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Abstract: The acid activation of bentonite from Middle Anatolia, consisting of mostly
montmorillonite, with a hot solution of H2SO4 with different concentrations was carried out. SEM
images, nitrogen sorption isotherms and FTIR spectra were used to examine the structural changes
of the bentonite with acid activation. Acid-base titration method was applied to determine the
surface acidities. The characterization results indicated that the acid activation caused considerable
increases in the surface area and pore volumes by changing both the morphology and surface
properties. The increase of the acid strength resulted in enhancement both in the surface area and
acid sites up to 2 M concentration. For both Lewis and Brgnsted acidities, significant increases
occurred in addition to H-bonding to the structure.

Keywords: Bentonite, acid activation, leaching, textural properties, surface acidity.
Submitted: August 31, 2017. Accepted: April 24, 2018.

Cite this: Balcl S. Structural Property Improvements of Bentonite with Sulfuric Acid Activation.
JOTCSB. 2018;1(2):201-12.

*Corresponding author. E-mail: sunabalci@gazi.edu.tr.

201


mailto:sunabalci@gazi.edu.tr
http://dergipark.gov.tr/jotcsb
http://www.turchemsoc.org

Balcl S. JOTCSA. 2018; 1(2); 201-212. RESEARCH ARTICLE
INTRODUCTION

Studies related to improving the surface properties of natural porous materials are always hot topics
in terms of their economic viability. Clay minerals are used extensively as adsorbents and catalyst
supports and their adsorption characteristics strongly depend on textural, structural, and
morphological characteristics, in addition to their chemical composition and impurities. Smectites
are characterized by a 2:1 layer structure in which two silica tetrahedral sheets form on either side
of an aluminum octahedral sheet through sharing of apical oxygens and are one of the largest and
most important classes of the phyllosilicate clay-mineral group (1-3). Bentonite is considered to be
an impure clay that consists mainly of the smectite montmorillonite in terms of its mineralogy.
Although their high cation exchange capacity and expanding layer properties, the absence of lasting
high porosity and surface area are the main disadvantages of the smectite clays during the
application. The modifications, which are performed before use, cause improvements in the
structural and textural characteristics hence increase their application efficiency (1, 3-7). During
such treatments, porosity, surface area, and number of active sites within the crystal matrix
increase. Activation with a strong inorganic acid (partially preferred ones HCl and H2S04), is the
most commonly used pre-treatment technique (8-20). Although the properties of the end product
depends on the characteristics of bentonite and its montmorillonite content, the activated material
possess a high activation capacity and is suitable as adsorbent with an application of heavy metal
removal (21) as a bleaching earth which has an application in food industry such as oil purification,
decolorization of juice, etc. (10, 12, 22). Nowadays the studies searching the positive effects of acid

activation on catalytic properties has gone up especially for organic synthesis (23-26).

Acid treatment of clays causes the replacement of the exchangeable cations with H* ions resulting
increases in surface acidity and leaching of Al and other cations out of both octahedral and
tetrahedral sheets to some degree resulting significant deterioration of SiO4 groups (19). The most
important physical changes in activated smectites by the removal of desired portion of the
octahedral cations is the development of the new pores and the increase of the porosity leading to
a considerable rise in the surface with the increased surface acidity. In addition to the increased
bleaching capacity, the increase of filtration capacity, which depends on the quantity of larger size
pores is also important in their applications. The good estimate by patents is the presence of around
15-20% macropores within the end product (27-30). Literature studies have shown that acid
activation with hot mineral acid causes considerable increases in the adsorptive and catalytic power
of the mineral under intermediate activation conditions. However, collapsing of the clay framework
under severe activation conditions could be a problem. In the present study, changes in the surface

properties of the bentonite from Turkey by acid activation using dilute sulfuric acid were studied by
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scanning electron microscopy (SEM) images, nitrogen adsorption isotherms, acid-base titration, and

Fourier transform infrared (FTIR) spectroscopy.

MATERIALS AND METHODS

In this study, the natural bentonite from the Hancili region (Central Anatolia, Turkey), which is
called Hancili White Bentonite (HWB), whose physicochemical and mineralogical characteristics were
previously reported (31), was used. The mineralogical analysis showed that the bentonite was in
type of montmorillonite (> 85%). The acid modification of the bentonite having particles of less
than 200 mesh was performed using various concentrations of H2SO4 ranging from 1.0 to 3.0 M for
4 hours at boiling point under reflux recycle to prevent loss of solution keeping the solid to solution
ratio as 0.1 g clay cm™3 under continuous stirring. Activated samples were separated by vacuum
filtration, then washed several times by demineralized water until reaching near neutral filtrate

water and no sulfate ions. The filtrate was dried at £105°C for 3 h and subsequently ground.

The alteration in Al/Si ratio with acid treatment was investigated from the measurements of
chemical composition by semi-quantitative EDS (Philips XL-30S FEG energy dispersive X-ray
spectrometer) analysis, in a depth between 500 nm and 1000 nm. SEM photograph of the samples
were taken by JEOL JSM-840A scanning electron microscope. The nitrogen sorption isotherms were
obtained on a Quanthrocrome Autosorb 1C at 77 K. Prior to measurements, the oven dried samples
for 12 h were degassed at 300 °C under high vacuum (10 bar) for 3 hours and then the
adsorption/desorption isotherms were taken. BET surface area (Seer) values were determined within
P/Po values of 0.05 — 0.30. The micro pore (Vu), and micro+meso pore volume (Vyu+m) and total pore
volume values were estimated from desorption data at P/P. values of ~0.02, 0.96, and 0.99,
respectively. The pore volume percentages were calculated over total pore volume. The variations
of the surface functional groups were investigated by recording the FTIR spectra of the ~1 gram of
samples with 100 grams of KBr pressed on disks which were taken on an ATI UNICAM MATTSON
100 in the range of 400 - 4000 cm~!. Surface acidities in terms of N eqv NaOH per 100 g of solid

were determined by acid-base titration method by use of 1 M NaOH solution (32).

RESULTS AND DISCUSSION

The physicochemical properties estimated from several characterization techniques are summarized
in Table 1. The starting bentonite had an Al/Si ratio of 0.25 and by acid activation mainly in
octahedral layer composition has changed to decreases in that ratio. This leaching might result from
the formation of new pores within the clay sheets, although some leaching of silicon from tetrahedral

sheets caused the distortion and opening of the clay layers creating increases in the mesopores.
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Table 1: Physicochemical properties of raw bentonite and the acid activated ones.

Sample as-

activated with 1 M activated with 2 M activated with3 M

Property mined H>SO04 H>SO04 H>SO04
Al/Si 0.25 0.20 0.19 0.17
BET surface area, Sger

52.77 129.22 131.15 130.03
(m2.g1)
Micro pore volume, V,

0.0139 0.0232 0.0340 0.0325
(cm3.gt)
Micro+meso pore volume,

0.1055 0.1758 0.2210 0.270
Vum (cm3.g71)
% micro pore volume 6.53 7.34 10.52 7.99
% meso pore volume 51.64 51.54 57.81 58.39
Surface acidity, Neqv/100 g 46 144 160 244

SEM micrographs of the crude bentonite and acid-activated samples are seen in Figure 1. The raw

mineral exhibited a typical layered structure with a smooth surface and it was seen that the leafy

appearance was altered by acid treatment resulting in tightly packed structure. The morphological

deterioration became dominant with an increase of acid strength as the result of metal leaching

both from the octahedral and tetrahedral sheets. This leaching firstly led to a formation of new

pores. With the further increase of acid concentration the fracture of the particles and pore walls

began crumbling, causing a decrease in particle size. This collapse of the pore wall could give a lead

to the formation of bigger size pores by the formation of probably amorphous Si-rich material.
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Figure 1: SEM images of HWB and acid activated samples.

The pore formation hypothesis by acid activation was also supported by the nitrogen sorption results
(Figure 2 and Table 1). Crude bentonite reflected type II isotherm according to IUPAC classification

with a very low gas adsorption value corresponding to micropore region (P/P, < 0.02). While the
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characteristic of the adsorption isotherm remained the same after acid activation, all activated
samples showed H3 type hysteresis loop representive of the formation aggregates of plate particles
or by porous solids, including cracks. As stated in the literature (17, 33) and supported by the
chemical analysis (Table 1), at low acid concentration, the occurred octahedral alumina leaching
increased the microporosity leading to the formation of pores in the octahedral sheet. As a result,
a rise took place around 2.5 times in BET surface area value while the value of microporosity was
doubled. The maximum BET surface area was achieved by activation with 2 M H2S04, and micro
pore volume attained to 0.0340 cm3.gl. While these values remained nearly the same, a rise in
mesopore volume took place from the partial silica decomposition with further concentration
increase. The leaching from the tetrahedral sheet might result the formation of amorphous (free)
silica with increased acid concentration, this could lead to a decrease of micro porosity and/or
smooth channel constructions. The formation of macropores by acid strength was clearly seen in
the isotherm. In this way the strength of pore wall weakens, the occurred pore wall breakage
resulted increases in macroporosity by the formation of bigger size pores. The pore size distribution
given in Figure 3 confirmed the apparent increase in micropore region with an average dimension
of ~2 nm. By the increase of acid concentration while micropores were exhibited a little lower size,

the formation of mesopores in large quantities without uniform distribution was also observed.
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Figure 2. Nitrogen adsorption/desorption isotherms of HW and acid activated samples.
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Figure 3. Pore-size distribution of HW and acid activated samples.

Removing impurities and dissolution of some oxides leaching as metal ions (mainly Al.03, and
octahedral metal ions such Al**, Fe3*, Fe?*, and Mg?*) were the source of the increase of surface
area and left unsaturated valance bonds due to the removal of hydroxyl ions from the clay lattice.
During the acid treatment, the replacement of exchangeable cations (Ca?* and Na*) with H* ions
was the source of acidity increase (21). As expected, by metal leaching the formation of charged
surfaces tripled the value of the surface acidity as measured by acid-base titration method (Table
1). While activation with 2 M H2S04 yielded a small increase, the rise-up of acid concentration to 3

M resulted over five-fold increase of surface acidity of crude bentonite.

We tried different surface groups to explain the phenomenon with FTIR spectra (Figure 4A). A series
of vibration bands that are characteristic of smectite mineral were observed; the bands between
1200 and 400 cm™! wavenumbers as characteristics of silicate, corresponding to Si-O bonds in the
tetrahedral sheet and the ones in the region of 1100-450 cm™ region characteristics of octahedral
sheets were present in FTIR spectrum of as-mined bentonite. The 3000-3600 cm™ region
represented the OH and water vibrations. The changes in FTIR bands by acid treatment were found
in agreement with the literature (19, 21, 33-34).
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Figure 4: FTIR spectra of HWB and acid activated samples.

Bands at 1050 and 532 cm!, corresponding to Si-O-Si stretching and Si-O deformation respectively,
showed that the tetrahedral sheet of the clay was relatively stable and seemed that they were
affected only at higher concentration. Although the wide band centered at 1050 cm!, which was
really composed of three separate ones with shoulders at 1079 and 1025 and 980 cm™!, were not
affected much at low acid concentration, the structure became very sensitive to attacks of acid at
higher concentrations and the variation in these bands become dominant by the increase of acid
concentration. It is known that the formation of the amorphous silica with the increased acid
concentration is inevitable. So the formation of free amorphous silica phase, and its quantity
increase with a rise of acid concentration was evidenced by the prominence of the shoulders
occurred at around 1242 and 1095 cm™ and the increase of the intensity peak was seen at around
800 cm™. The other band (470 cm™) was less sensitive than those. Dissolution of the octahedral
sheets by acid activation was supported with FTIR spectra. The attack of acid to the octahedral
metals caused decreases in the intensities of the peaks at 920, and 846 ascribed to Al-Al-OH, and
Al-Mg-OH, respectively. The final one was almost diminished with severe (3 M) acid treatment. The
gradual intensity decreases with acid strength at 627 cm™ was caused by attacks of acid to either
Al-OH or Si-0 bending or Al-0 stretching vibrations. The intensity of the band at 467 cm assigned
to Si-O bending vibrations or Si-O-Al and Si-O-Mg coupled by OH vibrations stayed nearly as in
the form of the crude bentonite. Vibrations ascribed to either AlI-O-Si or Mg-0-Si and Al-Mg-OH
at 850 cm decreased with increasing intensity. The dissolution of tetrahedral Si forming amorphous
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silica resulted in increases in the peak intensity occurred at 620 cm! which was also indicative of
free silica formation. The bands appeared at 790 and 470 cm™! were also the characteristics of free
silica and their intensities become dominant with the acid activation in parallel with the acid

strength.

Si-0O bending and Al-0 stretching vibrations occurred at 535-580 cm~! which were decreased by
acid activation. The band at 448 cm™ corresponds to Si-O bonding vibrational bonds in the
smectites. The intensity of the band at 460 cm™! corresponds to Si-O bonding vibrational bonds in
the smectites (Si-O-Al and Si-0O-Mg coupled by OH vibrations or Si-O bending vibrations) was
almost unchanged with increasing concentration of acid, although the shoulder caused by Al-O-Si
vibration that appeared at 524 cm! decreased at higher acid concentrations. A small increase in
the intensity of water bending vibration caused by surface hydroxyl groups reflected a small band

at 1638 cm~! and its intensity showed a weak rise with acid strength.

The stretching frequencies of the sharp peak at 3628 cm~! and the broad band at 3450 cm~! were
attributed to the structural hydroxyl groups in the clay mineral layer and water molecules in the
interlayer spaces. Although their locations were preserved, intensities of them showed great
variation with the acid attack and acid concentration. AIAIOH coupled by AIMgOH stretching
vibrations at 3628 cm™! decreases with increasing acid concentration. Evident increases occurred at
the intensities of the former peak due to H bonding to OH, while the latter became more diffuse
with the absorbed water. The band at 3425 cm™ resulted from water adsorbed on free silica and
shoulder at 3200 cm ! assigned to the interlayer water became more diffuse with the increase of

acid strength (Figure 3B).

The band at 1444 cm™ ascribed to the Lewis acid sites, the one at 1487 cm™ due to the contribution
of Bregnsted+Lewis acid site and two others at 1542 and 1633 cm™! belonging to Brgnsted acid sites
were vaguely in raw bentonite (Figure 4C) (35). All peaks representative of acid cites become more

diffuse with increasing severity of treatment.
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CONCLUSIONS

The characterization results showed that the activation of bentonite with sulfuric acid leads to a
significant improvement in structural and textural characteristics. The SEM photographs have shown
that increases in acid concentration cause decreases in the particle sizes while it causes increases
in pore dimensions and formation of new pores which were supported by nitrogen adsorption
isotherms. Further increase of acid concentration (3 M) caused the pore wall deformation and led
to the formation of bigger size pores, further increases resulted no noticeable change in the value.
Considerable increases occurred both in surface acidity and surface area values until reaching 2 M
acid concentration. By the metal leaching the formation of charges surfaces doubled the value of
the surface acidity as measured by acid-base titration method. The FTIR spectra showed that
octahedral sheets were attracted more than the tetrahedral sheets and severe acid treatment
caused an increase in the OH deformation from the sheets and the formation of free silica was also
observed. The increased silica/alumina ratio with partial delumination led to an increase in the
number of weakly acidic Si-OH groups and subsequently to an increase in both Lewis and Brgnsted
acidities. Acid activation and structural properties close to those stated in the patents have been

obtained by acid activation of Hancili White Bentonite.
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