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Abstract Direct application of heavy metals as anti-
bacterial agents can cause skin irritations and discol-
oration of the tissue and it can result in short-term 
applicability. One of the ways to solve these problems 
is to immobilize these agents on bentonite. Treatment 
of textile materials with such activated bentonite for 
use in various branches of industry has attracted the 
attention of many researchers in recent years. The 
objective of the present study was to develop a poten-
tial use of Cu- and Zn-modified bentonites as anti-
bacterial finishing agents for two textile materials, 

non-woven textile (NT) and knitted fabric (PL). The 
bentonite samples were characterized using ED-XRF 
(energy dispersive X-ray fluorescence spectrome-
try), XRPD (X-ray powder diffraction), SEM (scan-
ning electron microscopy), FTIR (Fourier-transform 
infrared spectroscopy), and BET  (N2 adsorption-
desorption) analyses.  SiO2 and  Al2O3 oxides were 
the main components of all bentonite samples indi-
cated by ED-XRF analysis, while the XRPD analysis 
confirmed that the natural bentonite (NB) consisted 
of montmorillonite (Mnt) as the dominant min-
eral (peaks at 6.94, 19.94, 35.09, and 54.09°2θ) and 
small amounts of quartz and calcite. A reduction in 
the basal plane spacing, d001, of Mnt occurred in Cu/
Zn-B1, Cu/Zn-B3, and CuB, while in Cu/Zn-B2 and 
ZnB the basal spacing increased. Also, the size and 
form of particles and porosity changed, which was 
confirmed by the BET analysis. Modified bentonite 
samples experienced a reduction in the specific sur-
face area and total pore volume, as well as movement 
of the middle mesopore diameter toward the larger 
diameters. The Zn-modified bentonite demonstrated a 
greater antibacterial effect on Escherichia coli, Pseu-
domonas aeruginosa, Staphylococcus aureus, and 
Bacillus cereus than Cu- and Na-modified bentonite 
samples with a MIC (minimum inhibitory concentra-
tion) of 0.94 mg/mL, while among Cu/Zn bentonite 
samples, Cu/Zn-B2 had the strongest antibacterial 
effect (MIC 0.47 mg/mL). Cu/Zn-B2 was integrated 
on NT and PL using a screen printing method and 
showed good antibacterial activity. The printed NT 
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showed better activity than printed PL, and increasing 
the concentration of applied Cu/Zn-B2 also increased 
the antibacterial properties.

Keywords Antibacterial finishing · 
Characterization · Modified bentonite · 
Multifunctional textile

Introduction

Microbial contamination of the air, water, soil, and, 
therefore, of food represents a serious health problem, 
especially due to an increased number of bacteria that 
are resistant to antibiotic drugs. This is why materi-
als with antimicrobial properties, which might help 
solve this problem, are being tested. These materials 
include activated aluminosilicates such as benton-
ite, which are generally used in industrial processes 
mostly due to their good adsorption properties. Anti-
bacterial clays are those that are shown explicitly to 
diminish bacterial populations, as opposed to bac-
teriostatic substances that simply prevent growth 
(Williams, 2019). In the biomedical field, some clay 
minerals, such as halloysite (Hly) and montmorillon-
ite (Mnt), are known for their effective role as carri-
ers for the control and sustainable delivery of active 
drug molecules. In the biomaterials field, some clay 
minerals are used for scaffold, hydrogel, foam, and 
film production (Gomes et al., 2021). Modified natu-
ral bentonite (NB) and Mnt were used as fillers in the 
modification of polymer materials such as polyethyl-
ene, polypropylene, polystyrene, and nylon by Abou 
el-Kheir et  al. (2020), Roy and Joshi (2018), and 
Uddin (2013). Those authors noticed that, in addition 
to the demonstrated antimicrobial effect, mechani-
cal and thermal properties, flame resistance (peak 
heat release rate), UV protection, and dyeability 
were improved also. Montmorillonite was modified 
(Stodolak-Zych et al., 2021) with gentamicin sulfate, 
which improved the strength and tenacity of electro-
spun polycaprolactone fibers and prolonged the anti-
microbial effect, while Bhattacharya et al. (2008) and 
Sadhu and Bhowmick (2004) prepared organomodi-
fied Mnt with improved mechanical properties of 
a rubber polymer. A novel treatment based on Hly 
nanotubes and Keratin mixtures for wool threads was 
proposed by Caruso et al. (2023). The results of their 
study showed that Hly nanotubes can be glued to the 

surface of wool fiber, causing the scales to act as an 
anchoring site for the threads. A novel protocol for 
the loading of Hly nanotubes with an alkaline reser-
voir for the treatment of cellulose-based paper was 
designed by Lisuzzo et al. (2021). Dynamic mechani-
cal analysis showed that the tensile strength of the 
consolidated paper is increased, as the stress at break-
ing increased by ~8% for the samples treated with 
MgO-Hly compared with untreated paper. In most of 
these experiments, however, complex and expensive 
procedures were used; simpler and cheaper proce-
dures for modification are needed.

The main component of bentonite is Mnt, which 
imparts important properties to the system, including 
a high cation exchange capcity (CEC), speific sur-
face area, and surface hydration forces. According to 
Gamiz et al. (1992) and Aguzzi et al. (2007): not only 
because of their large CEC, surface area, and swella-
bility, but also because of their biocompatibility, clay 
minerals have been recommended frequently for bio-
medical applications, especially pharmaceuticals.

In the area of antimicrobial protection, Mnt 
exchanged with  Ag+,  Ca2+,  Mg2+,  Cu2+,  Zn2+, qua-
ternary ammonium and anionic surfactants, hexa-
decyltrimethylammonium, and  chlorhexidine diac-
etate have been identified as having antimicrobial 
properties (Bagchi et  al., 2013;  Parolo et  al., 2011;  
Pazourková et al., 2019; Şahiner et al., 2022).  Cu2+- 
and  Zn2+, in particular, have exhibited strong anti-
bacterial effects (Abdalkader & Al-Saedi, 2020; Ben-
halima et al., 2019; Paetzold & Wiese, 1975; Rather 
et  al., 2020; Söderberg et  al., 1990; Surjawidjaja 
et al., 2004). These ions interfere with the synthesis, 
structure, and porosity of the bacterial cell wall and 
membrane. They bind to proteins and inhibit enzyme 
performance, which leads to an increase in reactive 
oxygen species which damage DNA and, thereby, 
prevent bacterial replication (Claudel et  al., 2020; 
Hong et  al., 2012;  Ishida, 2017;  Ning et  al., 2015; 
Pourabolghasem et al., 2016; Sugarman, 1983).

In recent decades, the application of natural fibers 
and environmentally compatible processes for textile 
finishing and achieving of antibacterial properties in 
textile materials have become increasingly popular 
due to ecological concern and environmental safety 
(Benli & Bahtiyari, 2015; Hasan et  al., 2016; Joshi 
et  al., 2009). Application of clay mineral nanocom-
posites by direct coatings as a simple, fast, and cheap 
method has been investigated mostly for testing the 

https://doi.org/10.1007/s42860-023-00258-0 Published online by Cambridge University Press

https://doi.org/10.1007/s42860-023-00258-0


561Clays Clay Miner. (2023) 71:559–576 

1 3
Vol.: (0123456789)

thermal stability of various textile fibers and materi-
als (de Oliviera et  al., 2021; Kertman et  al., 2020). 
Silver-modified Mnt, bentonite (84% Mnt), and 
Cloisite®Na+, applied by different methods on cot-
ton, bacterial cellulose, and starch-based matrix, 
showed a significant inhibitory effect on the growth 
of S. aureus, K. pneumoniae, E. coli, P. aeruginosa, 
and K. rhizophila, and on the fungus A. niger (Begam 
et  al., 2022; Clegg et  al., 2019; Horue et  al., 2020). 
These studies described the antimicrobial effect of 
materials coated with silver-modified Mnt as being 
due to the release of silver ions, which are toxic to 
microorganisms. Also emphasized in these refer-
enced studies was the need to use a technique that 
slows the rate and extent of release of the silver ions 
to prevent their accumulation and concomitant toxic 
effect on humans, especially when they are used for 
food packaging and wound treatment. In contrast, 
bentonite modified with copper and zinc does not dis-
play the negative properties of silver, and is cheaper 
(Martsouka et  al., 2021). Pajarito et  al. (2018) used 
zinc-modified bentonite as a filler for raw natural rub-
ber and found good antimicrobial activity and intense 
reduction of offensive odor. Inorgano (I)- and organo 
(O)-Mnts (I/O-Mnt) were prepared by Şahiner et  al. 
(2022) to determine their potential uses in biomedi-
cal applications. Those authors modified Na-Mnt by 
hydrothermal and microwave irradiation methods 
using  Cu2+/Zn2+ and quaternary ammonium and/or 
anionic surfactants. Their antibacterial studies showed 
that the linear alkyl chain and a double aromatic ring 
were the structural factors causing the greatest anti-
bacterial effect. Most of the frequently used meth-
ods for testing the antibacterial effect of natural and 
modified bentonite are disc diffusion or micro- and 
macro-dilution methods. In the current study, MIC 
(minimum inhibitory concentration) and MBC (mini-
mum bactericidal concentration) were determined by 
the agar dilution method (Magana et al., 2008), which 
has been covered little in the available literature on 
bentonite.

Within this general context, the objective of the 
present contribution was to study systematically the 
preparation of antibacterial textiles using Cu- and Zn-
modified bentonite, for their possible use in the food, 
pharmaceutical, clothing, and footwear industries. 
Two textile materials (non-woven textile (NT) and 
knitted fabric (PL)) were chosen for the current study. 
The coating of NT and PT textiles with Cu- and 

Zn-modified bentonite was expected to improve 
the moisture-adsorption behavior and antibacterial 
activity of the textiles, which would establish their 
potential use in the production of disposable protec-
tive coats and T-shirts that could be worn under other 
types of protective clothing.

Experimental

Materials and Reagents

The bentonite raw material (NB) was collected from a 
quaternary sedimentary basin situated in Sokolac 
which is located near Šipovo, in Bosnia and Herzego-
vina (44° 16′ 31.08″ N, 17° 2′ 21.12″ E). Non-woven 
textile (NT) with a surface mass of 37.00 g  m–2, made 
from 100% polyester yarns, and knitted fabric (PL) 
with a surface mass of 117.60 g  m-2, made from 100% 
viscose bamboo rayon (Dubicotton, Kozarska Dubica, 
Bosnia and Herzegovina) were used. All chemicals 
used were of analytical grade: NaCl,  CuSO4٠5H2O, 
 ZnSO4٠7H2O, methylene blue dye,  Na4P2O7,  H2SO4, 
and Na-alginate were purchased from Lach-ner (Ner-
atovice, Czech Republic). Nutrient agar (NA) and 
Muller–Hinton agar (MHA) were purchased from 
Liofilchem (Roseto degli Abruzzi, Italy). Antibiotic 
discs of erythromycin (15 μg), gentamicin (10 μg), 
ciprofloxacin (5 μg), and ampicillin (10 μg) were 
from the Mast Group (Bootle, UK). Twice-distilled 
(tdw) or demineralized water (dmw) from Water Sys-
tem Mihajlov (Srbobran, Serbia) was used for prepa-
ration of all solutions.

Preparation of Modified Bentonite Samples

NB was dried for 24 h at 60°C, ground, and sieved. A 
fraction with particle size <0.2 mm was used for fur-
ther experiments. Modified bentonite samples were 
prepared by a partially modified method of Jiao et al. 
(2017). In short, Na-bentonite (NaB) was prepared by 
dispersion of 10.0 g of NB in 100 mL of 1 M NaCl 
solution (58.44 g NaCl/L dmw). The suspension was 
placed on an ARE 5 magnetic stirrer (Velp Scienti-
fica, Usmate, Italy) and stirred for 24 h at room tem-
perature (600 rpm), filtered through a Büchner fun-
nel, and the filter cake was rinsed with dmw until a 
negative reaction to  Cl– ions occurred. The NaB 
obtained was dried for 24 h at 60°C, ground, and 
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sieved to the particle size <0.2 mm. Cu-bentonite 
(CuB), Zn-bentonite (ZnB), and Cu/Zn-bentonite 
samples were prepared by dispersion of 10.0 g NaB in 
100 mL of: 1 M  CuSO4 solution (249.685 g 
 CuSO4٠5H2O/L dmw), 1 M  ZnSO4 solution (287.547 
g  ZnSO4٠7H2O/L dmw), and 1 M of mixed  CuSO4 
and  ZuSO4 solutions, in ratios of Cu:Zn = 1:1, 1:2, or 
1:4, respectively. Suspensions were placed on the 
ARE 5 magnetic stirrer and stirred for 24 h at room 
temperature (600 rpm), then sieved through a Büch-
ner funnel. Upon rinsing with dmw multiple times, 
the filter cake was dried for 24 h at 60°C, ground, and 
sieved to the particle size <0.2 mm. Modified benton-
ite samples with  CuSO4 and  ZuSO4 solutions were 
marked: Cu/Zn-B1 (Cu:Zn = 1:1), Cu/Zn-B2 (Cu:Zn 
= 1:2), and Cu/Zn-B3 (Cu:Zn = 1:4), respectively.

Printing of Textile Materials with Selected Modified 
Bentonite Samples

Antibacterial treatment of the textile materials with 
selected modified bentonite was done using a print-
ing process with a screen-printing semi-automatic 
machine S-300 (CENTRO MAŠINE, Sremski Kar-
lovci, Serbia). Each sample of the textile material was 
printed in two passes with a 10 line sieve. The sieve 
line was determined by the granulation of the selected 
modified bentonite sample. The printing paste was 
prepared by adding Na-alginate and the selected 
modified bentonite sample in various percentages to 
dmw and mixing with a stick mixer until a homoge-
neous and consistent structure of the printing paste 
was achieved. Stereomicroscopic images of the textile 
materials were taken with 30× magnification using 
a TM-505 microscope (Mitutoyo, Kanagawa, Japan) 
and a high-resolution Moticam camera (5MP) (Motic, 

Hong Kong, China), before and after the printing 
process with paste containing various percentages 
of modified bentonite. Stereomicroscopy provides a 
good representation of changes on printed and dyed 
samples (Grujić et al., 2015; Amir et al., 2023; Wil-
son et al., 2023). The structures of the textile materi-
als (non-woven textile (NT) and knitted fabric (PL)), 
the preparation of the printing paste, the printing pro-
cess, as well as the labels and the appearance of the 
printed samples obtained using a stereomicroscope, 
are illustrated in Fig. 1.

Characterization of the Bentonite Samples

The methylene blue adsorption method was used for 
the determination of the cation exchange capacity 
(CEC) of NB (Aprile & Lorandi, 2012; Pejon, 1992). 
A methylene blue solution was prepared in a glass 
flask by adding 1.5 g of dye to 1 L of dmw and shak-
ing thoroughly to obtain a homogeneous solution. 2 
g of NB was placed in a 50 mL beaker containing 10 
mL of dmw and stirred vigorously. The methodologi-
cal assay began by adding 0.5 mL of the methylene 
blue solution to the beaker containing NB. After 3 
min, a drop of the suspension material was removed 
with a glass rod and deposited on filter paper. When a 
light blue halo around the dark patch of NB appeared 
on the filter paper, the test was complete. Equation 1 
was used to calculate the CEC:

where, CEC is in  mmolc  kg–1, V is the volume con-
sumed of the methylene blue solution (mL), C is the 
concentration of the methylene blue solution, and M 
is the mass of dry NB (kg).

(1)CEC =
V × C × 100

M

Fig. 1  The process of printing modified bentonite sample on textile materials
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The methylene blue test was used for the quantifi-
cation of Mnt content of NB (VDG P69, 1999). From 
the dried NB, 0.5 g was weighed on a KB 2400-2N 
balance (KERN & SOHN, Balingen, Germany) with 
an accuracy of 0.01 g and poured into an Erlen-
meyer flask, to which 50 mL of dmw and 5 mL of 
a saturated solution of  Na4P2O7 had previously been 
added. The suspension thus prepared was boiled for 5 
min, cooled, and 2 mL of 5 N  H2SO4 was added and 
mixed for 30 s. The suspension was titrated with the 
methylene blue solution, and at the same time mixed 
vigorously for 2 min. With a glass rod, a drop of the 
suspension was deposited on filter paper until the end 
of the titration (a blue circle in turquoise blue color 
appeared around the solution on the paper). After the 
blue circle was detected, the solution was stirred in 
the flask for another 2 min and deposited again on fil-
ter paper. If the blue circle appeared again, then it was 
the end of the titration, and if it did not appear, the 
titration continued. Equation 2 was used for the calcu-
lation of the Mnt content in NB:

where, %MM = Mnt content; mL MB = mL of meth-
ylene blue used for titration.

The chemical composition of the bentonite sam-
ples was determined by energy dispersive X-ray flu-
orescence spectrometry (ED-XRF) using an 8000P 
ED-XRF spectrometer (Shimadzu, Kyoto, Japan). 
The instrument was equipped with an X-ray tube with 
a rhodium anode. Measurements were performed at 
50 kV and 1000 μA. A 10 mm collimator and silicon 
drift detector were used. The PCEDX Navi software 
was used for measurement and data processing.

The phase compositions of bentonite samples were 
determined by XRPD using a Bruker D4 Endeavor 
diffractometer (Billerica, Massachusetts, USA), using 
CuKα radiation (λ=0.1541 nm) operated at 40 kV 
and 35 mA over the range 4–60°2θ with a step size 
of 0.02°2θ.

The morphological properties of bentonite sam-
ples were recorded by scanning electron microscopy 
(SEM). Samples of 1 cm×1 cm size were stuck to 
the carrier across double-sided adhesive carbon tape 
and coated with gold in a BAL-TEC SCD005 device 
(Balzers, Liechtenstein) for cathode coating for 4 min 
from the distance of 50 mm, at 30 mA, which created 
a conductive surface. The recording was performed 
using JEOL JSM-5300 SEM (Tokyo, Japan). The 

(2)%MM = mL MB × 2

observations were performed at an accelerating volt-
age of 20 kV. SEM analyses were performed with 
magnifications of 5,000× and 10,000×.

FTIR analysis of bentonite samples was per-
formed using an IRSpirit ATR-FTIR spectropho-
tometer (Shimadzu, Kyoto, Japan) in the range from 
4000 to 400  cm–1. Specific surface area (SSA), total 
pore volume (Vp), and mean pore diameter (d) of 
bentonite samples were determined by  N2 physisorp-
tion at 77 K in a Gemini VII analyzer (Micromerit-
ics, Norcross, Georgia, USA). The specific surface 
area (SSA) of the samples was calculated using the 
Brunauer–Emmett–Teller (BET) method (SPBET). 
The total volume of mesopores, Vmp, as well as the 
mean diameter of mesopores, dmp, were determined 
on the basis of the adsorption branch of the isotherm 
according to the BJH method (Barrett et  al., 1951). 
The total micropore volume (Vmicro,t), external spe-
cific surface area (SPext,t), and micropore surface area 
(SPmicro,t) were determined using the t-method (Lip-
pens & de Boer, 1965). Prior to measurement, the 
samples were dried for 2 h at 200°C, then degassed 
for 1 h under a nitrogen stream at 140°C.

(level2) Determination of Water Absorption 
Capacity of Textile Fabrics (WAC)

The water absorption capacity of the textile 
materials was tested according to the standard DIN 
53923:2022 DE (Testing of textiles–determination of 
the water absorption capacity of textile fabrics). Dry 
weight of fabric (10 cm×10 cm) was measured, then 
it was immersed in a bath of tdw for 5 min. Then, 
the fabric was hung vertically until no water droplet 
dripped for 30 s. At that time, the fabric was weighed 
again and the water absorption capacity was calcu-
lated using Eq. 3.

Antibacterial Activity

Four bacteria were used in this study: Escherichia 
coli ATCC 25922 (E. coli), Pseudomonas aerugi-
nosa ATCC 10145 (P. aeruginosa), Staphylococcus 
aureus ATCC 25923 (S. aureus), and Bacillus cereus 
ATCC 7004 (B. cereus). The bacteria were grown 
on NA for 24 h at 37°C. After the incubation period, 
the colonies were prepared for application by a direct 

(3)
Water absorption capacity (%) =

wet weight − dry weight

dry weight
x 100 (%)
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suspension of colonies in the logarithmic phase 
(Ortez, 2005). Suspension density was determined 
spectrophotometrically (OD 625 nm) with spectro-
photometer V-110 (Wagtech Projects, Thatcham, 
UK), using the 0.5 McFarland standard (1.5×108 cfu/
mL) for comparison. The cultures were diluted in the 
physiological solution and their densities were set to 
1×106 cfu/mL.

The antibacterial activity of the bentonite samples 
was determined by the agar dilution method with cer-
tain modifications (Magana et al., 2008). Before 
usage, the ground bentonite samples were sterilized 
for 30 min in a thin layer under the UV lamp (at 254 
nm), then weighed under sterilized conditions and 
added to 2 mL of tdw. Bentonite was held in water at 
room temperature for 2 h, with occasional shaking, 
and a specific amount of melted MHA cooled at 50°C 
was added. The prepared medium was then homoge-
nized and poured into sterile Petri dishes. The media 
obtained contained the following concentrations of 
the bentonite (in mg/mL): 0.94, 1.875, 3.75, 7.5, 15, 
30, 60, and 100. After cooling the media, 10 μL drops 
of bacterial cultures were applied at the surfaces of all 
media and incubated for 24 h at 37°C. MIC values 
were determined in all the Petri dishes with the lowest 
concentration of the bentonite sample with no visible 
growth of microorganisms. All the Petri dishes with-
out visible growth were loop-inoculated, in a way that 
all the spots containing drops of cultures were picked 
up with a sterile loop and transferred on sterile MHA. 
After incubating for 24 h at 37°C, the MBC values 
were read at MHA, where the growth of microorgan-
isms was not spotted. As a positive control, the media 
without bentonite were used. As a first negative con-
trol, the salt solutions  (CuSO4٠5H2O and 
 ZnSO4٠7H2O) in the agar medium were used, where 
the salt concentration was (in mg/mL): 0.25, 0.5, 1 2, 
4, 8, 16, or 32. The other type of negative control was 
in the form of antibiotic discs (erythromycin 15 μg; 
gentamicin 10 μg; ciprofloxacin 5 μg, ampicillin 10 
μg).

The antibacterial activity of the textile was tested 
by the Parallel Streak Method (AATCC TM 147-
2004). Specimens of the test materials were placed in 
direct contact with the agar surface which had previ-
ously been streaked with an inoculum of a test bac-
terium. After incubation, a zone of inhibition (ZOI) 
(clear area of interrupted growth underneath and 
along the side of the test materials) was measured in 

mm. If a  zone of inhibition was present, the streaks 
stopped at the edge of the sample and no growth was 
seen below the sample, it is defined as contact inhibi-
tion. This condition was defined as contact inhibition 
and the sample was reported as pass. Each measure-
ment was determined in triplicate. After incubation, 
Eq. 4 was used to calculate the size of the zones of 
inhibition:

where, Zi = width of zone of inhibition, T = width 
of sample + zone of inhibition, D = width of sample 
(mm).

Results and Discussion

Characterization of Bentonite Samples

Natural bentonite (NB) from the Šipovo deposit in 
Bosnia and Herzegovina with an average particle size 
<0.2 mm was used. Mineralogical analysis revealed 
that the NB contained ~90% of Mnt (Eq.  1), with a 
CEC of 67.08  mmolM+/100 g (Eq.  2).The chemi-
cal composition of NB and modified bentonite sam-
ples determined by the ED-XRF method (Table  1) 
revealed that Si and Al were the main components 
of NB, and a larger amount of Al was indicative of 
a higher concentration of Mnt. NB contained larger 
amounts of Fe and Mg, a medium amount of Ca, 
while K, Ti, and P were barely present. As NB does 
not contain Na, this type is classified as Ca-bentonite. 
The chemical analysis results of NB are in line with 
previously published results (Petrović et  al., 2014, 
Petrović et al., 2019). Si and Al were the main com-
ponents of NaB. Also, NaB contained more Fe and 
Na, medium amounts of Mg and Ca, while K, Ti, and 
S were barely present. Modification of NaB with cop-
per and zinc ions caused the reduction of Ca, Mg, and 
K, and the complete absence of Na, which implies 
that an ion exchange occurred. The highest concen-
tration of copper and zinc was found in Cu/Zn-B2. 
The adsorption behavior of the bentonite toward zinc 
and copper ions in aqueous solutions depends heavily 
on pH. When the pH is between 3 and 7, the basic 
mechanism that controls the adsorption properties 
of bentonite is ion exchange and specific adsorp-
tion (Aldayel et al., 2008; Kaya & Ören, 2005). The 

(4)Zi =
T − D

2
(mm)
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concentration of  TiO2 in all bentonite samples was 
practically constant and showed that the  Ti4+ cation is 
not exchangeable. A significant increase in the S con-
centration in the modified bentonite samples, in com-
parison to NaB, is the result of incomplete rinsing of 
the samples after modification.

XRD patterns of the modified bentonite samples 
(Fig. 2) revealed a diffraction peak at 7.16°2θ in the 
NaB, corresponding to d001 = 1.23 nm for Mnt. Upon 
modification with copper and zinc ions, the diffrac-
tion peak moved to higher angles of 7.08, 7.16, and 
7.23°2θ (Cu/Zn-B1, Cu/Zn-B3, CuB, respectively), 
which corresponded to the smaller basal spacings 
of 1.25, 1.23, and 1.22 nm, respectively. As far 
as Cu/Zn-2 and ZnB are concerned, the reflection 
appeared at the lower angles of 6.84 and 6.64°2θ, 
respectively, which corresponded to an insignificant 
increase in the basal spacings to 1.29 and 1.33 nm, 
respectively. It is well known that bentonite con-
sists mostly of Mnt. Modification of NaB with cop-
per and zinc decreased the basal spacings of Cu/
Zn-B1, Cu/Zn-B3, and CuB, but increased it for Cu/
Zn-B2 and ZnB. Basal spacings of 1.24 and 1.34 nm 

for Cu- and Zn-Mnt, respectively, were reported by 
Kozák et  al. (2010). The spacing depended on the 
initial concentration of the metal ion and the bal-
ance of pH, according to Németh et  al. (2005). In 
the case of a large initial concentration of copper and 

Table 1  Chemical compositions of bentonite samples expressed as concentrations of metal oxides (in mass percentage)

Sample/Chemical com-
position (wt.%)

NB NaB CuB ZnB Cu/Zn-B1 Cu/Zn-B2 Cu/Zn-B3

SiO2 58.84 58.48 47.79 50.15 50.05 34.02 37.56
Al2O3 27.48 24.87 21.50 24.69 22.62 17.51 20.69
Fe2O3 6.13 7.02 5.85 5.17 5.32 5.01 5.76
CaO 1.58 1.27 0.28 0.17 0.45 0.33 0.47
MgO 3.86 1.87 1.61 1.78 1.09 0.48 1.14
Na2O – 3.35 – – – – –
K2O 0.35 0.32 0.25 0.27 0.26 0.18 0.17
TiO2 0.69 0.81 0.65 0.64 0.64 0.60 0.64
SO3 0.11 0.11 13.77 8.03 9.68 16.97 16.84
Cl– 0.25 – 0.35 0.35 0.43 – 0.45
P2O5 0.33 – 0.02 0.02 – – –
Cr2O3 0.0.02 – 0.01 0.02 0.02 – 0.01
MnO 0.03 – 0.02 0.02 0.02 0.02 0.01
V2O5 0.11 – 0.11 0.10 0.10 0.04 0.08
Co2O3 0.13 – 0.13 0.14 0.13 – 0.12
Sc2O3 0.08 – 0.02 0.02 0.03 – 0.04
ZnO – – – 8.41 4.17 16.27 12.29
CuO – – 7.59 – 4.98 8.56 3.72
Cu2+ – – 6.06 – 3.98 6.84 2.97
Zn2+ – – – 6.78 3.35 13.07 9.87

Fig. 2  XRD patterns of the bentonite sanples
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low pH; Cu-Mnt was reported to have a basal spac-
ing of ~1.25 nm, which implied that the copper was 
inside the interlamellar space of Mnt with one layer 
of water. The basal spacing of Zn-Mnt increased 
progressively as the pH decreased, until it reached 
the permanent value of 1.40–1.50 nm at neutral pH, 
which implies that zinc has a tendency to exist with 
two layers of water inside the interlamellar space 
of Mnt. At lower pH, the interlayer zinc exists with 
two water layers. Bearing in mind the modifica-
tion conditions of metal concentration and solution 
pH, the present results are in line with the results of 
Kozák et  al. (2010), and are quite compatible with 
the results presented by Németh et  al. (2005). The 
results of the XRPD analysis are an additional con-
firmation that, during the modification of NaB, the 

ion exchange of copper and zinc with exchangeable 
cations occurred.

To test the morphological properties of the benton-
ite samples, scanning electron microscopy (SEM) was 
performed. NaB showed the typical layered, loosely 
connected structure (Fig.  3) and, upon modification, 
no changes were observed in the layered structure or 
particle size and shape.

The FTIR spectra of the original and modified 
bentonite samples (Fig.  4) are almost identical. The 
octahedral  Al2O-H stretching vibration was observed 
at 3629  cm-1, while the broad band at 3377  cm-1 (with 
CuB at 3169  cm–1, and with ZnB at 3030  cm–1), was 
ascribed to interlayer  H2O stretching modes (Farmer, 
1974; Madejová, 2003; Russell & Farmer, 1964). 
The OH-bending modes were observed at 1637  cm–1. 

Fig. 3  SEM images of the bentonite samples: a NaB, b CuB, c ZnB, d Cu/Zn-B1, e Cu/Zn-B2, and f Cu/Zn-B3
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The bands at 1098  cm–1 and 995  cm–1 were the clas-
sical tetrahedral Si–O bands (Hayati-Ashtiani, 2012; 
Madejová, 2003). The bands corresponding to 
AlAlOH and AlFeOH bending modes which reflect  
a partial substitution of octahedral Al by Fe (Made-
jová, 2003; Tyagi et al., 2006), were observed at 903 
and 870  cm–1, respectively. The presence of quartz in 
the samples (which was proved by XRPD analysis) is 
indicated by the bands at 780 and 694  cm–1 (Ezquerro 
et  al., 2015; Tyagi et  al., 2006), while the bands 
at 510 and 457  cm–1 belong to AlOSi and SiOSi 

vibrations, respectively (Kumar & Lingfa, 2019; 
Madejová, 2003). The results for the most important 
textural properties of the bentonite samples, i.e. spe-
cific surface area (SPBET), total pore volume (Vp), 
and middle pore diameter (d) (Table 2), showed that 
modification of NaB resulted in significant changes in 
textural properties, namely, reduction in the specific 
surface area and total pore volume as well as moving 
of the middle mesopore diameter toward the larger 
diameters. In comparison to NaB, the greatest reduc-
tion in the above-stated textural properties was with 

Fig. 4  FTIR spectra: a NaB, b ZnB, c CuB, d Cu/Zn-B1, e Cu/Zn-B2, and f Cu/Zn-B3

Table 2  Overview of textural properties of bentonite samples

Textural properties NB NaB CuB ZnB Cu/Zn-B1 Cu/Zn-B2 Cu/Zn-B3
SPBET  (m2/g) 87.4990±

1.5759
56.1621±
0.5328

14.2651±
0.0347

6.5471±
0.0162

8.8641±
0.0075

35.4979±
0.2757

13.0326±
0.0213

Vmp  (cm3/g) 0.083908 0.079842 0.047057 0.023507 0.026468 0.051986 0.036856
dmp (nm) 5.4810 6.6462 12.6883 13.4052 11.0955 6.4898 11.3363
SPmicro.t   (m2/g) 16.4838 3.5427 0.9333 0.0658 0.1244 1.1631 0.4119
SPext.t        (m2/g) 71.0152 52.6194 13.3318 6.4813 8.7398 34.3348 12.6207
Vmicro,t     (cm3/g) 0.009030 0.001723 0.000290 –0.000036 –0.000049 0.000468 0.000038
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ZnB (SPBET = 6.55  m2/g, Vp = 0.023  cm3/g, and d 
= 13.41 nm), and the smallest was with Cu/Zn-B2 
(SPBET = 35.5  m2/g, Vp = 0.052  cm3/g, and d = 6.49 
nm). In all samples, the value of the SPext,t was much 
greater than the SPmicro,t; V micro,t was small, and in 
the case of ZnB and Cu/Zn-B1 it even had a nega-
tive value (below the limit of detection). ZnB and Cu/
Zn-B1 had the most pronounced mesoporous charac-
ter, while NB had the least pronounced mesoporous 
character. The reduction of the SSA and the total pore 
volume could be attributed to the presence of copper 
and zinc cations in the interlamellar space and pores 
of bentonite which inhibited the passage of nitrogen 
molecules and their physisorption (de Araujo et  al., 
2013; Tan et al., 2008). Similar results were obtained 
with Mnt modified with zinc and zinc/cerium ions 
(de Araujo et  al., 2013; Tan et  al., 2008). Besides 
that, heat treatment could influence the clay textural 
properties. Prior to measurement, all bentonite sam-
ples were dried for 2 h at 200°C. The loss of mass 
in the temperature range 50 to 200°C corresponded to 
dehydration or the loss of physically adsorbed water 
and water connected to the exchangeable cations 

in the interlayer of aluminosilicate surfaces, which 
frequently led to a reduction in interlayer distances 
(Balek et al., 2008). The SSA of bentonite increased 
as the temperature increased to 100°C, but further 
increase in the temperature above 100°C caused the 
SSA to decrease (Toor, 2010). The increase in tem-
perature above 100°C led to the removal of water 
connected to the exchangeable cations in the inter-
layer and to reduction of the interlayer distance. This 
reduction of the interlayer distance brought the par-
ticles closer and they started creating aggregates, 
which resulted in reduction of the specific surface 
area. The nitrogen adsorption isotherms for NB and 
modified bentonite samples (Fig. 5) and the structural 
properties estimated based on them (Table 2) revealed 
that all isotherms belong to the H type (IUPAC clas-
sification) (Balci, 2019; Jović-Jovićič et  al., 2008; 
Ranđelović et  al., 2014; Vuković et  al., 2005). An 
isotherm of this type is characteristic of solid mate-
rials that can be non-porous, mesoporous, or even 
microporous to a certain extent. A small gas adsorp-
tion value corresponding to the micropore area (p/p0 
< 0.02) was observed in all of the isotherms, which 

Fig. 5  Nitrogen adsorption isotherms for the bentonite samples
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indicated a pronounced mesoporosity of the samples, 
and they all have steep slopes in the relative pressure 
range of 0.98–1.0. The modification process does not 
affect the type of isotherms obtained so one may con-
clude that the modification process did not affect the 
mesoporous character of the samples, but it led to sig-
nificant changes in textural properties.

Determination of Water Absorption Capacity of 
Textile Materials (WAC)

The WAC is expressed as the amount of water 
absorbed (%) in the textile material after immersion in 
water at a temperature of 20°C. The WAC of the NT 
samples increased from 702.53 % (NT-1) to 865.27 
% (NT-10) with increasing concentration of the modi-
fied bentonite in the paste (Table 3), thus proving the 
ability of modified bentonite to absorb large amounts 
of water. In the case of the PL samples, no clearly 

defined increase in WAC was observed. This can be 
explained by the yarn used in the PL samples which 
was obtained by the viscose process from bamboo 
and, thus, had a deformable structure that prevented 
the application of the bentonite in a precise thickness 
of the printing paste, whereas the opposite was true in 
the case of the NT samples.

Antibacterial Activity

The MIC and MBC values of salts (as control) and 
bentonite samples (Table 4) showed that 
 CuSO4٠5H2O had good antibacterial activity. The 
antibacterial activity depended on the copper content, 
type of copper compound, temperature, pH, type of 
bacteria, etc. (Ahamed et al., 2014; Benhalima et al., 
2019;  Chen et al., 2016; Javadhesari et al., 2019). In 
comparison to  CuSO4٠5H2O,  ZnSO4٠7H2O had a 
better inhibition effect on S. aureus and E. coli (MIC 
0.5 and 1 mg/mL, respectively), and weaker on B. 
cereus and P. aeruginosa (MIC 2 and 4 mg/mL, 
respectively). Bacterial resilience in the presence of 
heavy metals depends on the type and concentration 
of metal, duration of exposure, type of bacteria, size 
of inocula, and other factors (Carpio et al., 2018; 
Henao & Ghneim-Herrera, 2021). NaB showed no 
antibacterial activity, while  Cu2+- and  Zn2+-modified 
bentonite showed antibacterial activity (but at differ-
ent levels). The results obtained for NaB corre-
sponded to the data available in the literature, where 
high concentrations of Na-Mnt had no inhibitory 
effect on bacterial growth (Bagchi et al., 2013; Jiao 
et al., 2017; Tong et al., 2005). The smallest MIC 
value (0.47 mg/mL) was established for Cu/Zn-B2 in 

Table 3  Results of testing of WAC (%)

Sample Mean Median SD Variance p value
NT 220.35 220.43 0.83699 0.70055 0.19215
NT-1 702.53 703.02 0.74252 0.55133 0.03151
NT-2.5 731.41 731.30 0.63651 0.40515 0.76329
NT-5 815.30 814.91 0.79391 0.63030 0.27873
NT-10 865.27 865.36 0.28870 0.08335 0.49511
PL 315.85 315.78 0.69918 0.48885 0.98215
PL-1 520.71 518.69 4.40012 19.36105 0.16993
PL-2.5 512.41 511.39 3.44457 11.86505 0.87413
PL-5 503.44 503.79 2.06079 4.24685 0.96354
PL-10 548.11 549.39 4.70842 22.16925 0.32971

Table 4  MIC and MBC of salts and bentonite samples (mg/mL)

Bacterium/salt or 
bentonite sample

S. aureus B. cereus E. coli P. aeruginosa
MIC MBC MIC MBC MIC MBC MIC MBC

CuSO4.5H2O 1.00 2.00 1.00 4.00 1.00 2.00 2.00 2.00
ZnSO4.  7H2O 0.50 1.00 2.00 4.00 1.00 1.00 4.00 8.00
NB >100 >100 >100 >100 >100 >100 >100 >100
NaB >100 >100 >100 >100 >100 >100 >100 >100
CuB 3.75 7.5 3.75 7.5 3.75 3.75 3.75 3.75
ZnB 0.94 1.875 7.5 7.5 1.875 3.75 7.5 15
Cu/Zn-B1 0.94 1.875 3.75 7.5 3.75 3.75 7.5 7.5
Cu/Zn-B2 0.47 0.94 1.875 7.5 0.94 0.94 3.75 3.75
Cu/Zn-B3 1.875 1.875 7.5 15 1.875 7.5 15 15
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relation to S. aureus, while the largest MIC value (15 
mg/mL) was established for Cu/Zn-B3 in relation to 
P. aeruginosa. Cu/Zn-B2 was applied to NT and PL 
due to the best antibacterial effect (Table 4). The Par-
allel Streak Method (ATCC TM 147) was used to test 
the antibacterial effect of textile samples treated with 
modified bentonite. With this technique, the antibac-
terial effect is manifested through the diffusion of the 
applied agent into the substrate and the appearance of 
a zone of inhibition or absence of bacterial growth 
under the sample. Untreated textile is used as a con-
trol sample (Figs. 6 and 7). Due to their surface 
topography and structure, NT and PL did not bind the 
tested bacteria or contain substances that have an 
antibacterial effect, or interfere with the formation of 
biofilms on the samples (Catovic et al., 2022; Ivanko-
vic et al., 2022). The NT samples showed better anti-
bacterial effects than PL samples (Figs. 6 and 7), 
because NT is a less porous and flat textile product, 
so more modified bentonite remained on the surface 
of the samples compared to PL, which is more 
porous, so the modified bentonite was incorporated 

between the threads within yarn. Due to the smaller 
amount of bentonite on the surface, PL had a weaker 
inhibitory effect on the growth of bacteria. The lack 
of an inhibition zone around the samples was 
expected considering the small desorption of  Zn2+ 
and  Cu2+ ions into the solid substrate, so the antibac-
terial action is localized on the surface of the modi-
fied bentonite (Hu & Xia, 2006; Pasquet et al., 2014), 
and occurs according to the mechanism that was pre-
viously described in the text. However, for both sam-
ples (Figs. 6 and 7), the inhibition of bacteria visibly 
increased with the concentration of applied modified 
bentonite. To test the survival of bacteria, the samples 
that were removed from the incubated media were 
again transferred to MHA and placed on the media on 
the side that was in contact with the bacteria, incu-
bated for 24 h at 37°C, and removed from the media 
again. Much fewer bacteria were observed under the 
NT samples (Fig. 6), which can be explained by a 
larger amount of modified bentonite on their surface. 
Under the NT samples with modified bentonite in a 
concentration of >1 mg/mL, almost no bacterial 

Fig. 6  Antibacterial activity of NT samples (right side of each petri dish indicates where the sample was  removed from the agar 
plate)
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growth occurred, indicating an outstanding bacteri-
cidal and bacteriostatic efficiency. The antibacterial 
effect of Cu- and Zn-modified Mnt is realized through 
direct contact of a negatively charged surface of bac-
terial cells and positively charged modified Mnt (Hu 
& Xia, 2006; Jiao et al., 2017; Kalia et al., 2020; 
Tong et al., 2005). Positively charged nanoparticles of 
metals connected to the cell membrane increased its 
permeability, therefore. Nanoparticles can 
also release metal ions which penetrate the cells and 
generate free radicals (Sanchez-Lopez et al., 2020). 
ZnB had a better antibacterial effect than CuB in rela-
tion to S. aureus (MIC = 0.94 mg/mL) and E. coli 
(MIC = 1.875 mg/mL), and weaker compared to B. 
cereus and P. aeruginosa (MIC = 7.5 mg/mL). 
According to Qingshan et al. (2010), antimicrobial 
activity increased with increase in zinc content, and 
with 6.28% zinc they obtained MIC of 3.5 mg/mL 
against E. coli and of 3 mg/mL against S. aureus, but 
with significantly higher MBC. According to Jiao 

et al. (2017), antimicrobial activity increased along 
with the increase in the SSA of Mnt when the size of 
the particles was reduced, which implied that the anti-
microbial effect of Mnt did not depend only on the 
copper or zinc ions, but also on the surface character-
istics of Mnt, as was partially confirmed by the pre-
sent study (Tables 2 and 3). Using the SEM analysis, 
Zou et al. (2019) ascertained that growing S. aureus 
and E. coli in the presence of Zn-Mnt causes morpho-
logical changes manifested in a rough and distorted 
surface, as well as cell-membrane damage which 
leads, in turn, to cytoplasm leakage. According to 
Qingshan et al. (2010), Tan et al. (2008), and Zou 
et al. (2019), Zn-modified bentonite and Mnt have 
better antimicrobial impact on Gram-positive than 
Gram-negative bacteria. Those authors explained 
their results by the presence of the outer membrane of 
Gram-negative bacteria, which creates an additional 
protective barrier against foreign matter such as Zn-
Mnt. Garshasbi et al. (2017) and Jiao et al. (2017) 

Fig. 7  Antibacterial activity of PL samples (right side of each petri dish indicates where the sample was removed from the agar 
plate)
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stated that the zinc-modified Mnt performed better 
with Gram-negative bacteria due to the large negative 
charge of these bacteria, which enabled the contact 
between cells and the positively charged zinc ions. In 
the present experiment, the inhibiting effect of ZnB 
was not related to the bacteria cell wall structure. B. 
cereus was less sensitive than E.coli, and P. aerugi-
nosa was less sensitive than S. aureus, probably due 
to the reduced sensitivity of Bacillus and Pseu-
domonas to heavy metals (Carpio et al., 2018; Henao 
& Ghneim-Herrera, 2021). The Cu/Zn-modified ben-
tonite samples had, in most cases, a better inhibiting 
effect on bacteria than CuB; Cu/Zn-B1 and Cu/Zn-B2 
had a better inhibiting effect than ZnB, which implied 
a synergistic antibacterial effect (Jiao et al., 2017; Tan 
et al., 2008). Based on the chemical composition 
(Table 1), the antibacterial activity clearly increased 
when ZnO and Zn were present. In the present experi-
ment, the largest amount of ZnO and Zn was in the 
Cu/Zn-B2, which showed the best antibacterial effect, 
especially to S. aureus. The fact that the amount of 
zinc ions in Cu/Zn-B3 was greater than in ZnB, but 
the antibacterial activity was less, could be because of 
a larger SSA and smaller nanoparticles in ZnB than in 
Cu/Zn-B3 (Bagchi et al., 2013; da Silva et al., 2019).

Conclusions

Cu- and Zn-modified bentonite samples were pre-
pared and characterized with ED-XRF, XRPD, SEM, 
FTIR, and BET analyses, and their antibacterial 
activity was determined by the agar dilution method 
against four bacteria: Escherichia coli, Pseudomonas 
aeruginosa, Staphylococcus aureus, and Bacillus 
cereus. In comparison to NaB, the greatest decrease 
in the textural properties was with ZnB  (SPBET = 6.55 
 m2/g, Vp = 0.023  cm3/g, and d = 13.41 nm), and the 
smallest was with Cu/Zn-B2  (SPBET = 35.5  m2/g, Vp 
= 0.052  cm3/g, and d = 6.49 nm). In all samples, the 
value of the  SPext,t was much greater than the  SPmicro,t; 
V micro,t was small, and in the case of ZnB and Cu/
Zn-B1 it even had a negative value (below the limit 
of detection). ZnB and Cu/Zn-B1 had the most pro-
nounced mesoporous character, while NB had the 
least pronounced mesoporous character. Modified 
bentonite demonstrated good antibacterial activity 
(except NaB) on Escherichia coli, Pseudomonas aer-
uginosa, Staphylococcus aureus, and Bacillus cereus. 

Zn-modified bentonite demonstrated a greater effect 
than Cu- and Na-bentonite samples, while among Cu/
Zn bentonite samples, Cu/Zn-B2 had the largest anti-
bacterial effect. Non-woven textile (NT) and knitted 
fabric (PL) integrated with Cu/Zn-B2 showed good 
antibacterial activity, but NT showed more antimicro-
bial activity than PT, and with an increase in the con-
centration of applied Cu/Zn-B2, antibacterial prop-
erties incresased. This study showed that the copper 
and zinc intercalated clays have a good potential as 
antibacterial finishing agents for textile materials.
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