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ABSTRACT. Natural zeolites attract the attention as efficient supports of stable and monodispersed nanoparticles (NPs) for the preparation of various
nanocomposites. The present work describes the results from the immobilisation of silver ions by purified natural zeolite - clinoptilolite, which is an initial step towards
the production of nanocomposites “silver nanoparticles— zeolite”. The effect of the concentration of silver ions in the form of AgNOs (within the range of 0.01+0.10 M)
and the ratio of the zeolite mass to the volume of AgNO; solution (ratio m:v being from 1:10 to 1:100) on the silver immobilisation has been investigated and the
optimum conditions selected. The highest load of Ag* ions by zeolite was achieved when one gram of zeolite contacted with 40 mL of 0.05 M AgNOs solution or with
20 mL of 0.10 M AgNO;s solution (equivalent to 2 mmol Ag* ions per 1 g zeolite). It was established that the kinetics of Ag* ions immobilisation by natural zeolite can
best be described by the pseudo-first order kinetic equation, whereas the thermodynamics - by the Freundlich adsorption isotherm.
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KWHETWUKA U TEPMOOMHAMUKA HA UMOBUNTU3ALUA HA CPEBBPHU WOHU OT ECTECTBEH KNMHONTUNONUT
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PE3IOME. EcTecTBeHMTe 3€0NUTW NPEACTaBNABAT ePEKTUBEH HOCUTEN Ha CTabWIHW M MOHOAMCTEPCHU HaHovacTUum (NPS) 3a nomyyaBaHe Ha HaHOKOMMO3WTHM
matepuanu. Hactosiwarta paboTa onucea pesyntaTute oT UMOOUNN3MPAHETO Ha CPEOBLPHM OHM BBPXY MPEUNCTEH ECTECTBEH 3€0MUT - KIMHONTUMONMUT, KOETO €
HavamnHa CTbMka OT npoLeca Ha nonyyaBaHe Ha HaHOKOMMO3WTH "cpeBbPHM HaHouacTMLM-3e0nnT". 3cneaBaHo € BIMSIHMETO Ha KOHLEHTpaLUuATa Ha cpebbpHuTe
ionm (nop dopmata Ha AgNOs) B nHTepeana 0.01+0.10 M 1 Ha cbOTHOLLEHMETO Maca Ha 3eonuTa kbM obem Ha pastsopa ot 1:10 go 1:100, Bbpxy cTeneHTa Ha
3afbpkaHe Ha Ag* OHW. HamepeHo e, Ye onTUManHUTE YCrOoBMS 3a MOCTUraHe Ha Hail-ronisMo HaToBapBaHe Ha 3eonuTa Cbe Ag* IOHW Ca eAuMH rpam 3e0muT,
koHTakTyBaL ¢ 40 mL 0.05 M paareop Ha AgNO3 unm ¢ 20 mL 0.10 M paateop Ha AgNOs (ekBuBaneHTHM Ha 2 mmol Ag* iioHn 3a 1 g 3eomuT). YCTaHOBEHO e, Ye
KMHeTMKaTa Ha MMObUnM3aLMst Ha Ag* WOHM OT ecTeCTBEHMS 3eOnuUT Hai-gobpe Ce OMMUCBA OT KUHETWYHOTO YpaBHEHWE 3a MCEBAO-MbPBU MOPSAbLK, a
TepMoanHamMuKaTa - oT aacopbLmMoHHaTa n3oTepma Ha PPorHANMX.

Kniouosu AYMU: €CTECTBEH KNUHONTUNONUT, NPEKypcop Ha Cpe6’prM HaHO4aCTULUN, KWHETUKA U TepMOAUHAMUKa Ha MMO6MHM3&LI,VI$I Ha Ag* 110HU

Introduction synthetic zeolites have been used as templating support
materials to host a variety of metallic species including silver.
Studies have shown that the porous internal network structure
of zeolites provides an ideal and stable template for the
formation and growth of particles with nanometre dimensions.
Even more, nanoparticles are physically prevented from
agglomeration to form larger nanoparticles or micron-sized
particles as they are individually separated within the discrete
pores and channels of the zeolite interior (Yee et al., 2015).

The antimicrobial properties of silver ions and silver
nanoparticles (AgNPs) have been well known for a long time.
AgNPs and materials on their basis are an important means of
disinfection of potable water (Rai et al., 2009).

Environmental applications of AgNPs require stable
nanoparticles (NPs) that do not aggregate easily. The
immobilisation of AgNPs on solid surfaces or their
incorporation in a solid matrix provides stability and thus
facilitates the reuse of NPs. The structure of natural zeolite
consists of primary building units, i.e. the SiOs and AlOs
tetrahedra. They are connected via oxygen ions into secondary
building units which are then linked into a three-dimensional
crystalline structure of zeolite. The substitution of Si by Al
defines the negative charge of the zeolite framework which is
compensated by alkaline and earth alkaline metal cations.
Because of their negative charge on the surface, natural
zeolites appear as cation exchangers (Margeta et al., 2013).
Zeolites are mesoporous ion exchange materials with a stable
network of hollow channels and pores within the size range of
most monoatomic ions. Because of their thermal stability and
unique interconnected porous microstructure, natural and

Zeolites have a strong affinity for Ag* (Scacchetti et al.,
2017). Silver ion-exchanged chabazite has shown the
capability to precipitate silver nanoparticles at its surface after
thermal reduction in air, Ar and Hz, with a size depending on
the reduction environment (Liu et al., 2009).

It has been reported that the concentration and size of the
formed AgNPs depend on the initial concentration of Ag-
bearing solutions contacting with the zeolite and on the contact
time (Guerra et al., 2012; Yee et al, 2015).

The present work aimed to explore the optimum conditions
for the highest immobilisation degree of silver ions by purified
natural zeolite - clinoptilolite, as an initial step to producing

87



JOURNAL OF MINING AND GEOLOGICAL SCIENCES, Vol. 61, Part Il, Mining, Technology and Mineral Processing, 2018

nanocomposite “silver nanoparticles—zeolite”. The impact of
the ratio AgNOs solution volume to zeolite mass, as well as the
influence of the initial concentration of the AgNOs solution that
contacts with the zeolite on the silver ions uptake has been
investigated. The results from this study could also be used
when the aim is to adsorb Ag* from silver-bearing wastewater.

Methods and materials

Natural zeolitic rock containing mainly clinoptilolite was used
from the East Rhodopes region of Bulgaria. It was milled and
the fraction of 0.09-0.325 mm was deployed. Zeolite was
purified following a procedure described by TomasSevic-
Canovi¢ (2005) and modified by us. Zeolite was washed with
acidified water (pH=4.6, adjusted by HCI). In a typical
procedure, 350 g of zeolite were placed 3 consecutive times
(each one lasting for 24 hours) in contact with 700 mL of
acidified water. Then, zeolite was washed by placing it in
contact with 700 mL of distilled water for 2 hours at 60°C, 6
consecutive times, while it was stirred with a magnetic stirrer.
The naturally adsorbed heavy metal ions were removed with a
0.05 M solution of EDTA by the treatment of zeolite for 2 hours
at 60°C at the ratio of solid:liquid = 1:10. Then, zeolite was
washed with distilled water again, as it is described above. In
all washing steps, the contacted water was decanted off and
then a new portion of water was poured into the beaker.
Finally, zeolite was separated from the liquid by filtration, dried
for 24 hours at 105°C, and supplied for analysis.

The chemical composition of zeolite was determined by
means of the classical silicate analysis (in mass %): SiO2 -
70.19, Al203 - 10.90, CaO - 2.87, MgO - 0.51, K20 - 341,
Naz20 - 0.36, Fez03 — 0.28, MnO - 0.04, TiO - 0.06, P20s3 <
0.05, SO; < 0.05, and LOI - 10.99. The theoretical cation
exchange capacity (TCEC) of the natural zeolite (the sum of
exchangeable cations such as Na*, K*, Caz* and Mg?*) was
found to be 211 meq/100 g zeolite. It is of the same range as
the TCEC determined by other authors for clinoptilolite from
our region (Tomasevié-Canovié, 2005; Margeta et al., 2013;
Santiago et al, 2016). The X-ray diffraction (XRD) of purified
zeolite reveals that it consists of 72.7% Clinoptilolite-Ca
[Cas(Siz0Als)O72-20H20] and 27.3% Barrerite
[(Na,K,Caos)2(Al2SizO1s)- 7H20].

Solutions containing different concentrations of silver ions
(Ag*) were prepared by dissolving AgNOs (p.a.) in distilled
water. The accurate concentration of Ag* ions was determined
by titration with NHsSCN solution in acidic medium in the
presence of ammonium iron(lll) sulfate, NH4Fe(SOa)2:12H20
(Korostelev, 1985). In the course of the analysis, the following
reactions proceed:

AgNOs + NHsSCN — AgSCNY + NHsNO3
Fe3* + SCN- — FeSCN2*(zq (reddish brown)

The conditions for all performed experiments of Ag* ion
immobilisation by zeolite are given in Table 1.

Experiments were conducted batch-wise: a certain amount
of zeolite was magnetically stirred in AgNOs solution with a
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predetermined concentration (0.01 M, 0.025M, 0.05 M,
0.075M, and 0.10 M). The solution pH was adjusted to 6 by 1M
HNO;s to prevent the precipitation of silver ions (Charlot, 1969).
Variations in the ratio between the mass of zeolite and the
volume of AgNO; solution (denoted bellow as solid to liquid
ratio, or m:v) were studied, namely 1:10, 1:20, 1:40, and 1:100.
Aliquot portions of 10 mL were taken at particular time (2, 5,
10, 20, 30, 45, 60, 90, 120, 180, 240 min) and the amount of
Ag* ions remaining in the solution was determined by titration
against NH4SCN solution. Care was taken so that the total
amount of the aliquots would be less than 10% of the whole
volume of the solution contacting with zeolite. The process was
monitored until the equilibrium was reached. Ag-loaded zeolite
was collected by filtration and washed with distilled water till a
negative reaction for Ag*in the washings was observed. It was
dried at 60°C for 8 h. During all experiments, precautions were
taken due to silver light sensitivity. Each experimental result
was obtained by averaging the data from duplicate samples.

Table 1.
Experimental conditions of Ag* ion immobilisation by zeolite

Experiment | AgNOs concentration | Zeolite mass to
Ne (M) volume of AgNO;
solution ratio (m:v)
1 0.05 1:10
2 0.05 1:20
3 0.05 1:40
4 0.05 1:100
5 0.01 1:20
6 0.025 1:20
7 0.075 1:20
8 0.10 1:20

Removal of Ag* from the initial solution was calculated using
the equation:

Removal, % = [(Co-C.) /C] x 100 (1)

where C, is the initial and C. is the concentration of Ag* at
particular time t, mg/L. Kinetic data were fitted to the following
kinetic equations:

For the first order irreversible reactions:
In(Co/ C;)=kxt

For the second order irreversible reactions:
(Co-C))/(Co.C)=kxt

For the Lagergen pseudo-first order reactions:

In (Qe-q) = In Qe — Kads X T 4)
where k is the reaction rate constant; Co, C; and t are as
described above; qe (mg Ag*/g zeolite) is the amount of solute
adsorbed at the equilibrium; g, (mg/g zeolite) is the amount of
solute adsorbed at time t; kadss, min' is the adsorption rate
constant. The slope of the linear plot of In (ge - g.) against t
gives Kads.
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Langmuir and Freundlich isotherm models were studied for
their ability to describe the equilibrium sorption distribution.

The Langmuir isotherm:

e = (QmaxX KL x Ce) / (1 + KL X Ce) (6)

The Freundlich isotherm:

Qe = Kr x Cen (7)
where ge is metal concentration on the zeolite at equilibrium
(meq of metal ion/g of zeolite), Ce is the equilibrium metal
concentration in the aqueous phase (mg/L), Qmax is the
maximum achievable capacity (meq/g), K. (L/mg) is the
Langmuir constant, n is the Freundlich intensity parameter, and
Ke is the Freundlich isotherm constant (mg/g). If the plot of
Celge as a function of Ce is a straight line, the adsorption
process can be described by the Langmuir isotherm. If the plot
logge vs logCe is a straight line, the adsorption process is best
described by the Freundlich isotherm.

Results and discussion

The kinetics of Ag* uptake at an initial concentration of 0.05
M AgNOs and at different ratios of solid to liquid is presented in
Fig. 1. The kinetics of Ag* uptake at the ratio of solid to liquid
1:20 and at different initial concentrations is presented in Fig.
2.
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Fig. 1. Kinetics of Ag* uptake at an initial concentration of 0.05 M AgNO::
mv=110(1), — — — mv=1:20(2), ------ m:v =1:40 (3)

The kinetic curves reveal that the reaction consists of two
stages, “fast” and “very slow”, at all studied m:v ratios and
initial concentrations of Ag*. Practically, the process reaches
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equilibrium in about 2 hours. The relatively short ion exchange
time of 2 hours has been found as sufficient to produce
optimum Ag* uptake into the zeolite pores by other authors as
well (Jiraroj et al., 2014; Yee et bal., 2015).

It has been found that in all experiments, the kinetics of Ag*
immobilisation by zeolite is best described by the pseudo-first
order kinetic equation. The coefficients of determination R? are
close to unity as presented in Table 2. Generally, this equation
describes an adsorption reaction at the liquid/solid interface
where a steep rise of the uptake at short times is observed
(fast initial step). In such case, in calculation of the reaction
rate, the data close to or at equilibrium are not included since a
methodological bias is introduced (Simonin, 2016). That is why
the reaction rate constants (kass) presented in Table 2 are
calculated by taking into account the data for the first 90
minutes of the reaction.
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Fig. 2. Kinetics of Ag* uptake at the ratio of solid to liquid 1:20 and at
initial concentrations of AgNOs: 0.01M(1) — — 0.05M(2)----
0.10 M (3)

Table 2.
Revalues for fitting the experimental data to pseudo-first order
kinetic equation and reaction rate constant

Experiment 1 2 3 5 8
Ne

R2 0.985 | 0982 | 0.961 | 0.951 | 0.971
Kads, min-! 0.0156 | 0.0146 | 0.0224 | 0.0235 | 0.0172

The maximum uptake values of Ag* ions by zeolite for all
samples, calculated by using the removed amount of Ag* from
the solution at 240 min (when equilibrium was achieved), are
presented in Table 3.
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The amount of Ag* immobilised by zeolite is in the range of
approximately 20-80 mg per gram zeolite (Table 3). Our
findings are in line with the results of Akhigbe and coauthors
(Akhigbe et al., 2016) who found the loading of 43.4 mg Ag*/g
zeolite when the process was carried out on natural British
clinoptilolite at m:v =1:2.5, initial AGNO3 concentration of 3%
(w/v), and reaction time of 24 hours.

Table 3.
Maximum uptake of Ag* ions by zeolite

Experiment 1 2 3 4 5 6 7 8
No

mgAg*lg 404 | 60.3 | 76.8 | 39.7 | 190 | 322 | 68.0 | 782

zeolite

Data presented in Tables 2 and 3 show that both factors
solid to liquid ratio and the initial concentration of silver ions in
the solution influence the maximum loading on zeolite.

At an initial concentration of 0.05 M AgNOs (experiments 1 -
4, Table 1), the amount of immobilised Ag* ions increases with
the increase of the ratio m:v up to 1:40, while a further increase
of the volume of Ag* solution gives lower loading (Table 3).
The reduced immobilisation could be due to the insufficiency of
adsorption sites on zeolite capable to "bind" the large number
of Ag* present in the solution.

If the ratio solid to liquid is kept constant (m:v=1:20,
experiments 5-8, Table 1), then the increase of Ag*
concentration causes a gradual increase of Ag* loading and
the greatest amount of Ag* held on zeolite is 78.2 mg/g (Table
3). It was reported by Yee and coauthors (2015) that the use of
a higher concentration of the AgNOs (up to 1.0 M, m:v=1:20)
led to a greater concentration of Ag* ions immobilised on
zeolite ZSM-5 and, thus, a higher concentration of AgNPs was
achieved.

The highest rate constant (0.0235 min-) was determined for
experiment 5 where the ratio m:v = 1:20 and the concentration
of AgNOs was the lowest (0.01 M, Table 2). At the same time,
the amount of the immobilised Ag* per gram of zeolite was the
lowest one (19.0 mg/g, Table 3). In such case, almost all
available Ag* ions were immobilised, but because their initial
concentration in the solution was low, the resulted loading was
low. Although a similar value of the rate constant (0.0224 min-')
was found for experiment 3 (0.05 M, m:v=1:40), the Ag* uptake
(76.8 mg/g) was significantly higher compared to experiment 5
due to a fivefold higher concentration of initial solution in
experiment 3 (Table 3).

As can be seen in Table 3, very close values were obtained
for the Ag* loading (76.8 mg/g and 78.2 mg/g for experiment 3
and experiment 8, respectively), though a twice concentrated
solution in experiment 8 was used (0.10 M and m:v=1:20).
Obviously, the difference between experiments 3 and 8 is
within the experimental uncertainties. Thus, one can propose
that 76-78 mg/g is the optimum Ag* loading on zeolite ensured
by the contact of 1-gram zeolite with 40 mL of 0.05 M AgNOs
solution or 20 mL of 0.10 M AgNOs solution (equivalent to 2
mmol Ag* ions).

This amount seems to be the optimum one with respect to
the capacity of zeolite to be loaded with Ag*. Zeolite prepared
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under those conditions is worth undergoing further chemical
reduction or calcination for obtaining AgNPs.

Experimental data fitting the isotherm equations have shown
that the process is best described by the Freundlich isotherm
with R2=0.983. The values for the Freundlich intensity
parameter and the Freundlich isotherm constant are
graphically found and are, respectively, n=0.65 and Kr=395 mg
Agtlg zeolite. The adsorption intensity n is less than 1and,
therefore, indicates a favourable sorption of Ag* on the zeolite.

Conclusions

As a result of the experiments carried out on Ag*
immobilisation by natural zeolite, the following conclusions can
be drawn:

1. The kinetics of Ag* immobilisation by natural zeolite
consisting mainly of clinoptilolite is best described by the
pseudo-first order kinetic equation.

2. The uptake of Ag* by the natural zeolite in the studied
AgNOs concentration range of 0.01-0.10 M is best described
by the Freundlich adsorption isotherm with constants n=0.65
(showing the favourable sorption) and Kr=395 mg Ag*/g
zeolite, respectively.

3. Within the studied AgNOs concentration range of
0.01+0.10 M and the ratio of solid to liquid in the range of
1:10+1:100, the optimum conditions for achieving the highest
Ag* loading by zeolite are one gram of the zeolite contacting
with 40 mL of 0.05 M solution or with 20 mL of 0.10 M solution.

4. In our future work, the prepared silver-loaded zeolite can
be used as a precursor for the synthesis of AgNPs supported
on zeolite.
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