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Abstract

The aim of the present work is the investigation of the effect of wet milling on the
adsorption capacity of a Greek natural zeolite to remove heavy metal ions from so-
lutions. The ultimate objective is to explore the potential of producing and using fi-
ne-grained zeolite in industrial and environmental applications. For this, a rich in
clinoptilolite natural zeolite, was subjected to wet milling and 3 fractions were ob-
tained (<10 um, 10-63 um, and 63-200 um). The mineralogy of each fraction was
determined through powder XRD and XRF analyses, while their particle size distri-
bution and specific surface area were determined using the Laser Beam Diffraction
Technique and the BET method respectively. The adsorption of Cu?*, Ni**, Mn** and
Cd** ions by each zeolite fraction was investigated using different initial metal ion
concentrations (10 and 100 mg/L) and contact times (up to 72 h). The concentration
of the adsorbent was kept constant (5 g/L), whereas no pH adjustment took place.
The experimental results proved that wet grinding can result in the production of
very fine natural zeolite (dso= 4.37 um) without any loss of crystallinity and that this
fraction exhibits substantial metal ion adsorption capacity. Adsorption is best de-
scribed by the Freundlich isotherm.

Key words: zeolite, wet milling, adsorption, heavy metals, isotherms

Hepilnyn

O otoy0¢ S TOPOVONS EpYyaTias EIvol 1] JIEPEDYNON THG ETIOPOCNHS THS Ag10Tpifions
OtV TPOGPOPNTIKN IKOAVOTNTA EVOG EAANVIKOD QaIK0D (£0A1000 ¢ TPOS TV AmOUG-
KpUVOH 10VIWV Popéwv UETGAL@Y omo voatikd dtoAbuate. O anmTeEpog oToY0¢ EiVal
va. peletnBet n dvvardTnTa TOPAYWYNS Kol XpRong vaéplentov (eolifov oe Proumyovi-
Ké¢ Kou mepiforioviines epopuoyés. Iio tov okomo avto, pvoikog (eolifos mAodoiog
o€ kLvortiloifo vrofinOnke ae vypn Ae10tpifion o€ pofoouvio ®ote Vo TPOKOYOLY
io KoxkoueTpiko. kAdouoto (<10 um, 10-63 um, and 63-200 um). H opvxroloyio
TV Klooudtwv mpocdiopiotnke ue v uébodo e Illepiblociuctpioc Axtivov-X
(XRD) rar g Daouorookomiosc Popiopod Axtivaov-X (XRF), eved n kotavoury too
1eyéBovg TV KOKKWV Kol 1 E101KI TOVS EMIPAVELD. ie TN teyvikh ¢ IepiBlaons A-
ktivag Laser ka1 tqv uéodo BET avtiotorya. H mpoopdpnon twv iéviwv Cu®*, Ni?*,
Mn®* kou Cd* and kdbe rxokxouestpixd xAdoua (eodifov ueletiOnke ypnoomoid-
VIOG SLOPOPETIKES APYIKES VYKEVIPWOEIS 10vTV (10 kou 100 mg/L) ka1 ypovouvg mo-
popovig (éws 72 wpeg). H avykévipwon tov popnth orotnpnbnke oralepn (5 g/L),
eva dev élafie yawpo pdBuion tov pH. To meipouotixd aroteAéouota anédeiéoy ot e
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vyp1 Aerotpifion pumopel vo. wopoyOei eCaupetind lemwrouepns {eoribog (dso= 4.37 um)
XWPIG OTOAEIO KPVOTALMKOTHTOS Kl OTL ADTO TO KAGOUO. TOPOovOLalel ECQIPETIKN KO-
VOTHTO, TPOGPOPNONS 10VIWY Popéwv uetdliwv. H digpyacia e mpoopopnong mepi-
ypagetar ToAD Kok omo v wobepun Freundlich.

Aéeig kAe1dra: (eoriBog, vypn Actotpifiion, mpoopopnon, Popéoa uétalia, 1000epues

1. Introduction

The introduction of heavy metals to natural ecosystems has been related to many diverse human
activities and is of great concern, due to the fact that these contaminants, unlike organics, are
persistent in soils and non degradable, whereas if they are mobilized and released to water
reservoirs may become bioavailable and threaten living organisms (Shi et al., 2009). Among
several processes, such as ion-exchange, filtration, electrolytic or liquid extraction, chemical
precipitation, reverse osmosis and membrane techniques (Pentari et al., 2009), adsorption can offer
an easy, low-cost and effective alternative to water, wastewater and industrial effluent treatment
(Wang & Peng, 2010).

Natural zeolites are hydrated alumino-silicate minerals of a porous structure with good mechanical
and thermal characteristics and beneficial physicochemical properties, like high cation exchange
capacity, and potential to act as molecular sieve and catalyst (Misaelides, 2011). Their usage does
not introduce additional contamination in the environment, so they can find numerous
environmental and industrial applications, including uptake of heavy metals from acid mine
drainage, purification of waters and industrial-urban wastewaters, management of nuclear wastes,
soil remediation, drying of acid-gases, production of pozzolanic cement and lightweight
aggregates, zeoponic substrates for greenhouses, deodorization products and dietary supplements
for animals (Mumpton, 1999; Kulasekaran and Dendi Damodar, 2011). Natural zeolitic tuffs have
been found in many countries while their world mine production in 2010 has been estimated at
2.75 million tons (USGS, 2011).

The adsorption capacity of natural and modified zeolites has been studied extensively (Panayotova
& Velikov, 2002; Caputo & Pepe, 2007; Castaldi et al., 2008; Ghair and Ingwersen, 2009; Motsi et
al., 2011). The effect of milling on the improvement of the adsorption capacity of zeolites has been
also studied by several researchers (Akcay et al., 2004; Ozkan et al., 2009; Charkhi et al., 2010).
Today, researchers mainly investigate the capacity of modified or non modified nano-zeolites for
the adsorption of organic contaminants (Seifi et al., 2011; Hassani Nejad-Darzi et al., 2012).
Future research activities will definitely focus on the adsorption capacity of modified nano-zeolites
and the decontamination of industrial solutions and soils as well as on the potential hazardous
impacts of zeolite nano-particles on humans and ecosystems.

The aim of the present study is the investigation of the effect of wet milling on the crystallinity and
the adsorption capacity of a Greek natural zeolite used for the removal of heavy metal ions,
namely Cu?*, Ni?*, Mn?" and Cd?*', present in solutions in various concentrations. The ultimate
objective is to explore the potential of using extremely fine or nano-zeolite in environmental and
industrial applications.

2. Materials and Methods

2.1. Zeolite Treatment

The zeolite used in the present study originates from a natural clinoptilolite-rich deposit from the
area of Petrota (Evros Prefecture, North Greece) (Filippidis et al., 2009) and its initial particle size
distribution ranged between 0.3-0.8 cm. Zeolite was subjected to wet rod milling for 20 min at 47
rpm using a Sepor's 5°" Series Batch Rod Mill Drive. Under the optimum conditions, the mill was
loaded with 9 kg of hardened steel rods of 23 cm length and varying diameter (1.3-1.9 cm), 1 L
water and 1 kg zeolite. The finely ground zeolite was then split in three fractions (<10 pm, 10-63
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pum, 63-200 um) using a Richard Mozley Ltd hydro-cyclone. Finally, all fractions were dried at
100 °C for 24 h and then stored in plastic bags until further analysis and use.

2.2. Characterization Studies

The chemical analysis of all three fractions was performed through X-Ray Fluorescence, using an
Energy Dispersive Spectrometer S2 RANGER Bruker apparatus. Additionally, the mineralogy of
the fractions was determined through Powder X-Ray Diffraction, using a XRD D8 Advance
Bruker apparatus. The data were obtained at 35 kV and 35 mA, with a graphite monochromator,
using CuKa radiation. The qualitative evaluation of the data was carried out with the software
Diffrac Plus EVA, while the Autoquan software (based on the Rietveld method) was used for
quantitative analysis.

The specific surface area of the fractions was determined using the Quantachrome Instruments
Nova 2200 apparatus, according to the Brunauer, Emmett and Teller (B.E.T.) theory, while their
particle size distribution through Laser Beam Diffraction, using a Mastersizer S Ver. 2.14
apparatus of MALVERN Instruments.

2.3. Experimental Methodology

Sorption experiments were carried out using solutions containing analytical grade nitrate salts of
the corresponding metals: Cu(NO3),-3H,0, Ni(NO3),-6H,0, Mn(NO3),-4H,0 and Cd(NO3),-4H,O
(puriss p.a. quality, FLUKA). Batch experiments were performed at room temperature under
continuous agitation. 0.5 g of air dried zeolite was added in 100 mL of metal solution in 200 mL
glass beakers. Mono-component kinetic experiments were carried out for each metal ion and
zeolite fraction, using two initial metal ion concentrations, namely 10 mg/L and 100 mg/L. Liquid
samples were withdrawn at different periods (5 min, 15 min, 30 min, 2 h, 6 h, 18 h, 24 h, 48 h and
72 h) and filtered to determine the residual metal ion concentration with Flame Atomic Absorption
Spectroscopy, using an Analyst 100 of Perkin Elmer spectrometer. pH was monitored throughout
the experiments using a WTW InolabLevell pH meter; no pH adjustment took place.

Sorption isotherms were derived only for the finest zeolite fraction (<10 pum), which was proved to
be the best adsorbent, by varying the initial concentration of each metal ion from 10 to 100 mg/L
(10, 30, 50, 80 and 100 mg/L); the concentration of the adsorbent was kept constant at 5 g/L.. The
other conditions were kept similar to those used in kinetic studies and the retention period to reach
equilibrium was maintained at 48 h. In all tests, reagent blanks and randomly selected duplicate
samples were considered for quality control/assurance and precision purposes.

3. Results and Discussion

3.1. Zeolite Characteristics

The mineralogical phases, the content in oxides, the particle size distribution and the specific
surface area of each zeolite fraction are presented in Table 1 and Figure 1. As shown, the main
mineralogical phases in all fractions are cliniptilolite, smectite, cristobalite, quartz and other
alumino-silicates (oligoclase, illite). XRD patterns also show that the crystallinity of the fine
grained zeolite is not affected by wet milling. The finer fractions are enriched in clinoptilolite and
smectite whereas the content of cristobalite, quartz and oligoclase decreases to a higher or lesser
extent. The <10 pum fraction contains extremely fine particles (dso=4.37 um, dip=1.06 pm) with a
significant specific surface area (18.30 m%/g), 65% larger than that of the 63-200 um fraction.
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Table 1 — Characterisation of each zeolite fraction.

<10 pm 10-63 pm | 63 —200 pm
Mineralogical phases (%)
Clinoptilolite 74.91 75.38 66.61
Cristobalite 4.35 5.60 6.98
Ilite 1.85 0.51 1.05
Oligoclase 2.78 2.20 7.95
Quartz 4.73 6.72 9.58
Smectite 11.37 9.59 7.83
Oxides (%)
Na,O 1.31 1.33 1.17
MgO 1.51 1.30 1.08
K20 2.97 3.22 3.20
CaO 2.43 2.39 2.14
TiO> 0.08 0.11 0.08
MnO 0.03 0.03 0.02
Fe,0s3 1.56 1.08 0.84
AlOs3 13.58 12.61 11.82
SiO, 72.00 74.81 74.2
P,0s 0.00 0.00 0.00
L.O.L 9.41 8.71 7.42
Particle Size Distribution (um)
dio 1.06 9.05 9.98
dso 4.37 32.66 92.69
doo 9.81 62.61 176.91
Specific Surface Area (m?%/g) 18.30 11.86 11.08

3.2. Adsorption Capacity of Zeolite
3.2.1. Kinetics

The effect of retention time on the adsorption of each metal ion by each zeolite fraction is illustrat-
ed in Figure 2. In all cases the equilibrium was reached very quickly, in less than 24 h. The exper-
imental results show that the finest fraction (-10 um) exhibited the best adsorption capacity for all
metal ions regardless of the initial concentration of 10 mg/L or 100 mg/L. Metal ion removal for
all elements varied between 90-96% when the initial concentration was 10 mg/L; the removal per-
centage decreased to 67-90% when a coarser zeolite fraction (63-200 pm) was used. When the
initial metal ion concentration increased to 100 mg/L, which is indeed high for most industrial ef-
fluents, the adsorption capacity of zeolite decreased substantially. In this case, the removal effi-
ciency of the -10 pm fraction varied between 26 and 47%. As mentioned before no pH adjustment
was done since this was not considered necessary; pH in all tests varied between 5.5 and 6.5.
Among the metal ions tested, zeolite exhibited its highest adsorption capacity for copper and cad-
mium and its lowest for nickel (Fig. 2-a,c,e for initial concentration of 10 mg/L and Fig. 2-b,d,f for
initial concentration of 100 mg/L).
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Adsorption rates for all heavy metals were much higher in the beginning of the tests but soon
reached an asymptotic plateau, where the increase of retention time did not seem to be beneficial.
Table 2 shows the calculated adsorption rates for all heavy metal ions when the finest zeolite frac-
tion was used. The retention time required to reach equilibrium was 30 min. It is observed that
when the metal ion concentration was 10 mg/L adsorption rates were almost identical for Cu, Mn
and Cd (3.9 mg/g/h) and slightly lower for Ni (3.5 mg/g/h). Adsorption rates differed significantly
though when the high metal ion concentration was used (100 mg/L). In this case, the highest ad-
sorption rate was recorded for Cd (16.4 mg/g/h) and the lowest for Ni (9.6 mg/g/h). Thus, the ad-
sorption rate sequence in decreasing order was Cd>Cu>Mn>Ni and agreed with most previous
studies (Erdem et al., 2004, Wang & Peng, 2010).

The adsorption rate sequence is quite well related to the ionic radius of each heavy metal ion,
which is for Cd: 0.95 A, Mn: 0.83 A, Cu: 0.73 A, and Ni: 0.69 A. It is shown that the higher the
ionic radius the lower, in absolute values, the hydration enthalpy for all metal ions studied (Table
3). The enthalpy of hydration, Hp., in kJ/mole, of an ion is the amount of energy released when a
mole of the ion dissolves in a large volume of water forming thus an infinite dilute solution. Ac-
cording the Eisenman-Sherry theory of cation exchange selectivity (Eisenman, 1962, Sherry,
1969), zeolites exhibit a greater preference for larger cations, like Cd?", with greater ionic radius
and lower, in absolute values, hydration enthalpy (Panayotova & Velikov, 2002, Caputo & Pepe,
2007).
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Figure 1 — XRD diffractograms of all zeolite fractions.

Table 2 - Adsorption rates (in mg metal ion/g zeolite/h) for each metal ion.
Zeolite fraction -10 pm, retention time 30 min.

Initial metal. ion Cu Ni Mn cd
concentration

10 mg/L 3.98 3.54 3.94 3.94

100 mg/L 13.70 9.60 10.40 16.40
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Table 3 — Ionic radii and hydration enthalpy of the metal ions studied (Marcus, 1994).

Ionic radius Hydration
( X enthalpy
(kJ/mole)
Cca* 0.95 -1830
Mn?* 0.83 -1870
Cu** 0.73 -2120
Ni%* 0.69 22115

3.2.2. Adsorption Isotherms

The equilibrium data were analysed and tested against three different isotherm models, the Linear,
the Freundlich and Langmuir respectively, in order to describe the adsorption of the four metal
ions studied on the -10 um zeolite fraction. The equations which were used for each model are:

Equation 1 - Linear model

qe = KP ’ Ce

Equation 2 - Freundlich model
1/n

Qe = KF ’ Ce

Equation 3 - Langmuir model

q. _ b-C,
9. 1+0-C,

where

q. (mg/g), is the quantity of metal ion adsorbed per unit mass of zeolite at equilibrium,
C. (mg/L), is the metal ion concentration at equilibrium,

Kp (L/g), coefficient related to the affinity between the adsorbent and the ion,

Kr (L/g), coefficient related to the adsorption capacity of the adsorbent

1/n (dimensionless), indicates the intensity of adsorption in relation to the heterogeneity of the
adsorbent

b (L/mg), constant related to the adsorption intensity and
Gmax (Mg/g), is the maximum adsorption capacity of the adsorbent.

A non-linear regression analysis (Smyth, 2002) was carried out using the MATLAB R2012a
software and the results are presented in Table 4.

Adsorption isotherms derived for each metal ion using the -10 pm fraction (Figure 3) indicated
that are considered of “L” type according to the classification of Giles et al. (1974). This means
that the concentration of a compound adsorbed on the solid mass decreases when the solute
concentration increases, thus suggesting a progressive saturation of the solid (Limousin et al.,
2007).
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Figure 3 — Adsorption isotherms for each metal ions studied. Experimental conditions:
zeolite fraction -10 pm, zeolite concentration S g/L, metal ion concentration 10 to 100 mg/L.

Table 4 — Model parameters for Cu, Ni, Mn and Cd adsorption by the -10 pm zeolite frac-

tion.
Linear model Freundlich model Langmuir model
Element Kp ¥ Kr n ¥ qmax b ¥

L/g) L/g) (mg/g) | (L/mg)
Cu 0.157 0.282 3.140 4.419 0.990 7.482 0.510 0.964
Ni 0.085 0.075 2.222 5.030 0.968 4.964 0.513 0.987
Mn 0.098 0.363 2.111 4.261 0.980 5.307 0.503 0.940
Cd 0.230 0.334 3.260 3.466 0.968 10.450 | 0.218 0.986

As shown in Table 4 and in Figure 4, the Freundlich model fits better the experimental data; this
suggests that the isotherm does not reach any plateau and consequently the studied adsorbent does
not show clearly a limited adsorption capacity.

It is noted that the Langmuir isotherm describes adsorption of an ion in a single layer of an
homogeneous surface of a solid particle without taking into account any interactions between the
adsorbed ions or molecules. On the other hand, the Fruendlich isotherm considers an adsorbent
with heterogeneous distribution of adsorption sites and takes into account potential interactions
between the adsorbed ions/molecules.

It has to be mentioned that the isotherms may differ in case of simultaneous multi-component
adsorption experiments. This issue is currently under investigation.

4. Conclusions

The experimental results show that by controlled wet rod milling of natural zeolite a well
crystalline -10 pm fraction (dso=4.37 um) is obtained. This fraction shows a very good adsorption
capacity and can be used for the effective clean up of solutions containing up to 10 mg/L Cu?’,
Ni**, Mn?* and Cd?" ions. Adsorption is very well described by the Freundlich model.
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