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ABSTRACT

Wet fine milling, as a pretreatment step to acid activation of vermiculite, was applied in order to decrease the
environmental impact of the procedure commonly used to increase the mineral's adsorption capacity. Milling
caused fragmentation of the material and several changes in its structure: edges of the flocks became frayed, the
surface cracked, cation exchange capacity (CEC) increased, and most of the iron in oligonuclear and bulk form
was removed. At the same time the specific surface area, crystallinity, chemical composition and adsorption
capacity did not change significantly. Fine ground material was more susceptible to acid activation, which
caused a decrease in the crystallinity and CEC, development of meso- and microporosity, an increase in the total
volume of pores, in the specific surface and external surface areas. Micropores were developed faster in lower
acid concentrations in the rough ground material, while the external surface area and total pores volume in-
creased faster in the fine ground vermiculite. The latter material also had a higher CEC. Application of
0.5 mol L.~ ! HNOjs to rough ground vermiculite did not change its adsorption capacity, however it changed from
55 + 7 to 110 = 8 mgg~ ' when the material was fine ground. The optimal treatment conditions for both
materials were obtained for 1.0 mol L~ ' HNOs, however the adsorption capacity for the fine ground vermiculite
increased more (i.e., from 55 + 7 to 136 + 7 mg g~ ') than for its rough ground counterpart (i.e., 52 * 7 to
93 + 7mgg~'). Concentrations higher than 1.0 mol L ™! resulted in deterioration of the adsorption capacities
in both cases. Considering all the experimental outcomes, it can be concluded that the environmental impact of
acid activation of vermiculite may be diminished by application of fine grinding of the material before the
chemical activation process. Such treatment resulted in higher adsorption capacity at a given acid concentration

compared to the rough ground material.
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1. Introduction

The global community is becoming increasingly aware of both the
environmental presence and the real or potential environmental impact
of man-made chemicals (Peake et al., 2016). Continuous contamination
of the environment with diverse groups of chemical compounds and
their adverse effects on both ecosystem and human health is one of the
most relevant environmental issues of today (Kuzmanovic et al., 2013).
Decreasing the environmental impact of wastewaters to acceptable le-
vels has become the first and major concern of the uttermost
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importance and the demand on efficient, economic and environment
friendly technologies of removing pollutants at affordable costs has
been rising (Sevekow, 2003; Pereira and Alves, 2011). Dyes are
common pollutants generated in various industries such as paper,
plastics, food, cosmetics, and textile (Rozada et al., 2003; Angin et al.,
2013). They are usually the first to be noticed in water bodies because
of their intense color, they exhibit ecotoxicity and by interrupting light
penetration in aquatic environments hinder photosynthetic activity
(Forgacs et al., 2004; Bhatnagar and Jain, 2005). Adsorption is con-
sidered one of the most promising, effective and attractive approach for
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water treatment giving wide control over water pollution (Gupta and
Ali, 2012; Teng and Low, 2012; Hadi et al., 2015). Layered materials
show promising perspectives in this field to be used as adsorbents (Roy
et al., 2006). Vermiculite is a clay mineral that is very abundant and
much cheaper compared with other clay minerals, it is also commonly
used in agricultural, industrial and environmental applications (Duman
and Tung, 2008). Due to its structural characteristics it exhibits good
adsorption properties towards cationic species. Clay minerals can be
subjected to various modifications in order to change their properties
(Bergaya and Lagaly, 2006; Komadel and Madejova, 2006; Lagaly et al.,
2006; Stawinski et al., 2017a). One of the most common modifications
is acid activation. It results in an increase of porosity and specific sur-
face area and thus formation of new adsorption centers what increases
the maximum adsorption capacity (Komadel and Madejova, 2006;
Steudel et al., 2009; Santos et al., 2015; Stawinski et al., 2016). Fur-
thermore, catalytic properties, based on increased materials acidity,
may be improved as well (Chmielarz et al., 2012). However, this pro-
cess might be considered as unsustainable and not fulfilling the premise
of Green Chemistry (Anastas and Warner, 1998) as it usually produces
highly acidic waste containing metals leached during the procedure.
One solution to this problem was using the waste to produce layered
double hydroxides, however other ways to reduce the environmental
impact to acid activation of clay minerals should be investigated.

The issue of changes in vermiculite upon grinding has been already
raised by some authors. Barabaszova and Valaskova (2013) character-
ized that material after different milling techniques, Pérez-Maqueda
et al. (2004) carried our studies on ground and sonicated vermiculite,
Maqueda et al. (2007, 2009) and Perez-Rodriguez et al. (2011) studied
leaching of ground vermiculite. However, to the authors' best knowl-
edge, studies on wet milling, as well as adsorption studies on such
prepared materials is lacking.

The aim of this study was to examine the influence of wet milling of
vermiculite on its susceptibility to acid activation in order to increase
the sustainability of acid activation process, and to investigate ad-
sorption properties on these materials.

2. Experimental
2.1. Adsorbents preparation

South African raw vermiculite (fraction 0.5-1 mm) was kindly
supplied by ROMICO POLSKA Sp. z 0.0. Two procedures of particle size
reduction were applied prior to chemical activation: a) milling in a
grinder with steel blades to obtain fraction below 355 pum (5 g of raw
material ground for 30 s, rough ground vermiculite (AV)), b) grinding
in a planetary mill (Planetary Mono Mill Pulverisette 6, Fritsch, 27 g of
raw materials mixed with 75 mL of distilled water was ground for 6 h at
350 rpm, fine ground vermiculite AVg). Ground sample (AVg) was fil-
tered, washed with distilled water and dried at 50 °C. Acid treatment
was performed using 0.5, 1 and 2 mol L™ ! solutions of HNOs (analy-
tical grade, Chempur). Portions of 25 g of each material were trans-
ferred to round-bottom flasks containing 50 mL of pre-heated to 98 °C
acid solution and equipped with a reflux condenser, then stirred for 2 h
keeping the temperature constant. In the next step the samples were
filtered, washed with distilled water and dried at 50 °C. Acid con-
centration used in the activation was indicated in samples' names
(suffixes NO.5, N1.0, N2.0), suffix ¢550 indicates calcination at 550 °C.

2.2. Material characterization

Particle size distribution was assessed using test sieves with nominal
sieve opening varying from 45 to 355 um. The structure of the materials
was studied with X-ray powder diffractometer (Bruker, D2 Phaser)
equipped with CuKa radiation source (A = 0.154184 nm), measure-
ment range: 2-70° 26, step size: 0.02° 20, slit width: 0.6 mm, step scan
size: 0.02°, counting time: 1 s. Mossbauer spectroscopy measurements

were performed in transmission mode using RENON MsAa-3 spectro-
meter equipped with the LND Kr-filled proportional detector and
He—Ne laser based interferometer used to calibrate velocity scale. A
single line commercial *>’Co(Rh) source kept at room temperature was
applied for 14.41-keV resonant transition in >’Fe. Spectra were col-
lected for about 24 h for materials kept at room temperature and fitted
within transmission integral approximation by means of the MOSGRAF-
2009 software. The coordination and aggregation of iron present in the
samples was determined using UV-VIS-Diffuse Reflectance spectroscopy
and measured in the range of 200-900 nm with a resolution of 2 nm
600, scan speed: 120 nm min~!, band width: 2 nm using an Evolution
600 (Thermo Scientific) spectrophotometer. Infrared spectra of the
samples were recorded using Attenuated Total Reflectance technique in
the range of 525-4000 cm ™' with resolution of 2 cm ™!, number of
scans: 50 (Nicolet 6700 FT-IR, DTGS detector, Thermo Scientific).
Second derivative methods were used in the case of ATR-FTIR and
UV-Vis-DRS analyses for better detection of the peaks. The textural
parameters of calcined (550 °C, 6 h) and outgassed (350 °C overnight in
high vacuum) samples were determined by adsorption of N, at
—196 °C using a 3 Flex (Micromeritics) surface characterization ana-
lyzer. Cation exchange capacity was determined using the ammonium
acetate method (Steudel, 2008). Chemical composition of samples was
determined using X-ray fluorescence (XRF) analysis (Skayray Instru-
ment EDX 3600H - Alloy Analyser). The samples' thermal decomposi-
tion was determined as the function of weight loss that occurred during
the temperature increase. Samples were heated in the Setaram Lab-
sysTM apparatus for thermogravimetric analysis at the constant heating
rate of 10 °C min~"! in the temperature range from 20 °C to 1000 °C and
in air atmosphere (gas flow of 100 mL min~'). The SEM/EDS analysis
was performed using a High resolution (Schottky) Environmental
Scanning Electron Microscope with X-Ray Microanalysis and Electron
Backscattered Diffraction analysis: Quanta 400 FEG ESEM/EDAX Gen-
esis X4M. Samples were coated with an Au/Pd thin film by sputtering,
using the SPI Module Sputter Coater equipment.

2.3. Adsorption experiments

Adsorption experiments were conducted at room temperature,
without pH adjustment, with a magnetic stirrer (Velp, Multistirrer 15)
and a centrifuge (Sartorius, Sigma 2-16) using a cationic dye Astrazon
Red FBL 200% (AR), CI 85496-37-3, supplied by Dystar (Fig. S1,
Supplementary materials). Concentration of the dye was determined
using UV-Vis spectrophotometer (Thermo Scientific, Evolution 220) at
531 nm and the adsorption capacities were calculated using Eq. (1).

(CO - Ceq) 14
L= e))

where g, adsorption capacity (mgg~'), Co and C initial and final
concentrations (mg L™H respectively, V volume of adsorbate (mL), m
adsorbent mass (mg).

In the kinetic studies, 100 mg of each material was placed in a
different Erlenmeyer flask with a cap and mixed with 200 mL of
100 mg L™ ! dye solution. While the flasks were constantly stirred (for
2h) samples were collected at pre-determined time intervals, im-
mediately centrifuged (1 min at 4500 r.p.m.) and concentration of the
dye in the supernatant determined.

In the equilibrium studies portions of 20 mg of each material were
placed in Erlenmeyer flasks with caps and mixed with 30 mL of the dye
solution of concentrations varying from 30 mg L™ ! to 200 mg L.”*. The
flasks were stirred for 2 h, centrifuged and concentration of the dye in
the supernatant determined in all samples. A blank test was performed
in both studies.

2.4. Data analysis

Two kinetics models (i.e., pseudo 1st order (Lagergren, 1898) and
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Fig. 1. SEM micrographs of mechanically and chemically modified vermiculite.

pseudo 2nd order model (Ho and McKay, 1999)) and two equilibrium
models (i.e., Freundlich's (1906) and Langmuir's (1918) models) were
fitted to the obtained data fitted using non-linear regression. Variances
and correlation coefficients were determined and compared using F-test
(F), Akaike's Information Criterion (AIC) and Bayesian Information
Criterion (BIC) tests. Models' equations are presented in the Supple-
mentary materials.

3. Results
3.1. Characterization of materials

3.1.1. SEM

The images of the rough ground vermiculite (AV) showed layered
morphology typical for this mineral. In the fine ground material (AVg)
this structure was kept however, the surface was riddled with cracks,
cleavages, and crevices. After acid treatment the micrographs showed
irregular blocks with altered edges due to the selective dissolution. The
fine ground material after acid activation (AVg N2.0) had frayed and

corrugated edges and heterogeneous particle size distribution. Also in
this case several cracks were visible on the surface of the bigger par-
ticles Fig. 1).

3.1.2. Chemical composition and CEC

The cation exchange capacity (CEC) of the fine ground untreated
material (AVg) was significantly higher comparing to its rough ground
counterpart (AV) and this trend was kept in the acid activated samples.
The cracks and cleavages in the surface of the material formed upon
fine grinding may facilitate exchange of the NH,* cations and their
penetration between the layers. Grinding may also create specific
scrolled edges that upon saturation with NH,4* tend to unscroll ex-
posing additional adsorption sites (Raman and Mortland, 1966) thus
the CEC was higher. Acid leaching causes lowering of the layer charge
(Schoonheydt and Johnston, 2006) thus the CEC was diminished in the
materials subjected to the treatment (Table 1).

Both starting materials before acid activation had similar chemical
composition. The rough ground sample treated with 0.5 mol L™! acid
did not significantly differ from the starting material, however its fine



Table 1
Chemical composition and cation exchange capacity (CEC) of the adsorbents.

Sample CEC (cmol(+) kg~ ) Chemical composition (wWt%)
MgO ALO; Si0, Fes04

AV 92.6 24.2 11.9 53.0 10.8
AvVg 110.4 24.8 12.8 52.4 10.0
AV NO.5 89 24.7 12.9 52.1 10.3
AVg NO.5 84.1 19.4 11.3 57.7 11.6
AV N1.0 65.5 17.3 9.3 60.0 13.3
AVg N1.0 74.1 15.3 7.8 64.8 12.1
AV N2.0 28.5 5.8 1.9 85.4 6.9
AVg N2.0 56.3 4.0 1.9 87.9 6.2

ground counterpart showed decreased amount of Mg and Al and
slightly increased percentage of Fe, that was leached only with higher
acid concentrations. The changes suggest increased susceptibility of the
fine ground vermiculite to acid attack. Si is located in the tetrahedral
sheets that are more resistant to acid attack (Steudel et al., 2009;
Pentrék et al., 2012), thus it was retained in the materials, although in
the form of amorphous silica in the case where more concentrated acids
were used for the activation (Table 1).

3.1.3. Particle size distribution

Fine grinding of the raw material (AVg) caused an increase in the
percentage of the fraction between 65 and 45 um, while decreasing the
percentage of the fraction between 180 and 125 pum. The smallest
fraction of the rough ground material (AV) was more susceptible to acid
attack and it dissolved with increasing acid concentration. This fraction
could be the product of natural weathering of vermiculite obtained
after its exposition to the atmospheric conditions. It may rather consist
of fragmented delaminated clay mineral, than of a material character-
ized by unaltered layered structure. Furthermore, as a result of leaching
and fragmentation of the mineral, the percentage of the fraction be-
tween 125 and 65 um increased while the fraction between 180 and
125 ym diminished. Similar behavior was observed for activation in
1.0 mol L™ HNOs. Significant decrease in the percentage of the frac-
tions between 355 and 125 um and an increase in the percentage of the
fractions below 65 um was observed after application of 2.0 mol L ™!
acid. For the fine ground material, the activation even in low con-
centrations, caused a decrease in the percentage of the bigger fractions
and an increase in the percentage of the fraction below 45 um. With
increasing concentration the percentage of the fraction between 125
and 65 pm increased and the percentage of the fraction between 65 and
45 um decreased (Fig. 2).

3.1.4. XRD

The materials, AV and AVg, showed typical reflections of vermicu-
lite at 6.2° (d = 14.2 A, 002), 12.3° (d = 7.2 A, 004), 18.5° (d = 4.8 A,
006), 24.8° (d = 3.6 A, 008), 31.2° (d = 2.9 A, 0010), 37.5° (d = 2.4 A,
0012), 44.1° (d = 2.05 A, 0014) what is in agreement with JCPDS card
nos. 01-076-0847 and 00-016-0613 (Santos et al., 2015) (Fig. 3A and
B). Contrarily to the results obtained by Maqueda et al. (2007), upon
wet milling no loss of periodicity perpendicular to the layer plane and a
decrease in the dimension of the crystallites along the 00! direction was
observed by X-ray diffraction measurements. Such difference could be
ascribed to the presence of water during the proposed wet milling
procedure. This could have protected the material from excessive heat
released during the milling process conducted typically in dry condi-
tions, thus the structure was kept. The chemical treatment caused
broadening and a decrease in the intensity of the vermiculite reflections
(Fig. 3A, B, E and F) proportional to the concentration of acid solution
used. Fragmentation of the materials was reflected by smaller crystallite
size in the samples after acid activation (Fig. 4D). The reflection at 6.2°,
consistent with a vermiculite phase with two, partly incomplete, water
bilayers (Muiambo et al., 2010), shifted slightly towards lower angles
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Fig. 2. Particle size distribution of mechanically and chemically modified vermiculite.

after the treatment reducing the intensity of the basal reflection
(Fig. 4C), what may be attributed to different hydration states de-
pending on the number of interlayer water molecules (Ferrage et al.,
2005).

Acid treatment causes leaching of AI>*, Mg? ™ and Fe® * ions from
the octahedral sheets (Table 1). This resulted in dissolution of the sheets
and redeposition of a part of the leached components outside the layers,
and formation of amorphous silica (broad reflection at around 26°
(Maqueda et al., 2007)). Consequently, the ordered, crystalline struc-
ture of the clay mineral was gradually transformed into a so called
“house of cards” delaminated structure (Komadel and Madejova, 2006;
Steudel et al., 2009; Chmielarz et al., 2012; Pentrdk et al., 2012;
Stawinski et al., 2016). Although all materials were affected by the acid,
the effect was more intense in the fine ground samples (e.g.,
0.5mol ™! acid applied to AVg changed the material's structure in a
similar way as 1.0 mol L ™! acid applied to AV) (Fig. 3A sample AV
N1.0 and Fig. 3B sample AV g NO0.5)) due the defects in the mineral
structure formed during acid activation (Pérez-Maqueda et al., 2004)
that may render the clay mineral more prone to acid attack (Komadel
and Madejova, 2006).

3.1.5. Specific surface area
The isotherms measured for the starting materials (AV and AVg)
belong to the type II, which is characteristic for nonporous or
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macroporous materials (Thommes et al., 2015) (Fig. 4). Only very small
increase in nitrogen adsorbed volume occurred in the range of partial
pressure from 0.1 to 0.8. A sharp increase in adsorbed volume, observed
at p/po above 0.8, is caused by condensation of nitrogen in the inter-
grain spaces. The acid activation process resulted in increased volume
of adsorbed nitrogen within this pressure range. This effect could be
related to the presence of large non-uniform pores and the type of
isotherm could be classified as |Va characteristic for mesoporous ma-
terials. A very sharp increase of nitrogen adsorption at low partial

pressure together with increasing acid concentration was noticed which

suggests formation of micropores. In the starting materials the

10 15 20
Acid concentration (M)

hysteresis loop is narrow and broadens after acid leaching. The re-
corded hysteresis loops of all the samples except these treated in
2.0mol L™ acid and fine ground AVg N1.0 ¢550, were of H4 type. In

the case where higher acid concentrations and mechanical activation

were applied, the hysteresis is a combination of H2b and H3 type which

corresponded to pore network with narrow and wide sections and

possible interconnecting channels and slit-like pores, respectively

(Gregg and Sing, 1991; Thommes et al., 2015). The pores size dis-

tribution is presented in Fig. 5.

The specific surface area (Sggr) and external surface area (Sgxt) of
AV were slightly increased from 21 to 30m?g~ ', and from 12 to
18 m?g~' upon fine grinding, respectively (Fig. 5C and D). Fine
grinding did not affect the mesopores and their surface (Sygso) re-
mained on the level of 4 m? g~ !, however the surface of the micropores
(Smicro) increased from 5 to 7 m? g~ ! as well as the total pores volume
(Vrorar) that changed from 0.016 cm® g~ ! t0 0.055 cm® g 1 (Fig. 5E, F
and G). Acid activation caused an increase in all of these parameters.
The evolution of Sgxt was greatly influenced by the mechanical pre-
treatment. Although it increased upon acid activation for both mate-
rials, the increase was higher for the fine ground vermiculite and it
reached approximately two fold higher value in compared to the rough
ground mineral (i.e., 26 and 46 m® g~ ! for the rough and fine ground
after treatment in 2.0 molL™' acid). Furthermore, Sper and Sygso
reached comparable values after the treatment in 2.0 mol L' acid
regardless the fine grinding (i.e., 458 and 475m?*g~ !, and 367 and
373 m? g™, respectively for the rough and fine ground material), the
Vrorar increased to 0.321 and 0.375 cm® g ! respectively. Application
of high acid concentration resulted in a decrease in the variation be-
tween the parameters of the fine and rough ground materials, however
there was a discrepancy in the range of mild treatment conditions. The
fine ground material treated with 1.0 mol L™ 1 acid had higher Spgr and
Smeso, compared to its rough ground counterpart. On the other hand,
the latter material treated in the same conditions developed micro-
porosity faster than the fine ground sample. The rough ground material
still had a significant percentage of bigger particles, thus as the crystal



Fig. 5. Pore size distribution of starting and modified
vermiculites (A — rough ground, B - fine ground), and
textural parameters calculated for starting and modified
vermiculites: C — BET specific surface area, D — external
surface area, E and F - surface of meso- and micropores,
respectively, G — total volume of pores.
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particles were leached, some microporosity was formed as a result of
selective removal of the layer components. In the case of the fine
ground sample (AVg N1.0 ¢550), where the fine fraction prevailed, the
material was rather fragmented into small pieces upon acid attack, than
cracks and cleavages on the surface on the layers formed, giving raise to
microporosity, thus the Syso was higher and Syycro did not increase.
Moreover, since the particles were finer, the Sgxt, which is the surface
outside the pores, must be grater. This, together with the increased
Vrorar originating in augmented mesoporosity, translated into higher

SBET'

3.1.6. DTA/DTG

The first observed phenomenon in the temperature ranges up to
200 °C could be associated with the loss of physically adsorbed water
(Fig. 6). Dehydration started from desorption of the water adsorbed on
the surface, then interlayer water molecules and water molecules bound
to the interlayer cations (Foldvéri, 2011). The latter process was not
observed in the acid activated samples as their interlayer species are
mostly removed (Chmielarz et al., 2010). The removal of the moisture
proceeded at lower temperatures in the case of the acid activated ma-
terials due to their increased specific surface area (Fig. 5C) lowered
layer charge and consecutive decreased attraction forces between the
layers (Schoonheydt and Johnston, 2006). For both starting materials,
the peaks were well defined, but upon acid treatment the curve became
broad and diffuses in nature what was related to changes in the kinetics
of the decomposition process. The low temperature loop was highly
dependent on relative humidity, moisture content and type of interlayer
cation (Richards and Rowland, 1952). The endothermic loop occurring
at mid-temperatures range was associated with major loss of hydroxyls
form the octahedral layer (Richards and Rowland, 1952). Dehydrox-
ylation of amorphous silica in the samples containing acid treated
vermiculite (e.g. AVg N2.0) occurred at around 500 °C (Zhuravlev,
2000; Rives, 2006). Dehydroxylation was followed by an endothermic-
exothermic peak system at about 800-900 °C where the structure was
destructed and the exothermic peak corresponds to the crystallization
of enstatite (Foldvari, 2011) or mullite (El Mouzdahir et al., 2009;
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Smykatz-Kloss, 2012). It cannot be also excluded that the peaks at this
temperature may also correspond to expanding which was additionally
enhanced, in diluted acid concentrations (0.5, 1.0 mol L_l), by re-
moval of impurities blocking the structure of the starting materials.

3.1.7. ATR-FTIR

The ATR-FTIR spectra for the starting materials (AV, AVg) do not
significantly differ, neither any significant changes were recorded be-
tween counterpart samples upon acid activation Fig. 7. The bands in the
range between 1000 and 950 cm ™! are associated with vibrations of
the Si—O bond in the clay mineral layers (Stubican and Roy, 1961;
Madejova, 2003; Ritz et al., 2014). Bands with lower intensity resulted
from bending and deformation vibrations in the octahedral sheet (e.g.
Al—OH, AlI-Mg—OH) (Liu et al., 2011). The band at 870 cm ™! assigned

Al\B AVg N2.0
AVg N2.0
15+ AVg NO.5
2]
= AVg NO.5 AVg
<
S 10 i Avg
= AV N2.0
& AV N2.0
=< AV N1.0
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S
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51 AV NO.5
oligonuclear AV
0 ‘ ‘ ‘ ‘ ‘
200 300 400 500 200 300 400 500

Wavelength (nm)

Fig. 8. UV-Vis-DRS spectra (A) and their 2nd derivative (B) of the mechanically and
chemically modified vermiculites.

to AlIFeOH (Madejova and Komadel, 2001) and the bands at 815 cm ™!
and 765cm™! correspond to tetrahedral Al-O out-of-plane and
Al—0-Si in-plane vibrations (Madejova and Komadel, 2001), respec-
tively. The band at 795 cm™" in the acid treated material can be at-
tributed to free silica (Belver et al., 2002). The spectra of the acid ac-
tivated materials were typical for vermiculites that underwent acid
leaching (Stawinski et al., 2017b). The bands exhibited decreased in-
tensity and a series of new bands associated with amorphous silica were
present at 1200, 1180, 1045, 1020, 800 and 780 cm™! (Madejova
et al.,, 1998; Komadel and Madejova, 2006; Chmielarz et al., 2012;
Barabaszova and Valaskova, 2013; Ritz et al., 2014).

3.1.8. UV-Vis-DRS

The bands below 250 nm (around 215 nm) are characteristic for the
0O—>Fe®™ charge transfer in iron in tetrahedral (T) coordination. The
range between 250 and 300 nm corresponds to such charge transfer in
octahedral (O) coordination (Fe® * substituting for magnesium show a
band in the range 245-250 nm). The region between 300 nm and
400 nm is attributed to oligonuclear Fe Oy clusters and bands above
400 nm originate in particles of Fe,O5; (Karickhoff and Bailey, 1973;
Kumar et al., 2004; Pérez-Ramirez et al., 2004).

In both starting materials the iron was mostly located in the octa-
hedral position. Upon acid activation the peak at around 260 nm lost
intensity as the octahedral sheets were leached. After activation in
2.0 M acid the reflection at around 220 nm became stronger that the
one at 260 nm. Moreover, the peaks' intensities were diminished due to
removal of iron from the materials' structure (Fig. 8). This phenomenon
was observed in all spectra regardless grinding. The peaks of the rough
ground materials were also broader compared to their fine ground
counterparts, suggesting higher degree on randomness in the relative
orientation of the microcrystalline material. Such structure increases
the light scattering that tends to increase the absorbance. Also when
there is a charge transfer from octahedral iron (III) to oxo- ligands it
may result in an intense background in the lower energy region
(Karickhoff and Bailey, 1973). However, in the samples not subjected to
fine grinding, the peaks at higher wavelengths range, (i.e., 300, 320,
350 and 370 nm) had stronger intensity. The oligonuclear and bulk
Fe,Oy clusters, possibly located outside the layers (Chmielarz et al.,
2010, 2012) were removed more efficiently when the samples were
subjected to fine grinding before activation.

3.1.9. Mossbauer spectroscopy

The spectra (Fig. 9) exhibited strong asymmetry in the adsorption
areas and could be interpreted as superposition of four quadruple
doublets and one sextet. Two ferric doublets may be assigned to Fe® *,
and two ferrous doublets of Fe**. The presence of two doublets for
each iron form may be attributed to the Fe-for-Al substitution on trans
(M1) and cis (M2) sites in the octahedral layer (Vandenberghe and
Grave, 2006). Alternatively Taylor and Routsala (1968) ascribed the
iron with IS = ~0.5mms~! and QS = ~1 mms~ ! to Fe** in the
tetrahedral position. The second interpretation seems more plausible as
it is in accordance with the UV-Vis-DRS analysis of the materials that
indicated the presence of the tetrahedral iron (Fig. 10). Vermiculite has
high amount of iron (Table 1) and it is generally accepted that the more
iron-rich the layer, the more vacant the M1 sites (Stucki, 2006) thus, no
peak from octahedral iron in M1 position was identified, consequently
the iron with IS = 0.36 mms~ ' and QS = 0.53mm s~ ! should be
ascribed to M2 position in the octahedral sheet. The sextet present in
the spectra could be attributed to iron oxide (i.e. a-Fe,03) (Tucek et al.,
2013).

The material after fine grinding had similar iron distribution, the
small changes may be attributed to air-oxidation of Fe?>* in the mate-
rial upon fragmentation of the particles. Acid activation causes
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Appendix A. Appendix

Table A.1

Mossbauer spectral parameters for chemically and mechanically modified vermiculite.

Sample Iron valence At. (%) Isomer shift (mm s~ 1) Quadrupole splitting (mm s~ b Hyperfine magnetic field (T) Absorber line-width (mm s~ 1)
AV Fe® * tetra 21 0.47 1.07 - 0.47
Fe* * M2 60 0.36 0.53 - 0.60
Fe2* M1 12 1.07 2.71 - 0.27
Fe? * M2 5 0.98 2.24 - 0.27
Iron oxide 2 0.40 —-0.14 50.8 0.34
AVg Fe® * tetra 22 0.44 1.10 - 0.52
Fe® © M2 61 0.36 0.54 - 0.63
Fe? ™ M1 8 1.08 2.76 - 0.32
Fe? ™ M2 1.03 2.35 - 0.37
Iron oxide 0.41 —-0.13 50.8 0.22
AV N2.0 Fe * tetra 15 0.38 0.94 - 0.40
Fe* * M2 48 0.34 0.39 - 0.46
Fe2+ M1 13 1.11 2.66 - 0.26
Fe? ™ M2 16 1.10 2.06 - 0.42
Iron oxide 8 0.31 —0.06 50.6 0.57
AVg N2.0 Fe> * tetra 14 0.42 1.01 - 0.40
Fe® ™ M2 66 0.35 0.43 - 0.47
Fe2* M1 13 1.11 2.65 - 0.24
Fe? * M2 5 0.96 2.24 - 0.26
Iron oxide 2 0.32 -0.23 51.4 0.11




Table A.2

Results of Astrazon Red adsorption - kinetic and isotherm models' parameters.

Model Parameter SAMPLE
AV AV NO.5 AV N1.0 AV N2.0 AVg AVg NO.5 AVg N1.0 AVg N2.0
Kinetics pseudo-1st Qe (mgg™hH 36 £ 3 33 £ 14 52 £ 6 54 £ 6 36 £ 1 53 £ 6 73 £ 6 61 * 4
order k; (min~ 1) 0.21 += 0.05 0.14 = 0.04 0.10 = 0.03 0.15 = 0.06 0.4 = 0.1 0.13 = 0.03 0.29 = 0.09 0.34 = 0.09
s2 16.55 24.14 41.79 43.46 13.84 32.122 43.63 24.4
Rgdj 0.853 0.766 0.834 0.838 0.883 0.879 0.908 0.926
pseudo- 2nd e (mgg™ 1) 38 £ 3 36 £ 4 56 £ 6 50 £ 5 37 £ 1 58 £ 5 78 * 4 65 + 3
order k, (g (mg min) ™ 1) 0.008 + 0.003 0.006 + 0.001 0.003 = 0.001 0.004 = 0.001 0.024 + 0.006 0.003 + 0.001 0.006 + 001 0.009 * 0.001
s2 6.16 11.54 18.75 17.08 8.61 12.21 15.02 7.3
Rﬁdj 0.946 0.888 0.925 0.936 0.927 0.954 0.968 0.978
best fit F-test no difference no difference no difference no difference no difference no no Pseudo 2nd
difference difference
AIC Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd  Pseudo 2nd
BIC Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd  Pseudo 2nd
Equilibrium Langmuir qm (mgg™h) 51 £ 7 52 £ 5 94 = 8 75 = 6 55 £ 8 110 = 8 136 = 7 95 = 8
Ky (ngfl) 0.06 = 0.04 0.12 = 0.08 0.04 = 0.02 0.08 + 0.03 0.05 = 0.03 0.05 = 0.01 0.07 = 0.02 0.06 = 0.02
s2 3.11 4.28 8.46 14.39 6.48 19.98 18.29 53.6
Rgdj 0.987 0.984 0.989 0.974 0.975 0.980 0.990 0.997
Freundlich Ke ((mgg~H(@Lmg™") 13 =5 13 + 3 18 + 4 23 £ 5 12 + 5 21 * 4 20 + 4 21 * 4
1/n)
n 4 =1 6 + 2 3.2 + 0.5 4 =1 4 + 1 3.2 + 04 3.2 + 0.3 3.4 = 0.5
s2 2.37 5.43 7.81 16.28 0.78 8.05 35.87 8.55
Rzzldj 0.990 0.979 0.989 0.970 0.997 0.992 0.981 0.990
best fit F-test no difference no difference no difference no difference Freundlich no no no difference
difference difference
AIC Freundlich Langmuir Freundlich Langmuir Freundlich Freundlich Langmuir Freundlich
BIC Freundlich Langmuir inconclusive inconclusive Freundlich Freundlich Langmuir Freundlich




dissolution of the octa- and tetrahedral sheets simultaneously (Stucki,
2006) but for the rough ground acid treated material, the removal of
iron from the octahedral sheets was somewhat faster compared to the
removal from the tetrahedral sheet with relation to its fine ground
counterpart. The latter material was more homogeneous, it had smaller
particles additionally riddled with defects, that all may have con-
tributed to more homogeneous dissolution of both sheets. Thus again
proving increased susceptibility of fine ground vermiculite to acid at-
tack. Moreover, fine grinding caused removal of iron oxides what is in
accordance with the UV-Vis-DRS studies. Mdssbauer spectral para-
meters for the chosen investigated materials are presented in Table A.1
in the Appendix.

3.2. Adsorption experiments

Fine grinding of the material shortened the time required to reach
the equilibrium from approximately 60 to 30 min and increased the
adsorption rates from 0.008 + 0.003 to 0.024 *+ 0.006 g (mg min) !
for the rough ground (AV) and fine ground (AVg) materials, respec-
tively (Fig. 10A and B). The rates generally decreased upon acid acti-
vation and were the lowest for the samples having the highest ad-
sorption capacity (i.e. AV N1.0 and AVg NO0.5). Adsorption of the dye
followed pseudo 2nd order model in all materials.

Fine grinding of the material, without applying acid treatment, did
not affect the material's adsorption capacity, however the capacity
changed when the clay mineral was subjected to acid. Whereas appli-
cation of 0.5molL~! HNO; to AV did not change its adsorption ca-
pacity, the same treatment of AVg caused an increase from 55 + 8 to
110 = 8mgg~'. The optimal treatment conditions for both samples
were in 1.0 M HNOj; but the adsorption capacity for AVg increased
more (i.e., from 55 * 8 to 136 * 7mg g’l) than for AV (i.e.,
51 = 7 to 94 + 8mgg!). Concentrations higher than 1.0 M re-
sulted in deterioration in the adsorption capacities in both cases
(Fig. 10C and D).

Adsorption on the staring materials followed the Freundlich's
model. When the rough ground sample was treated with 0.5 mol L.~*
acid, the mechanism changed to the Langmuir's model, when it was
treated in 1.0 mol L™, the Freundlich's model was a better fit, and
when it was treated with 2.0 mol L™ " acid the adsorption follow the
Langmuir's model. Opposite situation was true for the materials sub-
jected to fine grinding before the activation. In that case the best fits
were Freundlich's, Langmuir's and Freundlich's models, respectively, for
the vermiculite treated with 0.5, 1.0 and 2.0 mol L ™! HNO;. Full list of
models' parameters is shown in Table A.2 in the Appendix.

The reduction of the time necessary to reach the equilibrium, thus
the higher adsorption rate, may be due to smaller particles of the ma-
terial and its cracked surface facilitating migration of the adsorbate in
between the layers as this may occur, not only at the edges of the
particles, but also through these cracks. The effect of the layered
structure and diffusion between the layers was not that significant in
the acid activated materials where the structure was distorted, and the
adsorption rate was similar (within the same order of magnitude). The
maximum adsorption capacities were higher compared to the starting
materials due to formation of new adsorption centra, increase in the
specific surface area and reduction of the layer charge, what facilitated
the migration of the dye molecules into the interlayer space.

The changes of behavior indicated by different models fitting better
the experimental data, may be due various modifications that the sur-
face of the material underwent in each treatment step. The surface
became cracked and riddled with cleavages, the edges of the particles
change from rounded to ragged, the material became less crystalline

and amorphous silica phase was created, moreover the surface chem-
istry of the particles changed due to its dissolution and leaching of its
components as specific surface area, external surface area and micro-
porosity increased. All these changes, depending on their extent, may
have rendered the surface more or less heterogeneous, thus the
Langmuir's or Freundlich's model fitted the data better, respectively.
Notwithstanding, it is interesting that, except for the starting materials,
whenever fine grinding was applied the adsorbent's behavior changed.
However, it should be remarked that adjusted R? coefficients were very
high and comparison of best fit has shown in several samples no pre-
ference towards one specific model. It cannot be excluded that both
kinds of adsorption (homogeneous vs. heterogeneous, monolayer vs.
multilayer) play role in observed process. Nonetheless, most of the
time, adsorption is controlled by various factors, thus the adsorption
isotherm equations, as well as rate laws should be rather considered as
helpful means to compare given materials and to predict adsorption
capacity to design adsorption units, than tools to unambiguously de-
termine actual phenomena taking place (Hameed and El-Khaiary, 2008;
Sposito, 2008).

4. Conclusions

Fine wet grinding of vermiculite resulted in fragmentation of the
material's particles. The surface of the layers become cracked and rid-
dled with cleavages, their edges changes from rounded to ragged. The
grinding, however, did not significantly alter the crystallinity, chemical
composition and specific surface area of the material due to presence of
water protecting material against excessive temperature increase, but
some species of hydroxides were removed and cation exchange capacity
(CEC) increased in the process. The fine ground material was more
susceptible to acid leaching that caused dissolution of the layers and
removal of their components, leaving materials with significantly de-
creased crystallinity and comprised mainly of amorphous silica when
higher concentrations were applied. This was followed by a decrease in
the CEC, an increase in the specific surface and external surface areas,
and the total volume of pores as a result of development of meso- and
microporosity. Micropores were developed faster and in lower acid
concentrations in the rough ground sample, while the external surface
area and total pores volume increased faster in the fine ground samples.

The changes in the materials reflected in their adsorption capacities.
By applying fine mechanical fragmentation it was possible to obtain
materials with similar adsorption capacities using an acid solution
much lower than the original concentration. Moreover, while keeping
the original concentration and subjecting the material to fine grinding,
the final product reached even higher adsorption capacities. Thus, the
environmental impact of acid activation of vermiculite can be dimin-
ished by application of lower acid concentration while obtaining of an
adsorbent with better performance.
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