purposes. Considering that CP was supported 
onto the Mt sites maintaining its antifungal activity, these materials are 
proposed for antifungal applications. 

The proposed DTGA peak analysis methodology could provide rele-
vant information about the expected antifungal properties of organoclay 
samples. 

Fig. 7. Diameters of inhibition zone (mm) against each fungal strain for CP loaded by process A, B, or C.  

Table 6 
Pearson Correlation Coefficient (95% confidence level) between inhibition di-
ameters obtained and % of CP loaded, related to each process. Ns means no 
significant correlation.  

Process A. alternata C. globosum 

A 0.87 0.84 
B 0.84 0.91 
A þ B 0.87 0.92 
C ns ns  
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