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PREPARATION OF BENTONITE/nAg NANOCOMPOSITES

In this work results of the preparation of bentonite/nAg nanocomposites were presented. In the first stage, the bentonite
sorption properties were determined, including the equilibrium and kinetics parameters of the sorption process of silver ions
on the bentonite. The study analyzed the filler sorption properties for different concentrations of silver ions in solution. The
equilibrium sorption data were analyzed using Freundlich, Langmuir and Temkin equations. It was found that the best fit is
given by the Freundlich equation. Analysis of the kinetics of the sorption process showed that the pseudo-second-order equa-
tion was characterized by the best fit for the experimental data, suggesting the chemical character of the adsorption process.
In order to obtain a nanocomposite, silver ions contained in the composite were subjected to a reduction process using tannic
acid with stabilizing and reducing properties. The obtained bentonite/nAg nanocomposites contained silver nanoparticles in
the range of 162+266 mg/g. The structures of the nanomaterials were studied by XRD and SEM methods.
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OTRZYMYWANIE NANOKOMPOZYTU BENTONIT/nAg

Celem niniejszej pracy byla analiza rownowagi i kinetyki procesu sorpcji jonow srebra na powierzchni napekiacza oraz
otrzymanie nanokompozytu bentonit/nAg. W badaniu analizowano wlaSciwosci sorpcyjne napelniacza dla réznych ste¢zen
jon6w srebra w roztworze. Do opisu réwnowagi sorpcji analizowanych jonéw zastosowano ré6wnania Langmuira, Freundlicha
oraz Temkina. Stwierdzono, ze najlepsze dopasowanie daje rownanie Freundlicha. Celem badania bylo rowniez okreslenie
kinetyki sorpcji. R6wnanie pseudodrugiego rz¢du uzyskalo lepsze dopasowanie do danych do$wiadczalnych, co $wiadczy
o chemicznym charakterze sorpcji. W celu otrzymania nanokompozytu jony srebra zawarte w kompozycie poddano proceso-
wi redukeji przy uzyciu kwasu taninowego, charakteryzujacego si¢ wlasciwosciami stabilizujaco-redukujacych. Otrzymano

nanokompozyty bentonit/nAg o zawartoSci nanoczastek srebra 162+266 mg/g.

Stowa kluczowe: adsorpcja, bentonit, rownowaga, kinetyka, nanokompozyt, srebro

INTRODUCTION

Nanotechnology holds great promise for revolution-
izing material use in the 21st century [1]. Adding
nanoparticles to raw materials improves or creates new
material properties. Nanocomposite materials consist of
two or more phases with different properties, with at
least one additive being in the nanometer size. Nano-
composites have better properties compared to the indi-
vidual components included in the composite. Nano-
scale additions are characterized by greater efficiency in
the use of such materials compared to additions intro-
duced on the macro scale. The components of the nano-
composite, fulfilling filler properties, can improve the
physical and chemical properties of the final material,
and uniformly distribute the nanoadditives throughout
the composite. Depending on the used nanoadditives,
new material properties can be obtained, for example
the addition of metal oxides TiO, and ZnO improve the
photocatalytic and hydrophilic properties [2], nanome-

tal additions such as Ag and Cu improve the antibacte-
rial properties of the material [3, 4].

Commonly used composites are aluminosilicates
with additions of metal and metal oxide nanoparticles.
Aluminosilicates due to their construction and proper-
ties are a characteristic group of fillers used especially
in construction. The materials are built with hydrated
silicates with a packet structure. The basis of the pack-
ages are silicon and aluminum (or magnesium). The
group of aluminosilicates includes: kaolinite, mont-
morillonite, bentonite and vermiculite [5, 6]. Due to the
physical properties of clay, they are used in the chemi-
cal, food and building industry as an additive to mortars
and concrete walls, for constructing waterproof alumi-
num liners and as a component of paints [7, 8]. One of
the basic properties of clay minerals is their good ability
to adsorb ions from aqueous solutions and the ability of
ion exchange, which results from their specific surface
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area [9, 10]. In this way, it is possible to directly form
combinations of a silicate-nanoadditive, which greatly
simplifies production methods and reduces the produc-
tion costs of such materials.

Currently, silver is one of the most commonly used
additives with antibacterial properties. Silver nanoparti-
cles show specific chemical, optical and mechanical
properties [3, 11]. The nanometric dimensions of
nanosilver and the ability to immobilize another ele-
ment or its chemical compound on the particles make it
an ideal addition for modifying polymeric materials
[12]. Silver nanoparticles, compared to silver ions,
show greater antibacterial effectiveness [2]. The anti-
bacterial activity results from their larger active surface,
which makes nanosilver more biologically and chemi-
cally reactive [11, 13].

The aim of the research was to obtain a ben-
tonite/nAg nanocomposite. The nanocomposite formed
in the process can be successfully used, among others,
as an addition to paints, which improves the antimicro-
bial properties of the product. In order to determine the
sorption properties of the filler, its equilibrium and
sorption kinetics were determined depending on the
initial concentration of silver ions.

EXPERIMENTAL

Materials

The initial solution of Ag(l) was prepared using
AgNO; (POCH) by dissolving appropriate amounts of
salts in deionised water to obtain the desired concentra-
tion ranging from 1000 to 5000 mg/dm’. Bentonite was
used as a filler. The reducer and stabilizer of the silver
nanoparticles was tannic acid (Sigma-Aldrich). The
concentration of metal ions in aqueous solutions was
determined with silver-sulphate and reference elec-
trodes combined (Hydromet Company) with the Elmet-
ron CX-701 Multifunction Meter.

Instrumental methods

The surface microstructures and elemental composi-
tion were characterised by Scanning Electron Micros-
copy (Vegall-Tescan Company). The study was sup-
plemented with micro area analysis using the EDS
detector. The bentonite was analysed to determine the
phase composition of the material and to identify crys-
talline phases using X-ray analysis. Before and after the
silver reduction process the material was characterised.
A Philips X'Pert camera with a PW 1752/00 CuKa
monochromator was used in the study.

Silver ions sorption process onto bentonite

The adsorption of silver ions on bentonite was stud-
ied using batch mode experiments. 30 cm’ of the
silver ions solution (1000, 2000, 3000, 4000 and
5000 mg/dm’) was added to 1 g of the material. The
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solutions were stirred for 2, 4, 6, 10, 20, 30 and 40 min
(rpm = 300) at 293 K. Then, the solution was filtered
and the concentration of metal ions was measured. The
amounts of adsorbed metal ions ¢ [mg/g], were calcu-
lated from the dependence:

©=Cv m

9= 1000 -m

where C, and C, are the initial and equilibrium silver
ion concentration [mg/dm3] in solution, V7 1is the
solution volume [cm’], and m is the mass of the adsorb-

ent [g].

Sorption equilibrium

The adsorption equilibrium is reached when the rate
of adsorption processes equals the desorption rate of the
adsorbed particles. In order to characterise the adsorp-
tion equilibrium of silver ions onto bentonite, it is
essential to establish the most appropriate correlation
for the equilibrium curve. Three models were tested:
Langmuir, Freundlich and Temkin.

Langmuir model

One of the basic models of adsorption is the Lang-
muir model. The main assumption is that the substance
is adsorbed to form a monolayer and the number of
active sites on which the processes can run is constant.
All the centres are identical, which means that all the
active sites have an equal affinity for the adsorbate.
In addition, the adsorbed molecules do not react with
each other and there is no interaction between the active
centres themselves. The maximum amount of adsorbed
molecules equals the number of active sites on the
adsorbent surface [14]. The Langmuir isotherm equa-
tion in nonlinear form is shown below [15]:

e = qm LT K.C,

where: q, - equilibrium sorption capacity [mg/g], g, -
maximum sorption capacity [mg/g], K; - Langmuir
constant, C, - equilibrium concentration of silver ions

[mg/dm"].
Freundlich model

The Freundlich model is one of the simplest models
used to describe the adsorption equilibrium. The model
represents reversible physical adsorption where the
adsorbates create a multilayer. The amount adsorbed is
the summation of adsorption on all sites (each having
bond energy), with the stronger binding sites occupied
first, until the adsorption energy is exponentially de-
creased upon completion of the adsorption process [16,
17]. The Freundlich isotherm equation is shown as:

Ge = KeC," 3)

where: q, - equilibrium sorption capacity [mg/g],
Kg,1/n - Freundlich constants related to adsorption
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capacity, C, - equilibrium concentration of silver ions
[mg/dm3].

Temkin model

The Temkin model is a 2-parameter equation repre-
senting the adsorption process, assuming even distribu-
tion of the adsorbent-adsorbate interactions, in which,
as the molecules move away from the surface of the
molecule, the heat of adsorption decreases linearly [18].
The ischemic Temkin equation is in the form [19]:

4o = 5 In(KrC,) @
T

where: q, - equilibrium sorption capacity (mg/g), K -

Temkin constant [dm3/g], br - constant related to heat

of adsorption [J/mol], R - gas constant (8.314 J/mol),

T - temperature [K], C, - equilibrium concentration of

silver ions [mg/dm3].

Sorption kinetic

To describe the sorption kinetics, the pseudo-first
order equation and the pseudo-second equation were
used. In the pseudo-first-order kinetics model, the reac-
tion rate is proportional to the difference of the adsorb-
ent solid phase equilibrium solids concentration and the
instantaneous phase concentration in the solid phase.
The pseudo-first order model describes the sorption
process of a physical nature. The linear form of the
pseudo-first-order kinetic model may be represented by
[20, 21]:

In(q. — q¢) = In(qe) — kqt Q)

In the pseudo-second order kinetics model, the sorp-
tion rate is directly proportional to the square difference
of the equilibrium and instantaneous concentration in
the adsorbent phase [22]. The pseudo-second order
model is suitable for chemical sorption. The linear form
of the model is shown below [23]:

t 1 t

= +— (6)
q k% qe

where g, and q; are the amounts of adsorbate [mg/g] at
equilibrium and at time ¢ [min], respectively, k; and
k, are the rate constants of pseudo-first-order adsorp-
tion [min'] and pseudo-second-order adsorption
[g mg~! min~1].

Reduction of silver ions with tannic acid

The nanocomposite production process consisted in
the reduction of silver ions directly onto the surface of
bentonite using tannic acid as a reducing agent. 110 cm’
of silver nitrate solution with concentrations 3000, 4000
and 5000 mg/dm’ were added to 10 g of bentonite. The
solutions were stirred for 40 min (rpm = 300) at 293 K.

Then, the solutions were filtered and the concentration
of metal ions was measured. The test was repeated three
times for each concentration. An aqueous solution of
tannic acid acting as reducer of silver ions and forming
a stabilizer of silver nanoparticles was added to the
obtained precipitates. The molar ratio of tannic acid to
silver ions was 0.2:1. The solutions with material were
mixed for 2 min. The samples were filtrated and the
products were dried at about 50°C.

RESULTS AND DISCUSSION

Sorption process

Table 1 shows the results of the silver sorption pro-
cess on bentonite. The adsorbent capacity to absorb
silver ions changes over the entire concentration range
of 1000+5000 mg/dm’. The adsorption capacity
increases as the concentration of silver ions increases.
At the lowest initial concentration of 1000 mg/dm3, it
was 29 mg/g, while at the highest concentration,
5000 mg/dm’ was 119 mg/g. The sorption equilibrium
was reached after 40 minutes.

TABLE 1. Results of sorption process for silver ions on ben-

TABELA 1fo\$;iliki procesu sorpcji dla jonéw srebra na ben-
tonicie

Time Concentration of silver ions [mg/dm’]

[min] | 1909 2000 3000 4000 5000
2 156 | 455 (1017 [ 1215 1781 | 2130 {2070 | 2030 | 3170 | 3560
4 55 | 123 | 856 | 1100 | 1554 | 1783|1768 | 1820 | 2280 | 2040
6 |45.6|763| 710 | 799 | 1470|1531 |1550| 1614|1960 | 1820
10 [28.7[45.8| 613 | 705 {1200 | 1312 1533 | 1499|1701 | 1719
20 [38.7(40.1| 444 | 572 | 990 | 1148|1501 | 1450 | 1616 | 1650
30 |30.2(39.0| 377 | 403 | 980 | 997 | 1485|1317 | 1549 | 1499
40 (29.2(37.6| 242 | 312 | 708 | 754 | 963 | 1140|1294 | 1317
C, 334 277 731 1052 1036
e 29 52 68 88 119

Equilibrium sorption

In order to characterise the adsorption equilibrium of
silver ions on bentonite, it is essential to establish the
most appropriate correlation for the equilibrium curve.
Table 2 compares the adsorption equilibrium models
used in the study, the form of their nonlinear equations.
The graphs show the approximations of the models
combined with the experimental results (Fig. 1).

The experimental points for silver ion adsorption are
best described by the Freundlich model. This model
yielded the highest adjusted R-square (0.9546). Parame-
ter n is lower than one, which suggests the chemical
character of the adsorption process.
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TABLE 2. Langmuir, Freundlich and Temkin isotherm con-
stants and correlation coefficients for adsorption of
silver ions onto bentonite

TABELA 2. Stale oraz wspélczynniki korelacji dla modeli row-

nowagi Langmuira, Freundlicha oraz Temkina dla
procesu adsorpcji jonéw srebra na bentonicie

The pseudo-second-order model fit better than the
pseudo-first-order model, which confirmed the chemi-
cal nature of the process. Constantino et al. [24]
analysed the Ag(l) sorption process onto bentonite
clays. The process was based on pseudo-second order
kinetics, suggesting that a similar mechanism confirms

. . 2
Adsorbed Non-linear the consistency of the results. The obtained R” values
metal Isotherm Parameters . . .
ions regression for the pseudo-second order kinetic model were the
Langmuir Gmae [M28-1] 134.3 + 138.4 hlghest'. The exper}mental q value is very close to the
Ag(l) K, [dm® mg™'] 212 + 6.04 theoretical value in the pseudo-second-order model,
R2 0.7488 which confirms the compatibility of the fit with the
~ model.
Freundlich Ky [mgl_(%)L%g"l] 89.95 + 17.15
- 0.424 + 0304
R? 0.9546 a)
2 T T T T T
Temkin Ar[dm® g™1] 94.18 + 301
B 126.3 + 104.8
R? 0.7742
CA
120 g 0 5 1
T T g, ——C, = 1000 [mg/dm"]
100 - ——Cy = 2000 [mg/dm”}] )
-1 H—C, =300 [mg/dm?] 4
= ——C, = 4000 [mg/dm’]
E’ C, =500 [mg/dm°]
= 2 T 1 1 1 1
o 0 5 10 15 20 25 30
t [min]
—L i del
c el )
f ‘ . . ‘ | [_Temkinmodel 14 ; ; . .
% 200 400 600 800 1000 1200 1400 ¢ =1000[mgldm’}
C, Img/dma] 12 °
—C, =200 [mg/dm’]
Fig. 1. Isotherm plots of adsorption on bentonite for Ag(I)

Fi

=

g. 1. [zotermy adsorpcji jonow srebra na bentonicie

Kinetic sorption

A series of measurements was carried out to investi-
gate the kinetics of the silver ion sorption process on
bentonite. The results are summarised in Table 3. The
pseudo-first order and pseudo-second order models
were used to describe the kinetic parameters of adsorp-
tion. The graphs show the approximate straightforward-
ness of the models combined with the experimental
results (Fig. 2).

TABLE 3. Kinetic parameters of Ag(I) adsorption onto bentonite

17—¢, = 3000 [mg/am’]

5

£ o8l = 4000mgiam’]
=4 3,
£ ¢, =5000 [mg/dm’]
E 06 0

g

0 1 L L 1
0 5 10 15 20 25 30 35 40

t [min]
Fig. 2. Plots of kinetic models of sorption process of silver ions onto
bentonite: a) pseudo-first-order model, b) pseudo-second-order
model

Fig. 2. Wykresy kinetyki pseudopierwszego rzedu oraz kinetyki pseudo-
drugiego rzedu procesu sorpcji jonéw srebra na bentonicie

TABELA 3. Parametry kinetyki procesu sorpcji jonéw Ag(I) na bentonicie

Models Parameters 1000 % 2000 % 3000 % 4000 % 5000 %

_ k,[min™"] 0.1654 +0.0916 | 0.0676+0.0148 | 0.0536+0.0201 | 0.0452 +0.0623 | 0.0612 + 0.0472
Fllisi:lgtricclcr Gmax Mg g7 4.08 +5.82 25.34 + 5.88 3335+1050 | 339143286 | 34.25+25.18

model R? 0.8285 0.9692 0.9140 0.3808 0.7055

Second ki [g mg~* min~'] 0.0866 + 0.0780 | 0.0061 +0.0028 | 0.0042 +0.0032 | 0.0070 +0.0041 | 0.0051 + 0.0026

k‘i;‘:ffc Gmax [mg 9711 29.34 +0.50 54.16 + 3.58 70.72 + 6.63 87.43 +9.49 1133+5.8

model R 0.9997 0.996 0.9921 0.9894 0.9976
Exp. data Gexp Mg 971 29.00 51.69 68.07 88.45 110.83

Composites Theory and Practice 18: 1(2018) All rights reserved
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Preparation of nanocomposite

Table 4 presents the results of the analysis of silver
concentration after the sorption process and after the
reduction process in the solutions and the composite.

TABLE 4. Content of silver ions and nanoparticles of silver in
solutions and the composites
TABELA 4. Zawarto$¢ srebra oraz nanoczgstek srebra w roz-
tworach i kompozycie

Concentration of Ag* in solution [ﬁ] 3000 | 4000 | 5000
Average Ag™ concentration after sorption
mg 899 966 | 1797
g
Concentration of Ag* in composite [%] 210 303 | 320.3

Concentration of nanosilver in solution [%g] 486 498 543

Concentration of nanosilver in composite
[ mg. ] 162 254 266

dm3

Analysis of the results (Table 4) shows that the
highest content of silver nanoparticles in the composite
was 266 mg/g, while the lowest was 162 mg/g.
The limited sorption capacity of the material can affect
on the amount of silver adsorbed onto the material. Due
to the occurring silver ion reduction process on the sur-
face of bentonite, the possibility of contact between
reagents is limited. After exceeding the 1n1t1al concen-
tration of silver ions above 4000 mg/dm the state of
equilibrium of the process was reached, hence, despite
the increase in silver concentration, no significant
increase in nanosilver on the bentonite was observed.

Instrumental analysis

Bentonite was used as the adsorbent in the studies.
The study of its phase composition was performed
using an X-ray diffractometer (Fig. 6). XRD analysis
showed that the components of bentonite are halloysite
(ALLHgO;Siy), aluminum oxide (Al,Os), tridymite
(Si0;) and metahaloisite (Al,H4O4Si;) (Fig. 3a).
Figure 3b shows a diffractogram of bentonite w1th ad-
sorbed silver ions (from a solution of 5000 mg/dm’) and
Figure 3c presents a difractogram of bentonite after the
reduction of silver ions. XRD analysis showed the pres-
ence of silver in the material under study. The peaks
present in the 38° and 44° regions are characteristic for
silver [25].

Scanning electron microscopy (SEM) analysis was
used to characterise the morphology and structure of the
adsorbent. Figure 4 shows the surface morphology of
bentonite with marked points on the basis of which the
analysis of chemical composition was performed by the
EDS method. Analysis indicated that the material con-
tained approximately 24% silicon and the rest of the
element, i.e. carbon, sodium, magnesium, aluminium,
sulphur, potassium, titanium, manganese, iron, oxygen
and copper.

e 1
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Fig. 3. X-ray diffraction: a) raw bentor;ite, ‘b) after Ag adsorptlon on

bentonite, ¢) bentonite/nAg

Fig. 3. Dyfraktogramy XRD: a) surowego bentonitu, b) bentonitu po

adsorpcji jondw srebra, ¢) kompozytu bentonit/nAg

The results of the SEM-EDS analysis for bentonite
with adsorbed silver ions (for a solution with an initial
silver concentration of 5000 mg/dm’) and bentonite
after reduction of the silver ions are shown in Figure 5.
SEM-EDS analysis confirms the presence of ionic
silver after the sorption process and silver nanoparticles
after the process reduction on the surface of bentonite.
Silver ions evenly distributed over the entire surface of
the sample are visible on the surface of the sample.
Analysis of the bentonite/nAg nanocomposite sample
showed the presence of silver nanoparticles on the
surface of bentonite, which are unevenly distributed,
forming larger clusters. This may indicate aggregation
of the resulting nanoparticles [26, 27].

Composites Theory and Practice 18:1(2018) All rights reserved
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Fig. 4. Results of SEM-EDS analysis of raw bentonite
Rys. 4. Wyniki analizy SEM-EDS bentonitu
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Fig. 5. SEM image and EDS patterns: a) bentonite after silver ions sorption process, b) composite bentonite/nAg

Rys. 5. Analiza SEM i EDS: a) bentonit po procesie sorpcji jondw srebra, b) kompozyt bentonit/nAg

CONCLUSION

The nanocomposites were obtained by the reduction
process, using tannic acid as the reducer agent. The
bentonite/nAg nanocomposite contained silver nanopar-
ticles in the amount of 162-266 mg/g. The nanoparticles
contained in the composite were characterized by a high
degree of crystallinity. As the concentration of silver
ions increases, the adsorption capacity of bentonite
increases. The equilibrium for the adsorption of Ag(l)
was best described by the Freundlich model. The kinet-
ics of adsorption of Ag(l) by bentonite follows pseudo-
second-order kinetics, suggesting monolayer coverage
and a chemisorption process. On the basis of the con-
ducted research it can be concluded that bentonite can
be used as a material on which it is possible to adsorb
silver ions and then reduce them with tannic acid. The
created nanocomposite can be used, among others, as
an addition to paints, affecting the antimicrobial proper-
ties of the product.

Composites Theory and Practice 18: 1 (2018) All rights reserved
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