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Abstract
This paper aims to characterize a natural sediment from Bahía Blanca estuary (Argentina) as a new clay source and deter-
mine the catalytic capacity after its structural modification by an acid activation process. The acid treatment was performed 
by employing  H2SO4 at different concentrations at 353 K and 60 min. The raw material and acid-activated samples were 
characterized by XRD, XRF, FTIR,  N2 physisorption, TGA, SEM, EDX, potentiometric titration and pyridine adsorption 
monitored by FTIR. Moreover, the catalytic activity on lauric acid esterification with methanol was evaluated as a test reac-
tion. From the structural characterization, it was determined that the material studied contains mainly Ca-montmorillonite, 
illite, albite and quartz. Likewise, the results obtained showed that the acid-treatment impacts the material characteristics, 
predominantly surface acidity and textural properties. Particularly, it was evidenced that the samples treated under medium 
acid activation conditions lead to an increase in acid site number and strength and specific surface area and consequently 
improve the catalytic activity. The results obtained evidenced that this low cost and widely available raw material presents 
an interesting mineralogical composition with a high clay mineral content. Additionally, the catalytic performance showed 
a good conversion in the test reaction regarding other heterogeneous catalysts. Hence, considering these results, this natural 
sediment merits further research on its purification and application.

Keywords Natural sediment · Clay-minerals · Minerals · Acid treatment · Catalyst · Esterification reaction

Introduction

In recent years, heterogeneous catalysts based on green 
materials have received special attention because they offer 
many advantages. For instance, they are not corrosive, 

present fewer problems regarding final disposal, and can 
be easily separated from the products. Thereby, alternative 
solid catalysts have been widely proposed as a more viable 
industrial process than conventional homogeneous catalysts, 
having economic and environmental advantages (Su 2013; 
Castro et al. 2014; Long et al. 2014).

In this regard, natural aluminosilicate materials have 
emerged as interesting alternative green catalysts or catalyst 
supports because of their favorable properties, for exam-
ple, varied chemical composition, low cost, wide availabil-
ity and ease to be modified, thus allowing their application 
in a variety of chemical reactions (McKillop and Young 
1979; Schaper 1981; Sieskind and Albrecht 1985; Hart and 
Brown 2004). Although clay minerals evidence a limited 
catalytic activity in their natural state, they can be improved 
through easy and inexpensive acid treatments. These pro-
cesses can modify the crystal structure of aluminosilicate 
minerals and clay minerals through both ion exchange/dis-
solution processes and a structural rearrangement. Thus, 
textural characteristics, as well as the Lewis and Brönsted 
acid site concentration, are improved, which in turn depend 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4315 3-020-00066 -2) contains 
supplementary material, which is available to authorized users.

 * Diego E. Boldrini 
 dboldrini@plapiqui.edu.ar

1 Departamento de Química, Instituto de Química del Sur 
(INQUISUR), Universidad Nacional del Sur (UNS)- 
CONICET, CP 8000 Bahía Blanca, Argentina

2 Departamento de Biología, Bioquímica y Farmacia, 
Instituto de Investigaciones Biológicas y Biomédicas 
del Sur (INBIOSUR), Universidad Nacional del Sur 
(UNS)- CONICET, CP 8000 Bahía Blanca, Argentina

3 Departamento de Ingeniería Química, Planta Piloto de 
Ingeniería Química (PLAPIQUI), Universidad Nacional del 
Sur (UNS)-CONICET, CP 8000 Bahía Blanca, Argentina

Author's personal copy

http://orcid.org/0000-0003-2221-802X
http://crossmark.crossref.org/dialog/?doi=10.1007/s43153-020-00066-2&domain=pdf
https://doi.org/10.1007/s43153-020-00066-2


680 Brazilian Journal of Chemical Engineering (2020) 37:679–690

1 3

on material type and acid treatment conditions (Rhodes and 
Brown 1994; Hart and Brown 2004; Lenarda et al. 2007; 
Zatta et al. 2012). Nevertheless, acid attack under strong 
conditions progressively destroys the structure, resulting in 
silicon oxide formation (Jozefaciuk and Bowanko 2002).

The present work aims to characterize low-cost and 
largely available sediment from Bahía Blanca estuary 
(Argentina), determine its catalytic potential after an ade-
quate activation process and correlate the catalytic activity 
with the textural properties and surface acidity of the sam-
ples, taking into account the studies aforementioned.

Materials and methods

Reagents

Natural sediment from Bahía Blanca estuary (Argentina) 
was used as raw material. The acid treatments and esterifica-
tion reactions were performed employing reagent-grade sul-
furic acid (ANEDRA 98%), methanol (DORWIL 99, 85%) 
and lauric acid (SIGMA-ALDRICH 98%). All chemicals 
were used without further purification.

Acid treatment

Prior to the activation process, the organic matter was 
removed from the starting natural sediment (S0) with hydro-
gen peroxide at 130 volumes, initially cold and then hot 
(333 K) until bubbling had ceased (Angeletti et al. 2018). 
Then, the solid was washed with distilled water and treated 
in vacuum at 353 K for 24 h to remove the adsorbed water. 
Subsequently, the acid treatments were performed by mixing 
the natural sediment with  H2SO4 solution at different con-
centrations in a 1:6 mass ratio at 353 K and 60 min, under 
magnetic stirring. The activation procedure was carried out 
employing acid solutions 1(S1), 2(S2), 3(S3) and 4(S4) 
mol/L. Finally, the resulting samples were recovered by fil-
tration, washed with deionized water until pH 7 and dried 
at 353 K for 24 h. Because the separation of clay fractions 
(< 2 μm) is too laborious and expensive a process for indus-
trial-scale applications, no sieving methodologies were used 
in this work as Steudel et al. (2009b) previously proposed.

Characterization techniques

The chemical composition of the raw material was deter-
mined by X-ray fluorescence spectrometry (XRF) using 
a PANalytical Magi’X spectrometer equipped with a 
rhodium anode. Measurements were performed under a 
helium atmosphere using FLi 200, Fli220, Ge, PX1, PX4 
and PE crystals with flow counter and scintillation detec-
tors. The concentration values of detected elements are 

expressed as their respective oxides, which were calcu-
lated semiquantitatively using the IQ + standardless soft-
ware from PANalytical.

Identification and quantification of the crystalline 
phases in the raw sample were performed by X-ray dif-
fraction (XRD-Rietveld method) using a Philips 3020 dif-
fractometer with Cu Kα radiation and Ni filter operating at 
35 kV and 40 mA. The diffraction patterns were collected 
with a scanning range between 3° and 70° 2θ, with 0.04° 
2θ step size and 2 s  step−1 exposure time. The openings 
of the divergence, reception and dispersion slots were 1, 
0.2 and 1º respectively and no monochromator was used. 
Mineral phases identification was carried out using the 
X’Pert High Score software.

Additionally, the structural characterization of the 
starting natural sediment and acid-activated samples 
were determined by X-ray diffraction (XRD) using a 
Rigaku D-Max III-C diffractometer with Cu Kα radiation 
(λ = 1.5406 Å), operating at 35 kV and 15 mA. The diffrac-
tion patterns were collected with a scanning range between 
3 and 60° 2θ, with 0.035° 2θ step size.

Functional groups present in the studied samples were 
determined by Fourier transform infrared (FTIR) spectros-
copy using a Thermo Scientific Nicolet 6700 spectrometer 
operating in the 4000–400 cm−1 range. Spectra were gen-
erated by 64 scans at a resolution of 4 cm−1 using a DTGS/
KBr detector at room temperature.

Thermogravimetric analysis (TGA) was carried out on 
a Discovery TGA (TA Instruments) analyzer, employing 
a 10 K min−1 heating rate from 298 to 1173 K under  N2 
flow of 25 mL min−1 and the data were analyzed with the 
Trios software.

Specific surface area and pore size distribution measure-
ments were obtained from nitrogen adsorption–desorption 
isotherms at 77 K using a Quantachrome Instruments auto-
sorb iQ equipment operating between 76–756.2 mmHg. 
Before measurement, all samples were degassed at 393 K 
for 24 h. The specific surface area was determined by the 
Brunauer, Emmet and Teller (BET) method. On the other 
hand, total pore volume was obtained from the desorption 
branch at P/P0 = 0.98 assuming complete pore saturation. 
Pore size distribution was calculated according to the Bar-
ret, Joyner and Halenda model (BJH). All textural analyses 
were processed using the ASiQwin software.

A Carl Zeiss EVO MA10 scanning electron microscope 
(SEM) operating at 20 kV equipped with an Oxford x-act 
detector (EDX) was used to characterize the samples based 
on their morphologies (2000 ×) and major element com-
positions. Energy dispersive X-ray spectroscopy (EDX) 
analysis provides information on elements having con-
centrations at roughly the one-tenth of a percent level or 
greater. Spectral interpretation was performed using the 
AztecOne software.
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The SEM images at 10,000 ×, 25,000 ×, 50,000 × and 
100,000 × magnification were obtained using a Carl Zeiss 
EVO 40 XVP scanning electron microscope operating at 
10 kV.

The total acidity of the samples and their corresponding 
maximum strength were obtained by potentiometric titration 
using a KEM AT-500 N equipment according to the proce-
dure reported by Cid and Pecchi (1985).

Likewise, all samples were characterized through pyri-
dine adsorption monitored by FTIR spectroscopy using the 
same equipment and above mentioned conditions. The sam-
ples were dried by heating under  N2 flow (10  cm3 min−1) at 
373 K for 60 min and 773 K for 120 min, cooled to 393 K, 
and saturated with pyridine for 60 min. Then, the samples 
were flushed with  N2 for 90 min to remove weakly adsorbed 
pyridine species. Following pyridine adsorption, samples 
were purged at different temperature, namely 393, 473, 573 
and 673 K, to establish the acid strength.

Catalytic testing

To evaluate the catalytic potential of activated natural sedi-
ment, the esterification of lauric acid with methanol was 
performed as a test reaction. The experiment was carried out 
on a 10 mL batch reactor equipped with temperature control 
and magnetic agitation. Thereby, the esterification reactions 
were studied at 393 K, agitation rate of 500 rpm, and reac-
tion time of 2 h. A 30:1 lauric acid to methanol molar ratio 
and 20% wt of catalyst loading were fed into the reactor 
and then the system was heated until reaction temperature 
was reached. Lauric acid conversion to methyl esters was 

calculated via acid titration according to the AOCS Ca-5a-
40 method (1998).

Results

X‑ray fluorescence

Table 1 shows the chemical composition of the raw material 
determined by XRF, expressed as the respective oxides of 
the detected elements.

X‑ray diffraction

The mineralogical content of the raw material determined 
by XRD using a Rietveld procedure indicated the presence 
of 40% clay minerals (Ca-montmorillonite/illite) and other 
minerals such as albite (35%), quartz (16%), K-feldespar 
(5%), halite (3%) and calcite (1%). The XRD diffractograms 
corresponding to the raw material (S0) and acid-activated 
samples (S1, S2, S3 and S4) are shown in Fig. 2.

Figure 1 shows that, upon increasing the acid concentra-
tion in the activation process, the characteristic signals near 
20 and 35° 2θ associated with Ca-montmorillonite and illite 
decrease slightly, indicating a loss in crystallinity. Never-
theless, it can be distinguished that clay minerals retained 
part of their structure even under hard acid activation condi-
tions. Dissolution of illite particles required longer reaction 
times compared to swellable clays, so it is expected that 
montmorillonite loses their crystallinity faster than illite 
(Steudel et al. 2009a). The structure of clay minerals such as 

Table 1  Chemical Analysis (% 
by weight) of the raw material 
(Sample S0)

*Elements with a composition less than 0.5 wt%

SiO2 Al2O3 Fe3O3 CaO MgO K2O Na2O TiO2 Others*

63.5 14.5 8.5 4.3 3.9 2.4 1.1 0.9 0.9

Fig. 1  XRD diffractograms of 
the raw material and acid-acti-
vated samples. Ref.: illite (filled 
circle), Ca-montmorrillonite 
(opened circle), albite (filled 
triangle), quartz (filled square), 
K-feldespar (opened square), 
halite (opened triangle), calcite 
(opened diamond)
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montmorillonite and illite are constituted of two tetrahedral 
silicon layers surrounding a central octahedral aluminum 
layer (Type 2:1). Normally, the  Al3+ ions in the octahedral 
layer are substituted by other cations (e.g.  Mg2+,  Fe3+), 
while the  Si4+ ions in the tetrahedral layer are replaced by 
 Al3+ cations. Thereby, negative charges are generated in 
the silicate layers, which are neutralized by the hydrated 
cations present between sheets. Consequently, these clays 
have three types of cations: exchangeable extra-lattice (e.g. 
 Na+,  K+ and  Ca2+), octahedral  (A13+,  Mg2+, and  Fe3+) and 
tetrahedral  (Si+4 and  A13+) cations (Kumar et al. 1995; Steu-
del et al. 2009a). In 2:1 clay minerals, tetrahedral cations 
are generally the most resistant to acid attack, followed by 
octahedral and interlayer cations, respectively (Temuujin 
et al. 2004). Thereby, by subjecting this type of materials to 
treatment with inorganic acid solutions, a successive series 
of processes are carried out which depend on the type of 
material and the treatment intensity, such as replacement of 
exchangeable cations by protons in the interlamellar space 
and leaching of cations from octahedral sites jointly by par-
tial or total structure destruction (Steudel et al. 2009a, b). 
Figure 2 shows the steps involved during the acid activation 
process.

The main signals associated with quartz (near 21° and 27° 
2θ), albite (22° and 28º 2θ) and K-feldspar (27.8º 2θ) are less 
affected since their dissolution is much slower (Temuujin 
et al. 2004; Tyagi et al. 2006; Steudel et al. 2009b). Con-
cerning albite, the second major compound after the clay 
minerals (montmorillonite and illite), this consists of a three-
dimensional network of  SiO4 tetrahedra. Some of the  Si4+ 
ions in the tetrahedral sites are replaced by  Al3+ ions. To 
maintain electrical neutrality,  Na2+ cations occupy the voids 
in the network structure. Activation with acid solutions leads 
to a surface dissolution process involving the leaching of 
 Ca+2 and  Al+3, thus enriching the surface with Si (Seyama 
et al. 2002).

Although calcite and halite are easy to solubilize in 
an acidic environment, it is observed that the signals 

corresponding to these phases are still present under the 
conditions used in this work (Temuujin et al. 2004; Car-
retero and Pozo, 2009).

Scanning electron microscopy‑Energy dispersive 
X‑ray spectroscopy

EDX spectra of the raw material and acid-activated samples 
are shown in the supplementary material (Figure A1). The 
main elements present in the analyzed samples were: Si, Al, 
Fe, Mg, Na, Ca and K.

Table 2 shows the chemical composition of the raw mate-
rial and the acid-activated samples as determined by EDX, 
as well as their Si/Al ratio.

Table 2 shows that, at relatively low  H2SO4 concentra-
tions (up to 3 M), the amount of all interchangeable cati-
ons in the clays  (Na+,  K+ and  Ca2+) decreases as expected, 
remaining approximately constant in the subsequent treat-
ments, while the  SiO2 concentration increases, just like Si/Al 
ratio. This behavior is associated with the exchange of these 
cations by protons in the interlamellar space. Besides, the Na 
content drops because it leached from the albite surface too.

Thereby, the concentrations of aluminum, magnesium 
and iron associated with octahedral sites gradually decrease 

Fig. 2  Steps of the acid activation process [ Adapted from Gupta et al. (2013)]. a Original 2:1 clay mineral, b interlamellar cations are replaced 
by hydrated protons, c octahedral metals are leached from the structure, d hydrated silica is formed by the clay structure collapse

Table 2  EDX composition (% by weight) of the studied samples

Element S0 S1 S2 S3 S4

Si 48.9 53.2 66.1 75.1 76.2
Al 17.0 16.8 16.0 12.1 11.8
Fe 12.5 9.8 3.5 2.5 2.6
K 5.5 4.4 3.8 3.5 3.2
Na 2.7 4.0 3.9 3.5 3.0
Ca 6.2 5.3 5.7 2.2 1.9
Mg 6.1 6.0 0.8 0.7 0.7
Ti 1.1 0.5 0.2 0.4 0.6
Si/Al ratio 2.9 3.2 4.1 6.2 6.5
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when the acid concentration increases. This behavior has 
been observed previously by various authors (Kumar et al. 
1995; Pushpaletha et al. 2005; Pentrák et al. 2010). Also, 
the aluminum content decreases in this stage because it is 
leached from the albite surface. Besides, it has been previ-
ously reported that Ca is more susceptible to acid leaching 
than Al in this type of material (Seyama et al. 2002).

Fourier transform infrared spectroscopy

FTIR spectra of the raw material and the acid-activated sam-
ples are displayed in Fig. 3. All the samples show a broad, 
intense absorption band with a maximum at 1030 cm−1 asso-
ciated with the Si–O stretching vibrations (Theodosoglou 
et al. 2010; Hsiao et al. 2017; Sidorenko et al. 2018).

The weak absorption band at 1450 cm−1 in the S0 sample 
spectrum refers to the stretching vibrations of  CO3

2− ions 
(Bergaya and Lagaly 2013; Sidorenko et al. 2014), which 
completely disappears after the acid treatment. The peak 
at 530 cm−1 corresponds to the coupling between O–Si–O 
bending and K–O stretching vibrations, indicating K-feld-
spar presence (Theodosoglou et al. 2010). The signals near 
470 and 780 cm−1 are attributable to Si–O-Si vibrations in 
 SiO4 tetrahedra rings, corresponding to the α-quartz and 
albite phases (Srasra et al. 1994; Olephen and Fripiat 1979; 
Komadel 2003; Alvarez-Puebla et al. 2005; Bergaya and 
Lagaly 2013; Sidorenko et al. 2014; Oikonomopoulos et al. 
2015; Hsiao et al. 2017).

The intense absorption band near 3400 cm−1 and the 
peak at 1639 cm−1 are defined as stretching and bending 
vibrations of hydroxyl groups of adsorbed water molecules 
(Srasra et al. 1994; Theodosoglou et al. 2010; Oikonomo-
poulos et al. 2015). The peaks at 3697 and 3620 cm−1 refer 
to the -OH structural signal (Srasra et al. 1994; Alvarez-
Puebla et al. 2005; Oikonomopoulos et al. 2015).

After the acid treatment, the absorption band in the 
1300–900 cm−1 region becomes broader and a shoulder 
appears at ca. 1200 cm−1. This indicates that some Si–O–M 
bonds (where M is the metal cation) are broken jointly with 
the formation of amorphous silica in the three-dimensional 
structure (Komadel 2003, 2016; Bergaya and Lagaly, 
2013). The peak at 1030 cm−1 and also in the 550–400 and 
3700–3600 cm−1 regions in the S1, S2 and S3 acid-treated 
samples are retained, indicating the absence of significant 
destruction of the structure. Contrarily, the peaks associated 
with the S4 sample become less intense, thus suggesting 
that the material structure started to shatter (Sidorenko et al. 
2018).

Nitrogen adsorption–desorption isotherms—
potentiometric titration

Table 3 shows the textural properties obtained from nitrogen 
adsorption–desorption isotherms, as well as the superficial 
acid properties for samples S0–S4.

The total acidity of the samples was determined by 
potentiometric titration at ambient temperature using 
n-butylamine/acetonitrile solution. Table 3 shows the acid-
ity expressed per mass unit, which increases at the beginning 
of the acid treatment and decreases as the acid concentration 
augments. By subjecting clay minerals to a moderate acid 
treatment, Brönsted acid sites are generated by the exchange 
of interlayer cations by protons, or by the dissociation of the 
water that hydrates the exchangeable metal cations (Sample 
S1).

Moreover, Lewis acidity is attributed to ions present in the 
octahedral sheet (e.g.  Mg2+ and  Al3+) (Kumar et al. 1995). 
By increasing the acid concentration used in the activation 
treatment, the delamination process and attack on octahe-
dral cations are promoted (Samples S2–S4). Mendioroz et al. 

Fig. 3  FTIR spectra of the raw 
material and acid-activated 
samples
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(1987) suggest that one of the two octahedral aluminum 
atoms coordinated with two hydroxyl groups is leached. 
As a result, the remaining aluminum atoms acquire tetra-
hedral coordination with the four remaining oxygen atoms; 
as a result, this negatively charged aluminum is protonated. 
Consequently, when these aluminum atoms are removed, 
tetrahedral sites are generated and the acidity increases 
(Sample S1); however, as the acid concentration augments, 
tetrahedrally coordinated aluminum atoms are removed and 
acidity decreases (Samples S2–S4). At the same time, octa-
hedral sheet disaggregation and delamination are generated, 
as previously discussed through the different characteriza-
tion techniques.

Regarding albite, a dissolution phenomenon takes place 
under acid activation conditions according to the following 
sequence: initially, the solution protons are exchanged by 
charge-balancing cations  (Na2+), generating a surface cation 
exchange zone (Brönsted acid sites). This, together with the 
proton adsorption, causes a weakening process of the Si–O 
and Al–O bonds in the aluminosilicate crystalline network, 
and then their hydrolyzation. Since Al–O bonds are more 
susceptible to hydrolysis than Si–O, the formation of the cat-
ion exchange zone is followed by the release of tetrahedrally 
coordinated  Al+3 ions from the aluminosilicate framework. 
As a result, the framework disintegrates, causing the surface 
to be enriched in Si (Seyama et al. 2002). Thereby, different 
Brönsted or Lewis acid sites associated with the presence 
of the cation in the crystalline network, depending on the 
degree of progress of the acid treatment can be formed on 
the albite surface. Analogous to clay minerals, Brönsted acid 
sites are generated at relatively low concentrations of acid by 
exchanging cations for  H+. At higher concentrations, leach-
ing of  Na+2 and  Al+3 is produced, generating hydrated sili-
con oxide on the surface, thus lowering the surface acidity.

The surface acid site values found (Table 3) are consistent 
with previous bibliographic reports, being on the order of 
magnitude of  10–1 mmol g−1 (Kumar et al. 1995; Flessner 
et al. 2001; Rezende and Pinto 2016).

It can be seen that the maximum acid strength decreases 
as the concentration of acid used in the activation pro-
cess increases. This behavior can be attributed to the 
acid concentrations used. It has been reported that, by 
subjecting clay minerals to an acid activation treatment, 

acid strength initially increases and then decreases as the 
cation exchange and leaching phenomena and subsequent 
destruction of the material structure take place (Kumar 
et al. 1995; Zatta et al. 2013). Based on the found results, 
it can be inferred that sample S1 should have the optimal 
conditions in terms of acid strength and the number of acid 
sites in order to be used for catalytic purposes.

Figure 4 shows the nitrogen adsorption–desorption iso-
therms for the raw material and acid-activated samples. 
In all cases, the acid-activated samples show a greater 
adsorbed nitrogen amount than the raw material. Nitro-
gen physisorption curves are of type IV according to the 
IUPAC classification, where the adsorption and desorption 
branch separation at relative pressures near 0.4 indicates 
the presence of small mesopores (Sing 1985; Kumar et al. 
1995). The hysteresis observed is of type H3, characteris-
tic of laminar materials that give rise to pores in the form 
of grooves (Madejová and Komadel 2001), and also to a 
relatively open mesoporosity (Pushpaletha et al. 2005).

For all acid treatments, surface properties such as the 
specific surface area and pore volume are greater than 
those of the raw material. It can be seen that, by increas-
ing the concentrations of  H2SO4 between 1 and 3 M, the 
specific surface area of the samples increases. However, 
this behavior is reversed for a 4 M concentration. These 
observations are consistent with reported data (González 
et al. 1981; Pushpaletha et al. 2005; Wang et al. 2010).

Taking into account previous reports, it can be affirmed 
that the main textural properties are contributed by the 
clay mineral fraction. Albite, quartz and k-feldspar have 
a poor specific surface area and pore volume, contrary to 
clay minerals (Brantley and Mellott 2000).

Figure 5 shows the pore size distribution (PSD) evolu-
tion of samples calculated from the desorption isotherms 
in the range of P  P0

−1 = 0.995–0.3. The raw material (S0) 
possesses little porosity, with a pore radius of approxi-
mately 2 nm. At the beginning of the acid treatment (S1), 
there is an increase in the volumes of these pores. As the 
acid concentration increases (Samples S2, S3 and S4), an 
enhancement in mesoporosity is observed with the gen-
eration of new peaks at ca. 3.8–5.6 nm, while the original 
peak at 2 nm disappears.

Table 3  Textural and superficial 
acid properties of the studied 
samples

Sample BET area
[m2  g−1]

Pore volume
[cm3  g−1]

Acidity
[mmol  g−1]

Acidity
[mmol  m−2]

Initial electrode potential
[mV]

S0 39.8 0.047 0.35 0.0087 5 (Strong)
S1 108.2 0.097 0.69 0.0064 132 (Very strong)
S2 129.6 0.110 0.65 0.0050 76 (Strong)
S3 130.6 0.142 0.49 0.0037 − 19 (Weak)
S4 57.6 0.110 0.30 0.0052 − 1 (Weak)
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Scanning electron microscopy

Figure 6 shows the scanning electron micrographs of the 
material studied subjected to a 1 M sulfuric acid treat-
ment (Sample S1). The sample is present in sheets form, 
showing that the activation process has partially destroyed 
the laminar arrangement of the material, as has been 

previously reported (Jeenpadiphat and Tungasmita 2014; 
Yahaya et al. 2017). On the other hand, the observed mor-
phology is consistent with the results obtained from the 
nitrogen adsorption–desorption isotherms, typical of lami-
nar materials.
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Fig. 4  Nitrogen adsorption–desorption curves before and after activa-
tion with sulfuric acid at different concentrations

Fig. 5  Pore size distribution of the raw material and acid-activated 
samples
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Thermogravimetric analysis

TGA/DTA curves of both the raw material and the acid-
activated samples are shown in Fig. 7.

In all DTA curves, a predominantly endothermic peak 
in the range of approximately 300–400 K can be observed, 
which is associated with the physisorbed water dehydra-
tion and water molecules bonded to exchangeable cations 
(Panda et al. 2010; Choi et al. 2014; Temuujin et al. 2004; 
Alver et al. 2016). Two endothermic peaks around 800 and 
1000 K can also be seen, attributable to dehydroxylation of 
the coordinated and structural water molecules. As the acid 
concentration increases, these peaks attenuate relative to the 
raw material; only the second peak is detected in sample S1 
because of the removal of the octahedral aluminum cations 
and structural hydroxyl groups during the acid treatment.

Pyridine adsorption monitored by FTIR

Figure 8 shows the FTIR spectra of the samples after treat-
ment with pyridine as a probe molecule. Pyridine coor-
dinated with Lewis acid sites yields peaks at 1445 and 
1600 cm−1, while protonated pyridine (pyridinium ion) on 

the Brönsted acid sites peaks at 1545 and 1635 cm−1; both 
complexes also have a peak at 1490 cm−1.

From Fig. 8-f it can be seen that signals associated with 
Brönsted acid sites (1490, 1545 and 1635 cm−1) are more 
prominent for sample S1. For samples S2–S4, signals related 
to Lewis acid sites become more intensive.

Catalytic testing

Table 4 shows the results obtained in the esterification reac-
tion of lauric acid with methanol using the activated sam-
ples as catalyst. The conversion gains obtained are in good 
agreement with the bibliography, taking into account the test 
reaction studied. Zatta et al. (2011) studied lauric acid esteri-
fication with methanol using halloysite as catalyst at 433 K 
and 120 min, varying the methanol:lauric acid molar ratio 
between 3.5:1 and 12:1 and the catalyst loading between 4 
and 12%, obtaining conversion gains of 7–20%.

On the other hand, when activating montmorillonite with 
sulfuric acid, conversion gains between 10 and 20% were 
reported upon varying the methanol:lauric acid molar ratio 
between 6:1 and 12:1 and the catalyst loading between 8 
and 12% at 433 K and 2 h (Zatta et al. 2012). Besides, tak-
ing into account that no sieving methodologies were applied 

Fig. 6  Scanning electron micrographs of the sample S1. Ref.: a 10,000×, b 25,000×, c 50,000×, d 100,000×
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Fig. 7  Thermal analysis (TGA/DTA) of the raw material and the samples 
activated at different acid concentrations. Ref.: TGA (solid lines), DTA 
(dotted lines)
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Fig. 8  Infrared spectroscopy of pyridine adsorption profiles of the 
raw material and acid-activated samples
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to the samples, the conversion gain achieved is acceptable 
considering the amount of clay mineral (montmorillonite/
illite) present in the raw material.

Discussion

Results acquired by EDX are in agreement with those 
obtained by XRF and XRD, where the different phases deter-
mined by these techniques are composed of the detected 
elements. In all samples, the amount of Ti detected was on 
the order of 1%, which is expected considering that it is 
the minority element identified by XRF. Besides, sulfur and 
manganese were below the instrument detection limit.

As previously mentioned in “Results”, EDX results show 
that, at low  H2SO4 concentrations (up to 3 M), the amount 
of all interchangeable cations in the clay interlamellar space 
 (Na+,  K+ and  Ca2+) decreases, remaining approximately 
constant in the subsequent treatments, while the  SiO2 con-
centration increases. Besides, the Na content drops because 
it also leached from the albite surface. Thereby, the concen-
trations of aluminum, magnesium and iron associated with 
octahedral sites gradually decrease when the acid concen-
tration increases. Also, the aluminum content decreases in 
this stage because it leached from the albite surface. These 
results are consistent with those obtained by XRD and FTIR; 
as the acid concentration increases, signals associated with 
clay minerals decrease due to the replacement of exchange-
able cations by protons in the interlamellar space and subse-
quent leaching of cations from octahedral sites.

Concerning the surface area of the samples, the initial 
increase is attributed to the leaching and exchange of metal 
cations for protons present in the illite/montmorillonite 
interlamellar space. At high  H2SO4 concentrations (4 M), 
a decrease in the BET area is observed, which is associ-
ated with the leaching of  Al3+ and  Mg2+ cations from the 
octahedral sites of the clay mineral crystalline network, 
thus generating silica because of the partial collapse of the 

crystalline structure (González et al. 1981; Pushpaletha et al. 
2005; Wang et al. 2010).

PSD curves show that the acid activation process gener-
ates not only an increase in the pore numbers, but also an 
increase in their sizes. For the highest acid concentration 
(Sample S4), the PSD curve height decreases with respect 
to sample S3, indicating that a structure destruction process 
begins at high concentrations. These results correlate with 
the processes described for the specific surface area (BET) 
and are consistent with previous publications (Rhodes and 
Brown 1993; Kumar et al. 1995).

The same behavior could be observed in the  N2 adsorp-
tion–desorption isotherms. The decrease in the nitrogen 
adsorbed amount in sample S4, subjected to intense acid 
treatment, maybe due to the loss of crystallinity and par-
tial degradation of the structure, while the increase in the 
nitrogen adsorbed amount in the other samples as the acid 
concentration increases can be explained in terms of the aug-
ment in the number of pores (Temuujin et al. 2004).

With respect to the XRD and FTIR results, it is clear that 
changes in the intensity values are not extremely marked. 
This could imply that the bulk features of the samples are not 
considerably affected by the acid treatment, which, nonethe-
less, may influence the distribution of the cations present in 
the framework. However, characterization techniques such 
as EDX and BET detected appreciable differences.

It can be seen from the TGA curves that the amount 
of physisorbed water augments as the acid concentration 
increases up to 4 M. According to Panda et al. (2010), this 
behavior can be attributed to the fact that, upon increas-
ing the acid concentration, both the amount of amorphous 
silica and the surface area increase, which generates greater 
water adsorption. Again, in sample S4, the material structure 
begins to collapse, which would explain the decrease in the 
amount of adsorbed water.

Concerning the characterization through pyridine adsorp-
tion, Fig. 8f shows that signals associated with Brönsted 
acid centers are more defined for sample S1, while in sam-
ples S2–S4 signals related to Lewis acid sites become more 
intense. As mentioned in “Results”, protons replace the 
exchangeable cations at low acid concentrations, generat-
ing Brönsted acidity. Then, at higher acid concentrations, 
cations in the octahedral sheet are attacked, generating an 
increase in Lewis acidity. On the other hand, Fig. 8a–e show 
that as the purge temperature increases, the signals lose their 
intensity in all the samples analyzed. It is evident that sam-
ple S1 exhibits the signals more prominent than samples 
S2–S4. This result is in agreement with the maximum acid 
strength of the samples detailed in Table 3. It has been pre-
viously reported that the strongest acid sites are associated 
with free protons, while the weaker acid sites are due to the 
released structural  Al3+,  Fe3+ or  Mg2+ cations and/or their 
hydrolyzed species and the deprotonation of SiOH groups. 

Table 4  Conversion results 
for the methyl esterification of 
lauric acid

Reaction conditions: molar ratio 
of 30:1 (methanol:lauric acid), 
20% catalyst loading, tempera-
ture of 393 K and reaction time 
of 2 h

Sample Conver-
sion [%]

Conver-
sion gain 
[%]

Blank 35 –
S1 48 13
S2 41 6
S3 40 5
S4 40 5
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Hence, the number of strong acid sites decreases, while the 
number of weak acid sites increases when working with rela-
tively high acid concentrations (S2–S4) (Komadel 2003).

The results of the test reaction performed show that the 
catalytic activity is favored by using low acid concentrations 
during the activation treatments. At low sulfuric acid con-
centrations (Sample S1), the amount of acid sites per unit of 
area is maximized at the same time that the nature of such 
acid sites is “very strong.” This result is consistent with the 
work of Zatta et al. (2013), who determined that, to catalyze 
the esterification reaction of lauric acid with methanol, the 
presence of very strong acid sites is necessary since weaker 
sites offer poor performance compared to the former.

Moreover, the conversions achieved using the samples 
activated at medium or high acid concentrations as catalysts 
are mainly penalized by the decrease in the acidity of the 
samples. These results are in agreement with bibliographic 
reports. Rhodes and Brown (1994) reported that the activity 
of a mineral clay activated with  H2SO4 is markedly increased 
for short exposure times, while the activity decreases con-
siderably at prolonged times.

As previously mentioned, Brönsted and Lewis acidic sites 
are generated during the activation treatment. Indeed, such 
acidic sites decrease progressively until reaching the partial 
or total collapse of the material structure when the acid con-
centration increases. This behavior is reflected in the specific 
surface area decrease and is remarkably affected by high acid 
concentrations (Sample S4).

Conclusions

The catalytic potential of sediments from the Bahía Blanca 
estuary (Argentina) for the synthesis of methyl laurate was 
studied. Raw material formed mainly of illite, montmoril-
lonite, albite and quartz was subjected to acid treatments, 
inducing changes in both the predominant structures, as well 
as in the textural and acidic properties.

Samples treated with acid can catalyze the test reac-
tion, reaching conversions greater than those achieved by 
the thermal reaction. The results obtained indicate that acid 
treatments at concentrations between 1 and 3 M improve 
the characteristics of the material to be used as a catalyst 
by increasing the activity in the reaction medium. This is 
mainly attributed to the increase in both the surface area and 
the number of acid sites as well as their strength. However, 
this activity is decreased at high acid concentrations mainly 
because of the partial structure deterioration.

The natural low-cost material used is widely available 
and, even after its useful life as a catalyst, it could be used 
as a raw material in the cement, ceramic or other industries. 
It is presented as an interesting alternative to be exploited 

as a catalytic material, meriting future research concerning 
its application.

Acknowledgements The authors are thankful to the Consejo Nacional 
de Investigaciones Científicas y Técnicas (National Council for Scien-
tific and Technological Research, CONICET, Argentina) and the Agen-
cia Nacional de Promoción Científica y Tecnológica (National Agency 
of Scientific and Technological Promotion, ANPCyT, Argentina)-PICT 
2014-3211 for the financial support.

References

Alvarez-Puebla RA, dos Santos DS Jr, Blanco C, Echeverria JC, Gar-
rido JJ (2005) Particle and surface characterization of a natural 
illite and study of its copper retention. J Colloid Interface Sci 
285(1):41–49

Alver BE, Dikmen G, Alver Ö (2016) Investigation of the influence 
of heat treatment on the structural properties of illite-rich clay 
mineral using FT-IR, 29Si MAS NMR, TG and DTA methods. 
Anadolu Univ J Sci Technol-A-Appl Sci Eng 17(5):823–829

Angeletti S, Cervellini PM, Lescano L (2018) Burrowing activity of 
the Neohelice granulata crab (Brachyura, Varunidae) in southwest 
Atlantic intertidal areas. Cienc Mar 44(3):155–167

Bergaya F, Lagaly G (eds) (2013) Handbook of clay science, 2nd edn. 
Elsevier, Amsterdam

Brantley SL, Mellott NP (2000) Surface area and porosity of primary 
silicate minerals. Am Mineral 85(11–12):1767–1783

Carretero MI, Pozo M (2009) Clay and non-clay minerals in the phar-
maceutical industry: part I. Excipients and medical applications. 
Appl Clay Sci 46(1):73–80

Castro CS, Júnior LCFG, Assaf JM (2014) The enhanced activity of 
Ca/MgAl mixed oxide for transesterification. Fuel Process Tech-
nol 125:73–78

Choi J, Han Y, Kim D, Park S, Park J, Park J, Kim H (2014) Syn-
thesis and characterization of mesoporous silica from anorthite-
clay mineral: role of mechanical activation. Mater Trans JIM 
55(12):1895–1899

Cid R, Pecchi G (1985) Potentiometric method for determining the 
number and relative strength of acid sites in colored catalysts. 
Appl Catal 14(1–3):15–21

Firestone D (ed) (1998) Official methods and recommended practices 
of the American oil chemists’ society, 5th edn. AOCS Press, 
Champaign

Flessner U, Jones DJ, Rozière J, Zajac J, Storaro L, Lenarda M, Pavan 
M, Jiménez-López A, Rodriguez-Castellon E, Trombetta M, 
Busca G (2001) A study of the surface acidity of acid-treated 
montmorillonite clay catalysts. J Mol Catal A 168(1–2):247–256

González JDDL, Saenz AR, Reinoso FR, Calahorro CV, Herrera LZ 
(1981) Activación de una sepiolita con disoluciones diluidas de 
NO3H y posteriores tratamientos termicos: I. Estudio de la super-
ficie específica. Clay Miner 16(1):103–113

Gupta VG, Tuohy M, Kubicek CP, Saddler J, Xu F (eds) (2013) Bio-
energy research: advances and applications, 1st edn. Elsevier, 
Oxford

Hart MP, Brown DR (2004) Surface acidities and catalytic activities of 
acid-activated clays. J Mol Catal A 212(1–2):315–321

Hsiao YH, La Plante EC, Krishnan NA, Le Pape Y, Neithalath N, 
Bauchy M, Sant G (2017) Effects of irradiation on albite’s chemi-
cal durability. J Phys Chem A 121(41):7835–7845

Jeenpadiphat S, Tungasmita DN (2014) Esterification of oleic acid 
and high acid content palm oil over an acid-activated bentonite 
catalyst. Appl Clay Sci 87:272–277

Author's personal copy



690 Brazilian Journal of Chemical Engineering (2020) 37:679–690

1 3

Jozefaciuk G, Bowanko G (2002) Effect of acid and alkali treatments 
on surface areas and adsorption energies of selected minerals. 
Clays Clay Miner 50(6):771–783

Komadel P (2003) Chemically modified smectites. Clay Miner 
38(1):127–138

Komadel P (2016) Acid activated clays: materials in continuous 
demand. Appl Clay Sci 131:84–99

Krupskaya VV, Zakusin SV, Tyupina EA, Dorzhieva OV, Zhukhlistov 
AP, Belousov PE, Timofeeva MN (2017) Experimental study of 
montmorillonite structure and transformation of its properties 
under treatment with inorganic acid solutions. Minerals 7(4):49

Kumar P, Jasra RV, Bhat TS (1995) Evolution of porosity and surface 
acidity in montmorillonite clay on acid activation. Ind Eng Chem 
Res 34(4):1440–1448

Lenarda M, Storaro L, Talon A, Moretti E, Riello P (2007) Solid acid 
catalysts from clays: preparation of mesoporous catalysts by 
chemical activation of metakaolin under acid conditions. J Col-
loid Interface Sci 311(2):537–543

Long YD, Fang Z, Su TC, Yang Q (2014) Co-production of biodiesel 
and hydrogen from rapeseed and Jatropha oils with sodium silicate 
and Ni catalysts. Appl Energy 113:1819–1825

Madejová J, Komadel P (2001) Baseline studies of the clay miner-
als society source clays: infrared methods. Clays Clay Miner 
49(5):410–432

McKillop A, Young DW (1979) Organic synthesis using supported 
reagents-part I. Synthesis 1979(06):401–422

Mendioroz S, Pajares JA, Bentino I, Pesquera C, Gozalez F, Blanco 
C (1987) Texture evolution of Montmorillonite under progres-
sive acid treatment: Change from H3 to H2 type of hysteresis. 
Langmuir 3(5):676–681

Oikonomopoulos IK, Perraki M, Tougiannidis N, Perraki T, Kasper 
HU, Gurk M (2015) Clays from Neogene Achlada lignite deposits 
in Florina basin (Western Macedonia, N. Greece): a prospective 
resource for the ceramics industry. Appl Clay Sci 103:1–9

Olephen HV, Fripiat JJ (eds) (1979) Data handbook for clay materials 
and other, 1st edn. Pergamon Press, Oxford

Panda AK, Mishra BG, Mishra DK, Singh RK (2010) Effect of sulphu-
ric acid treatment on the physico-chemical characteristics of kao-
lin clay. Colloids Surf A Physicochem Eng Asp 363(1–3):98–104

Pentrák M, Madejová J, Komadel P (2010) Effect of chemical composi-
tion and swelling on acid dissolution of 2:1 clay minerals. Philos 
Mag 90(17–18):2387–2397

Pushpaletha P, Rugmini S, Lalithambika M (2005) Correlation between 
surface properties and catalytic activity of clay catalysts. Appl 
Clay Sci 30(3–4):141–153

Rezende MJC, Pinto AC (2016) Esterification of fatty acids using 
acid-activated Brazilian smectite natural clay as a catalyst. Renew 
Energy 92:171–177

Rhodes CN, Brown DR (1993) Surface properties and porosities of 
silica and acid-treated montmorillonite catalyst supports: influ-
ence on activities of supported  ZnCl2 alkylation catalysts. J Chem 
Soc Faraday Trans 89(9):1387–1391

Rhodes CN, Brown DR (1994) Catalytic activity of acid-treated mont-
morillonite in polar and non-polar reaction media. Catal Lett 
24(3–4):285–291

Schaper UA (1981) Die Einführung der O-Ethoxymethyl-Gruppe zum 
Schutz der Hydroxy-Gruppe in Alkoholen und Phenolen. Synthe-
sis 10:794–796

Seyama H, Kinoshita K, Soma M (2002) Surface alteration of plagio-
clase during acid dissolution. Surf Interface Anal 34(1):289–292

Sidorenko AY, Sen’kov GM, Agabekov VE (2014) Effect of acid treat-
ment on the composition and structure of a natural aluminosilicate 
and on its catalytic properties in α-pinene isomerization. Catal 
Ind 6(2):94–104

Sidorenko AY, Kravtsova AV, Aho A, Heinmaa I, Kuznetsova TF, Mur-
zin DY, Agabekov VE (2018) Catalytic isomerization of α-pinene 
oxide in the presence of acid-modified clays. Mol Catal 448:18–29

Sieskind O, Albrecht P (1985) Efficient synthesis of rearranged 
cholest-13 (17)-enes catalysed by montmorillonite-clay. Tetrahe-
dron Lett 26(17):2135–2136

Sing KS (1985) Reporting physisorption data for gas/solid systems with 
special reference to the determination of surface area and porosity 
(Recommendations 1984). Pure Appl Chem 57(4):603–619

Srasra E, Bergaya F, Fripiat JJ (1994) Infrared spectroscopy study of 
tetrahedral and octahedral substitutions in an interstratified illite-
smectite clay. Clays Clay Miner 42(3):237–241

Steudel A, Batenburg LF, Fischer HR, Weidler PG, Emmerich K 
(2009a) Alteration of non-swelling clay minerals and magadiite 
by acid activation. Appl Clay Sci 44(1–2):95–104

Steudel A, Batenburg LF, Fischer HR, Weidler PG, Emmerich K 
(2009b) Alteration of swelling clay minerals by acid activation. 
Appl Clay Sci 44(1–2):105–115

Su CH (2013) Recoverable and reusable hydrochloric acid used as 
a homogeneous catalyst for biodiesel production. Appl Energy 
104:503–509

Temuujin J, Jadambaa T, Burmaa G, Erdenechimeg S, Amarsanaa 
J, MacKenzie KJD (2004) Characterisation of acid activated 
montmorillonite clay from Tuulant (Mongolia). Ceram Int 
30(2):251–255

Theodosoglou E, Koroneos A, Soldatos T, Zorba T, Paraskevopoulos 
KM (2010) Comparative Fourier transform infrared and X-ray 
powder diffraction analysis of naturally occurred K-feldspars. Bull 
Geol Soc Greece 43(5):2752–2761

Tyagi B, Chudasama CD, Jasra RV (2006) Determination of structural 
modification in acid activated montmorillonite clay by FT-IR 
spectroscopy. Spectrochim Acta Part A 64(2):273–278

Wang TH, Liu TY, Wu DC, Li MH, Chen JR, Teng SP (2010) Per-
formance of phosphoric acid activated montmorillonite as 
buffer materials for radioactive waste repository. J Hazard Mater 
173(1–3):335–342

Yahaya S, Jikan SS, Badarulzaman NA, Adamu AD (2017) Effects of 
acid treatment on the SEM-EDX characteristics of Kaolin clay. 
Path Sci 3(9):4001–4005

Zatta L, da Costa Gardolinski JEF, Wypych F (2011) Raw halloysite 
as reusable heterogeneous catalyst for esterification of lauric acid. 
Appl Clay Sci 51(1–2):165–169

Zatta L, Ramos LP, Wypych F (2012) Acid activated montmorillonite 
as catalysts in methyl esterification reactions of lauric acid. J Oleo 
Sci 61(9):497–504

Zatta L, Ramos LP, Wypych F (2013) Acid-activated montmorillonites 
as heterogeneous catalysts for the esterification of lauric acid acid 
with methanol. Appl Clay Sci 80–81:236–244

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Author's personal copy


	Study of structural properties of acid-treated natural sediment and its application as a sustainable catalyst
	Abstract
	Introduction
	Materials and methods
	Reagents
	Acid treatment
	Characterization techniques
	Catalytic testing

	Results
	X-ray fluorescence
	X-ray diffraction
	Scanning electron microscopy-Energy dispersive X-ray spectroscopy
	Fourier transform infrared spectroscopy
	Nitrogen adsorption–desorption isotherms—potentiometric titration
	Scanning electron microscopy
	Thermogravimetric analysis
	Pyridine adsorption monitored by FTIR
	Catalytic testing

	Discussion
	Conclusions
	Acknowledgements 
	References




