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Abstract The aim of this study is to investigate the

incorporation of amino acid molecules in an acid-activated

montmorillonite by means of solid characterization after

the incorporation of these biomolecules. The acid activa-

tion procedure was carried out for the purpose of increasing

the acid sites in the clay as well as the impurity elimination

in the mineral. Cysteine, aspartic, and glutamic acids were

adsorbed on montmorillonite K10 which was previously

treated with a hydrochloric acid solution. The clay was put

in contact with amino acid solutions at two different con-

centrations. Each amino acid was adsorbed at identical

conditions, with the pH fixed to ensure the charge of

molecules and surface clay. The solid was characterized by

means of X-ray diffraction, infrared spectroscopy, ther-

mogravimetric analysis, and nitrogen adsorption at 77 K.

After the amino acid adsorption, the powders showed

changes in their characteristics as well as in their thermal

behavior, which depended on both the concentration and

the nature of the adsorbed amino acid. The thermal

decomposition and elimination of cysteine occurred at a

higher temperature than the aspartic and glutamic acid; the

complete removal of glutamic acid molecules was not

observed at 850 �C. The differences observed in the solid

characteristic after the adsorption of each amino acid were

discussed. Both the thermoanalytical study and character-

ization of materials after the interaction with amino acid

molecules can be useful to understand the adsorption

mechanism of biomolecules on solid surfaces.
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Introduction

The adsorption of amino acids on the surface of inorganic

oxides has been the object of many experimental studies

[1–5] and has attracted much interest in a wide range of

fields such as medicine, aqueous geochemistry, soil sci-

ence, technologies for the separation, and purification of

biomolecules, and theories about the origins of life. For

example, the case of these substance and other biological

molecules interacting with metals or metal oxides such as

TiO2 has been of great interest because this interaction

plays an important role in determining the biocompatibility

of materials for their application as prostheses [6]. Envi-

ronmental and geochemical studies of the interaction of

amino acids with minerals have been carried out for the

purpose of studying the distributions in marine sediments

and soils of these biogenic organic compounds produced

during organic matter decomposition [7, 8]. Immobiliza-

tion of amino acid on clay is also suggested as one alter-

native for preparing organoclays which have applications

as pollutant adsorbents, rheological control agents, paints,

cosmetics, refractory varnish among others [9–11]. Fur-

thermore, the adsorption of these molecules in powder as

layered double hydroxides could be useful for polymeri-

zation in the new peptide synthesis [12, 13]. It has also

been suggested that minerals could play an important role

in the origin of life on earth, because they participate in the

concentration of biomolecules from dilute solutions as well
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as in the formation of biopolymers; consequently, several

experiments have been carried out to test this hypothesis.

Several good reviews related to the adsorption of amino

acids on minerals appear in the literature [4, 5, 14–16];

among them, clays exhibit several useful properties that

promote the adsorption of biomolecules, including high

surface area and cationic exchange capacity, catalytic

properties, intercalation of molecules in interlayer space,

and global distribution. Most of the clay studied for

adsorbing amino acids is smectite, particularly the mont-

morillonite type [5, 10, 11]. Many mechanisms have been

suggested to account for the adsorption of biomolecules on

clay, such as electrostatic interaction, ion exchange, or

even weak interaction (Van der Waals forces). Neverthe-

less, the type of interaction that takes place between amino

acids and clays is uncertain [17].

Montmorillonite is a mineral belonging to the smectite

clay group, with two tetrahedral sheets of silica sand-

wiching a central octahedral sheet of alumina. The inter-

layer of montmorillonite is negatively charged owing to the

substitution of magnesium(II) and sometimes iron(II) for

aluminum(III), and has high cation-exchange capacity

because of its structural nature and high surface area [18].

Montmorillonite also has proton adsorption/desorption site

on its edge (aluminol and silanol groups). Therefore, the

adsorption of amino acids on montmorillonite is expected

to be mainly driven by electrostatic interaction between the

negatively charged montmorillonite (with the interlayer

and/or at the edge) and positively charged state of the

amino acid. The interlayer has a structural charge origi-

nated from isomorphous substitutions within the montmo-

rillonite structure. Therefore, the adsorptive properties of

these materials are determined by its chemical composi-

tion, exchangeable ions, arrangement of crystalline struc-

ture, and particle agglomeration [19]. In consequence,

among the main problems for studying, the immobilization

of biomolecules in any mineral is the nonspecific compo-

sition of the material, which can vary according to the

mineral deposit. In recent years, many studies have focused

on understanding and enhancing the adsorption and cata-

lytic processes carried out on the surface of these clays

[20]. Acid activation of smectite, i.e., their partial disso-

lution in inorganic acids, is a common procedure to pro-

duce adsorbents [10, 21, 22]; in addition, the acid treatment

is usually intended for a total dissolution of undesired

nonclay components and particularly for a controlled attack

on the octahedral layer in order to produce a more acidic

Si-rich phase.

Amino acids consist of a basic amino group, an acidic

carboxyl group, and a characteristic side chain. Depending

on the degree of protonation of these functional groups

(NH2 $ NH3
?, COOH $ COO-), the net charge of an

amino acid molecule changes greatly from positive or

neutral to negative in an aqueous solution. Therefore, amino

acids show various adsorption behaviors on materials,

including electrostatic attraction, covalent bonding, hydro-

gen bonding, and hydrophobic interactions, which depend

on environment conditions. Therefore, the respective

charge of both the solid surface and the amino acid aliphatic

group (R group) is apparently the main characteristic that

determines the adsorption of these molecules. In this sense,

minerals adsorb much more amino acid with a negatively or

positively charged R group [5]. Once the amino acid is

incorporated into the clay, its hydrothermal stability and

reactivity are also behaved differently because of the

interaction of its molecules with the solid, where the min-

eral characteristics can likewise be altered. Thus, the

characterization of the solid after contact with a biomole-

cule solution has been useful to understand the interaction

of these organic compounds with the clay. For example,

X-ray diffraction analysis has made it possible to measure

the distance between the montmorillonite 2:1 layers which

reflection is observed between 2 and 10� of 2h, and thus to

know the presence of the amino acid molecule as well as its

orientation in the interlayer space. On the other hand,

infrared analyses serve to determine the protonation state of

the amino acid functional group (i.e., –NH2 vs. –NH3
?, or –

COO- vs. –COOH), thus providing information on the

interaction between the solid surface and the organic mol-

ecule [23]. Finally, it is known that the adsorption capacity

of a solid is limited by characteristics such as surface area

and porosity [24]. A material with a high surface area and

mesopores can be a good adsorbent of many chemical

species where its capacity depends only on the nature of the

adsorption sites. In this sense, there is commercial clay that

provides solids with these characteristics. The present study

aims to understand the adsorption of amino acids, such as

aspartic acid, glutamic acid, and cysteine on acid-treated

montmorillonite by means of thermogravimetric analysis,

supported by additional methods for the characterization of

materials such as X-ray diffraction, infrared spectroscopy,

and adsorption of nitrogen at 77 K.

Materials and methods

Materials

The reagents used in this study were supplied by Sigma-

Aldrich Company. The clay used for the adsorption tests

consisted of montmorillonite K10 with a reported chemical

composition of SiO2 (73.0 %), Al2O3 (14.0 %), Fe2O3

(2.7 %), CaO (0.2 %), MgO (1.1 %), Na2O (0.6 %), and

K2O (1.9 %). The amino acids used were aspartic acid,

glutamic acid, and cysteine, which were used without

further purification.
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Prior to the adsorption study, the montmorillonite K10

was activated through acid treatment according to the

following procedure: the solid in powder was suspended in

a solution of hydrochloric acid 6 M at a rate of 8 mg of

solid mL-1 of acid solution. The suspension was vigor-

ously stirred for 24 h at room temperature. Then, the solid

was recovered by centrifugation and washed three times

with deionized water. After each washing, the powder was

separated from the liquid by centrifugation. Finally, the

acid-treated K10 was dried at 60 �C for 24 h.

Preparation of amino acid/K10 samples

The acid-treated K10 was impregnated with three amino

acids: aspartic acid, glutamic acid, and cysteine. The pro-

cedure was carried out using an aqueous solution of organic

molecules at two different concentrations for each amino

acid, which were dissolved in a solution of sodium nitrate

0.01 M at a rate of 1 mmol of amino acid L-1 of solution

(low concentration) and 100 mmol of amino acid L-1 of

solution (high concentration). According with Mallakpour

and Dinari [11], a cationic-exchange reaction was supposed

to choose the concentration values. The solution of

1 mmol L-1 was very low concentration that all exchange

sites could not be covered; while, 100 mmol L-1 was very

high concentration that all these sites could be covered as

well as others adsorption sites. The pH was set at 4.5 with

nitric acid and sodium hydroxide. The amino acid solution

was put in contact with acid-treated clay at a rate of 10 mg of

clay mL-1 of amino acid solution. The suspension of clay–

amino acid solution was stirred with a rotary movement of

150 rpm for 1 h at room temperature. Then, the powder

containing the amino acid was separated from the liquid by

centrifugation and washed three times with deionized water.

After each washing, the powder was again separated from

liquid by centrifugation. Finally, samples containing the

amino acid were dried at 50 �C for 24 h. With the above

procedure, six samples were obtained for studying: acid-

treated K10 containing aspartic acid at two concentrations,

one from the solution of 1 mmol L-1 and other from the

solution of 100 mmol L-1, which were called K10-Asp-1

and K10-Asp-100 respectively; similarly, the samples con-

taining glutamic acid and cysteine were called K10-Glu-1,

K10-Glu-100, K10-Cys-1, and K10-Cys-100.

The centrifugation for separating the solid from the

liquid for the K10 activation and adsorption tests, were

carried out with a Solbat centrifuge C-600, operating at

3,500 rpm for 15 min at room temperature.

Characterization of samples

X-ray diffractions (XRD) were carried out at room tem-

perature on an Inel-Equinox diffractometer, having CuKa

radiation (1.54 Å). The diffraction patterns were collected

between 2h of 2� and 80�. The specimens were prepared by

packing the samples powder in a glass holds. The XRD line

profile analysis of peak was made with WINFIT computer

program. The fitting parameters were refined by the clas-

sical Levenberg–Marquardt method. The d-spacing was

calculated by using Bragg’s equation (nk = 2dsinh). X-ray

patterns of samples containing amino acids are only shown

in the range of 2�–15� of 2h for a better analysis of the

d(001) reflection.

Fourier transform infrared (FTIR) absorption spectra of

sample powders were recorded on a Perkin-Elmer Spectrum

100, using KBr method in the range of 4,000–400 cm-1.

The samples for the KBr disk method were prepared by

grinding a mixture of the solids and KBr powders in an

agate mortar and pressing them in transparent disk. FTIR

spectra of samples containing amino acids are only shown

in the range from 1,200 to 1,800 cm-1 for a better analysis

of organic group vibrations.

Nitrogen adsorption isotherm at 77 K was carried out on

a Micromeritics apparatus ASAP-2010. The surface area

was calculated by BET equation and the pore size distri-

bution by BJH method. The samples were kept under

vacuum pressure of 500 lmHg at 200 �C prior to their

characterization in order to eliminate gas molecules from

their surface and pores.

Thermogravimetric/derivative thermogravimetry (TG/

DTG) analyses, in the range of 30–850 �C, were carried

out on thermal Analyzer SDT-2960 TA instrument under a

flow of air and a heating rate of 10 �C min-1.

Results and discussions

Characterization of the acid-treated montmorillonite

K10 clay is a commercial montmorillonite used as adsor-

bent and catalysis. The main characteristic is a solid with a

high surface area and mesoporous structure. The surface of

this clay contains both the Brønsted and Lewis acid sites.

The K10 clay was modified by means of acid treatment

with the purpose of increasing the amount of acidic site in

the solid as well as the dissolution of undesired nonclay

components such as metallic species. The amount of acidic

sites was measured by acid–base titration (Boehm method)

[25, 26]. The amount of acidic sites in the untreated K10

was of 1.18 meq g-1 and in the acid-activated K10 was of

3.67 meq g-1. XRD pattern showed similar reflection in

both the samples in the range from 10� to 80� of 2h,

indicating that no considerable changes in the structure of

the solid were induced after the acid treatment (Fig. 1).

Nevertheless, the XRD patterns of acid-activated K10

depicted a broad peak from 3� to 8� of 2h with a maximum
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at 4.9�, which corresponded to d-spacing of 1.8 nm;

meanwhile the untreated K10 showed a maximum at 5.2�
that corresponding to d-spacing of 1.6 nm. The montmo-

rillonite structure was swelled after the acid treatment with

HCl, producing an increase in the interlayer space as well

as the presence of broad peak in this range, which was

associated to a heterogeneous arrangement of clay layers

[27, 28].

Figure 2 shows infrared spectra of untreated and acid-

treated montmorillonite. Similar spectra were obtained in

both cases, indicating that the acid treatment did not pro-

duced considerable changes in the mineral structure. The

adsorption band at 3,620 cm-1, observed in montmoril-

lonite spectra, is typical for smectites with high amount of

Al in the octahedral. This peak is related to stretching

vibration of OH groups. The broad band near 3,450 cm-1

is assigned to H–O–H vibrations of adsorbed water. The

bending vibration of water molecules adsorbed on clay is

observed at 1,640 cm-1. Spectra show an intensive band at

1,030 cm-1 attributed to the Si–O stretching vibration, and

at 530 and 470 cm-1 assigned to Si–O–Al (octahedral Al)

and Si–O–Si bending vibrations, respectively. The OH

bending bands appear at 914 cm-1 (Al2OH) and 810 cm-1

(AlMgOH) [29].

The thermogravimetric analysis of acid-treated K10

revealed that mass loss was carried out in several stages at

different temperatures (Fig. 3). The mayor mass loss of

K10 clay occurred between 30 and 100 �C (3.4 %), which

was due to water release for molecules weakly bonded to

both the outer and inner surfaces of clay particles. The

molecules strongly bonded to the interlayer cations

required a temperature near 200 �C where mass loss of

4.5 % was reached. The second step was observed from

200 to 500 �C, accompanied by a mass loss of 2.7 %

caused by the loss of bound water into either the layer

space or interparticle water. In this temperature range, the

DTG curve showed two maxima at 232 and 405 �C

(Fig. 9). According to some authors, the dehydroxylation

process in montmorillonite can take place before 500 �C is

reached, depending on exchanged cations, surface vacan-

cies, and structural parameters among other things [30, 31];

therefore, dehydroxylation reactions occurring in this range

of heating were also suggested. A gradual mass loss was

observed from 500 �C until 800 �C, which corresponded to

1.27 % of the mass of the initial solid. Dehydroxylation

processes took place in the clay surface in this temperature

range where new phases can be yield [32]. The untreated

montmorillonite showed similar TG curve, but the mass

loss in each step was higher than the observed after the acid

treatment. The mass loss in untreated K10 was of 5.9 %

(30–100 �C), 6.74 % (30–200 �C), 2.14 % (200–500 �C),

and 1.85 % (500–800 �C). The decrease in the mass loss

after the acid treatment of the mineral can due to that

metallic ions were released during the acid procedure;
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therefore, less amount of water was coordinated with these

metallic species [31].

The nitrogen adsorption isotherms of untreated K10

showed an increase in the adsorption with the increase of

relative pressure (Fig. 4). The plot did not show a plateau

at high pressure, which is characteristic of solids with a

laminar structure [24, 33]. The desorption curve showed a

hysteresis loop, indicating the possible presence of mes-

opores, which was verified in the BJH plot. The surface

area determined by BET model was of 267.5 m2 g-1. After

the acid treatment, the adsorption isotherm showed a

similar shape but lower surface area (184.7 m2 g-1). The

way organic molecules are adsorbed in a solid is reflected

in its textural characteristics. Changes on the surface

properties and morphology of the clay mineral after

immobilization of organic compounds are rarely studied.

Therefore, the analysis of textural characteristics was car-

ried out for the samples containing each amino acid.

XRD study of samples containing amino acids

Once the amino acids were incorporated into the clay; the

reflection corresponding to the interlayer space became

more noticeable and shifted to other 2h values, depending

on the concentration and type of the amino acid. Figure 5

shows the XRD patterns of montmorillonite intercalated

with aspartic acid, glutamic acid, and cysteine after the

contact with amino acid solutions at two different con-

centrations. In the case of aspartic acid inclusion, a

reflection around 6� of 2h was observed at the low con-

centration, which corresponded to a d-spacing of 1.47 nm

(Fig. 5a). When the amount of aspartic acid was increased

to 100 mmol L-1 in the aqueous solution in contact with

the solid, the XRD patterns showed a broad peak with a

gradual increase to low angles, which indicated a maxi-

mum expansion of the interlayer space to values above

3.5 nm (Fig. 5d). In samples containing glutamic acid, the

basal spacing was not clearly observed at the low con-

centration, although there was a barely distinguishable

peak at d001 of 1.50 nm (Fig. 5b). At the higher concen-

tration of this amino acid, the basal spacing was more

evident with an expansion of 1.66 nm (Fig. 5e). The K10

clay containing cysteine showed similar XRD patterns at

low and high concentrations, although a shoulder was

distinguishable at the high concentration, observed at 5.3�
of 2h (1.66 nm) (Fig. 5c, f). It has been reported that the

variation of basal spacing of samples containing organic

compounds depends on the arrangement of molecules in

the d-spacing, which value increases according to their

orientation (d001 in: monolayer \ bilayers \ pseudotrimo-

lecular layers \ paraffin-type arrangements) [9]. The

changes observed in the XRD pattern in the d spacing

values suggested that the organic molecules were incor-

porated in different configurations between clay unit layers,
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depending on the concentration and type of the amino acid.

In the case of aspartic and glutamic acid, the decrease in

the d001 value was produced when a minimal amount of

organic molecules had occupied the interlayer space,

removing water and suggesting a lateral monolayer

arrangement of molecules [28]. When the concentration of

amino acid was higher in the aqueous solution, a larger

surface was covered by biomolecules, and the adsorption

took place in a different conformation (probably paraffin-

type) or forming multilayer in the basal space, producing

an increase in the d001 value. On the other hand, samples

containing cysteine showed similarity in their XRD pat-

terns at both concentrations, which can be due to the fact

that the molecules were only adsorbed in a single config-

uration. In this case, the d001 space was noticeably

increased, which might be due to the fact that adsorption

occurred either in a multilayer or a paraffin-type

conformation.

FT-IR analysis of samples containing amino acids

In order to better understand the interaction between the

amino acids studied here (aspartic acid, glutamic acid and

cysteine) and the K10 surface, IR spectroscopy was used.

Figure 6 shows the FT-IR spectra of K10 containing each

amino acid at both concentrations. The main vibration

bands from the amino acids were not distinguishable as

they overlapped with the signals from the clay vibrations.

Even though, FTIR spectra showed a band at 1,387 cm-1

from the symmetric vibration of the carboxylate ion in K10

containing the amino acid at the lower concentration

(Fig. 6a–c). This band was more distinguishable in glu-

tamic acid samples and less in solids containing cysteine,

which might be due to the fact that cysteine has only one

carboxylic group in its structure, while both the glutamic

and aspartic acids have two. The asymmetric stretching

mode of the C=O group (at 1,650 cm-1) was not observed

because either the carboxylic groups had charge or the

signal overlapped with the clay bands [12, 34, 35]. When

the amount of amino acid was increased to 100 mmol L-1

in the solution in contact with the K10 powder (Fig. 6d–f),

the peak at 1,387 cm-1 vanished in the samples containing

glutamic acid, and was hardly observed in the aspartic acid

and cysteine samples, which shifted to 1,396 cm-1. On the

other hand, two broad bands emerged at the 1,407 and

1,528 cm-1 frequencies for K10-Glu-100. The first signal

was due to the symmetric vibration of the carboxylate

group, while the second one was assigned to the defor-

mation vibration of the –NH3
? species. The samples con-

taining aspartic acid and cysteine did not show noticeably

these two bands, since these molecules were probably

anchored in different conformations, or the amount of them

on the surface was lower than in the case of glutamic acid.

According to the diagram of species abundance (Fig. 7),

the amino acids were completely deprotonated in the car-

boxylic groups during the sorption process in the clay,

while the amino group was protonated. Therefore, –COO-

groups remained unprotonated upon adsorption, and weak

interaction took place between these groups and the solid

surface. In addition, the organic molecule might also

anchor to the clay surface through amino group interac-

tions. FTIR showed mainly the carboxylate band (msym

1,386 cm-1) at the low concentration of amino acid solu-

tions, but this signal was shifted to 1,407 cm-1 once the

amino acid concentration had increased in the initial

solution. Although the carboxylate group can act as an

uncoordinated anion (‘‘ionic’’ form), as a monodentate or

bidentate chelating ligand, or as a bridge bidentate group,

the position of this m(COO-) band for amino acid metal

complexes in the solid state is influenced not only by the

direct coordination to a metal ion, but also by hydrogen

bonding with water of crystallization, or some other

intermolecular interaction with neighboring molecules

[36]. In the same way, the amino group might be interacted

with either hydroxyl groups of clay surface or hydrogen of

neighboring molecules such as water or adsorbed amino

acids. Observations made by other researchers have sug-

gested that the adsorption of carboxylic acid on inorganic

solids was carried out through a bidentate bond of car-

boxylate rather than a monodentate bond [6]. Therefore, it
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was reasonable to assume that cysteine, aspartic, and glu-

tamic acids were chiefly adsorbed to clay surface through

interaction with the carboxylate group, but with a signifi-

cant contribution from the amino group to the stability of

the organic compound on solid particles. Even though it is

very difficult to determine the mechanism of sorption, the

FTIR analysis suggested that at the low concentration of

the initial solution, the amino acid molecules were

anchored to the clay surface in a specific way, while at the

high concentration the organic molecule acquired different

conformations, where the type and structure of the amino

acid were decisive in the conformation, and amount of

molecules adsorbed on the clay.

Thermoanalytical study of samples containing amino

acids

Once the amino acids were incorporated into the clay

structure; some changes were observed in the thermal

behavior of samples. In the case of aspartic acid inclusion,

the K10-Asp-1 showed a mass loss similar to observed in

K10 samples (Fig. 8a). At low temperatures, the evapora-

tion of both water and weakly bonded organic molecules

occurred; the percentage of lost mass was about 3.05 %

from 30 to 100 �C, and total mass loss of 3.7 % was

observed from 30 to 200 �C. The difference of mass loss

(from 30 to 200 �C) compared to K10 indicated that the

aspartic acid molecules had occupied adsorption sites

occupied initially by water molecules. In addition, the solid

surface was not completely covered by organic molecules;

instead, the clay probably contained both the water and

aspartic acid molecules, and the amino acid was bonded to

the surface more strongly than the water was. Therefore,

during the annealing from 30 to 200 �C, water molecules

were released, while the aspartic acid molecules remained

on the solid. A mass loss of 2.94 % was observed from 200

to 500 �C, a slightly higher value than that observed in

initial K10 sample. In this temperature range, the remain-

ing aspartic acid was desorbed along with some water

molecules. According to the DTG plot, the mass loss

showed two maxima at 215 and 405 �C (Fig. 9a). It has

been reported that aspartic acid bonded to a solid surface

can be decomposed by a thermal procedure, producing

NH3 in the temperature range of 250 and 320 �C [13].

Taking into account the above reference, the decomposi-

tion of aspartic acid can supposed, in addition to the

desorption processes from 200 to 500 �C. In the third stage

of the TG curve (500–800 �C), the mass loss was about

1.03 %. Yuan et al. [13] again reported that reactions

occurring at higher temperatures corresponded to the fur-

ther decomposition of the guest species as well as the de-

hydroxylation process, producing H2O, CO2, and C2H4.

Therefore, in this study, the mass loss from 500 to 800 �C

was due to decomposition and dehydroxylation processes.

1a b

c

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
2 3 4 5 6 7 8

pH

2 3 4 5 6 7 8

pH

2 3 4 5 6 7 8
pH

Sp
ec

ie
s/

%

1

0.9

0.8

0.7
0.6
0.5

0.4

0.3
0.2

0.1

0

Sp
ec

ie
s/

%

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Sp
ec

ie
s/

%

O

O
O-

OH NH3
+

NH3
+

NH3
+

NH3
+

NH3
+

O

O

O-
O-

HO
O

O

O-
O-

O
O

O-

HS

O

O-

Fig. 7 Relative abundance of

amino acid species in water at

25 �C and 1 bar, in function of

pH. a Aspartic acid. b Glutamic

acid. c Cysteine

Thermoanalytical study of acid-treated clay 1365

123



When the aspartic acid amount was increased on the

K10 surface, the TG curve showed the mass loss at dif-

ferent stage (Fig. 8d). A mass loss of 2.51 % was observed

from 30 to 100 �C, and of 0.5 % from 100 to 150 �C. In

this temperature range, the amount of released molecules

was lower than in K10 and K10-Asp-1. This is due to the

fact that most of the organic molecules were covering the

surface and were strongly bonded to the adsorption sites of

clay; therefore, less amount of molecules were desorbed at

low temperatures. The molecules desorbed at low tem-

peratures can mainly be of water. The DTG curve showed

that most of the mass was lost at 196 �C (Fig. 9d). Above

200 �C, the solid began to lose mass gradually at a per-

centage higher than that of the initial K10. This mass loss

was due to the removal of aspartic acid molecules from

every adsorption site, such as the interlayer space, the

surface, the edge, and interchangeable cations. These pro-

cesses were carried out from 200 to 500 �C with a net mass

loss of 5.86 %. Moreover, the highest mass loss in this

temperature range was observed at 305 and 405 �C. In

accordance with the comments made previously, the

aspartic acid decomposition can take place during the

annealing within this temperature range; accordingly, the

decrease of mass by the decomposition reaction (at 305 �C)

was more noticeable on a surface covered by a large

amount of organic molecules. The K10-Asp-100 samples

showed a total mass loss of 10.43 % from 30 to 840 �C.

The DTG curve of K10-Asp-1 depicted the mass loss with

three maxima at 215, 405, and 504 �C, while the K10-Asp-

100 sample showed four maxima at 196, 305, 405, and

510 �C (Fig. 9a, d). The shift of points at maximum tem-

peratures and the emergence of a new point can be due to

the aspartic molecules being adsorbed in different confor-

mations as well as to the higher interaction between

neighboring organic molecules.

A mass loss of 9.08 % was observed in K10-Glu-1 with

annealing up to 800 �C (Fig. 8b). These processes were

carried out in different stages (Fig. 9b). The first took place

from 30 to 100 �C corresponding to desorption of mole-

cules weakly bonded to the surface, with a mass loss of

3.69 %. In this range, desorption of either water or glu-

tamic acid molecules could have occurred. Little amount of

mass of 0.67 % was removed with heating from 100 to

200 �C, attributed to the elimination of molecules anchored

more strongly to the surface. The TG curve showed a

gradual mass loss above 200 �C. This occurred mainly in

two stages between 200 and 600 �C, with noticeable

maxima at 295 and 504 �C (Fig. 9b). The processes

occurring in this temperature range were probably due to

the removal and decomposition of amino acid molecules.

The total mass loss of K10-Glu-1 samples was slightly

higher than that of aspartic acid which was an indicator that

the glutamic molecules had more affinity to the activated-

K10 surface. When the amount of glutamic acid was

increased (K10-Glu-100), the larger amount of organic

molecules was on the surface, occupying sites that were

initially occupied by water. In these samples, a mass loss

of 1.77 % was observed from 30 to 100 �C (Fig. 8e). The
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glutamic acid molecules were bonded more strongly to the

surface than the water molecules; therefore, they were not

eliminated at low temperatures, and a low percentage of

mass loss was observed. From this point, a gradual mass

loss was observed during the sample annealing up to

850 �C; the processes occurred in different stages with

maxima at 147, 194, 294, 495, and 504 �C (Fig. 9e). The

thermal behavior of glutamic acid anchored on the clay

surface could be explained by many reactions such as

desorption, decomposition, and transformations. Initially, it

could be assumed that decomposition occurred between

200 and 500 �C, with some decomposition products

remaining adsorbed on the surface to be later eliminated

above 500 �C. Lambert et al. [35] have reported that at

high concentrations of glutamic acid in an aqueous solu-

tion, the adsorbed molecules on silica served as nuclei for

the formation of small glutamic acid crystallites, which

showed condensation reactions forming nitrogen cyclic

compounds such as imides. Taking this into account, we

assume that the reaction observed at 147 �C could corre-

spond to a lactam ring closure. In the same sense, the

possibility of polycondensation reactions at higher tem-

perature could yield polymers with large chains, which

molecules were anchored more strongly in the K10 surface,

making it difficult for them to be removal by thermal

treatment. For this reason, constant mass loss was still

observed at 800 �C, without a constant plateau in the TG

plot. It was possible that part of the organic molecules was

not completely evolved, and these compounds were con-

verted to intercalated charcoal. The total mass loss was

15.83 % up to 800 �C, a higher value than of the K10

containing aspartic acid. This indicated that the K10 sur-

face showed higher affinity for adsorbing glutamic acid

molecules than aspartic acid molecules.

In the case of the adsorption of cysteine on acid-treated

K10, a different thermal behavior was observed (Fig. 8c).

At the low concentration, the cysteine showed poor affinity

to the K10 surface where the thermal evolution was

observed in many stages; therefore, the mass loss occurred

progressively from 30 to 850 �C, where no noticeable

maxima were detected in the DTG curve (Fig. 9c). These

reactions were probably due to the desorption and the

decomposition of amino acid molecules, with the processes

occurring at higher temperatures than those observed with

aspartic and glutamic acids. This indicated that cysteine

molecules were bonded more strongly on the K10 surface

than the other amino acids; therefore, a higher temperature

was necessary to desorb them. The total mass loss was

7.25 % up to 800 �C, which was the lowest observed value

of all the amino acids studied. With K10-Cys-100, the

coverage of the solid surface by the amino acid changed;

hence, the thermal behavior of samples was different,

showing mass loss in various stages (Fig. 8f). The first one

was observed between 30 and 200 �C, corresponding to the

desorption of both water and amino acid with a mass loss

of 3.76 %. Others occurred from 200 to 500 �C, where

three maxima were observed at 241, 306, and 430 �C

(Fig. 9f). The suggested reactions in these processes were

the transformation, desorption, and decomposition of cys-

teine, with a mass loss of 4.18 % in this range. Finally, a

maximum was observed at 527 �C, which could due to the

complete removal of organic compounds with a mass loss

of 1.89 %. Then, the solid mass remained almost constant

up to 800 �C. Many studies have reported the interaction of

cysteine with inorganic solids [37–39], suggesting the

formation of complexes with metallic ions in different

conformation. In the case of the interaction of alkaline and

alkaline earth metal cations with cysteine molecules, there

is a tridentate conformation with amino nitrogen, carbonyl

oxygen, and thiol sulfur atoms. If the metal cation is

exchanged in a solid such as clay, this can attach cysteine

molecules through coordination bonds with carboxylate,

amino and sulfur groups. These functional groups can also

interact with several active sites in clays such as mont-

morillonite. Therefore, the thermal behavior of cysteine

anchored to the clay surface is determined by the adsorp-

tion site as well as the conformation of adsorbed mole-

cules, and this amino acid was probably bonded more

strongly to acid-activated K10 than the aspartic and glu-

tamic acids were, hence higher temperatures were observed

for the desorption and decomposition reactions.

Analysis by nitrogen adsorption at 77 K of samples

containing amino acids

Figure 10 shows the nitrogen adsorption isotherm of

samples containing amino acids. A similar behavior was

obtained during the nitrogen adsorption of these solids

compared to the observed one in acid-treated K10, which

indicated that the laminar structure was preserved after the

inclusion of organic molecules. Nevertheless, the surface

area values varied with the inclusion of amino acid in the

solid. Table 1 shows the surface area calculated from BET

models as well as the average pore size. A similar increase

was observed in each sample containing amino acid at the

low concentration (initial solution 1 mmol L-1); never-

theless, once the solution concentration was increased to

100 mmol L-1, the impregnated solid showed a decrease

in the surface area. At the low concentration of initial

solution, molecules of both the water and amino acid were

anchored on the K10 surface. A dispersion of agglomerates

was probably produced by the presence of organic com-

pounds on the particle surfaces, increasing the surface area

of the powder. On the other hand, at the higher concen-

tration of amino acid in the solid, organic molecules

occupied the space of both the surface and micro-pore
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cavities. In addition, when amino acid molecules were

closer to each other on the surface, they could be due to

stronger interaction and blocked pores. The BJH plots

showed similar mesopore sizes distribution in K10 with the

inclusion of each amino acid (Fig. 11), since the mesopore

cavities were not modified with the amino acid incorpo-

ration; hence, the surface area changes were mainly due to

either agglomerate dispersions or micropores obstruction.

The reduction of surface area was the greatest in the

samples of K10-Glu-100, a result that agrees with the

observations made in the thermal analysis where higher

mass loss was observed in these samples.

Conclusions

This study suggested that the adsorption of amino acids in

acid-activated clay depended on the amino acid structure

and the concentration of the aqueous solution in contact

with the solid. At the low concentration of the initial

solution, low affinity of the organic molecule with the

material was observed, with poor coverage of the surface.

X-ray analysis suggested that amino acid molecules were

incorporated into the interlayer space, with the aspartic and

glutamic acids retained in a monolayer arrangement, while

the cysteine was hosted in a different orientation. The

amino acid molecules were bonded strongly to the surface;

therefore, greater mass loss was observed at higher tem-

peratures during the thermal analysis. The cysteine was

anchored more strongly than the aspartic acid and glutamic

acid; hence, desorption and decomposition reactions were

observed at higher temperatures for cysteine. The increase

of the amino acid concentration in the solution produced

changes in the d-spacing which was due to the different

arrangements of organic compounds in the galleries of the

layered silicates. Furthermore, the high concentration of

these organic compounds in the initial solution in contact

with the activated clay produced higher coverage of the

surface. The acid-activated K10 showed a higher capacity

to retain glutamic acid molecules than the others; for that

reason, the samples containing this amino acid showed the

greatest mass loss up to 800 �C. Infrared analyses of clay

containing the amino acid showed bands corresponding to

the carboxylate and protonated amino group, indicating

that cysteine, aspartic, and glutamic acids were chiefly

adsorbed through interaction with these functional groups.

In addition, the textural characteristics of the powder were

altered with the incorporation of amino acid molecules,

suggesting agglomerate dispersion at the low concentration

of the guest substance, while at the high concentration, the

blocking of pores was assumed.
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Table 1 Surface area measured by N2 adsorption at 77 K and cal-

culated by BET equation and pores size of acid-treated K10 samples

containing amino acids

Sample SBET/m2 g-1 Pore size/nm

Acid-activated K10 184.7 5.72

K10-Asp-1 242.8 5.65

K10-Glu-1 223.4 6.72

K10-Cys-1 225.7 6.50

K10-Asp-100 193.8 7.21

K10-Glu-100 124.2 7.98

K10-Cys-100 199.6 6.96
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