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a b s t r a c t

Synthesized nanostructured hybrids from RUB-18 layered silicate, containing one (N) or three (3N)
basic nitrogen atoms attached to pendant chains were applied for copper, nickel and cobalt sorp-
tions. The isotherms obtained from batchwise processes were adjusted to the Freundlich and the
Langmuir–Freundlich models for heterogeneous systems. The basic nitrogen centers/acidic cation inter-
actions were followed by calorimetry under batchwise conditions and the results were analyzed by
a modified Langmuir equation. The exothermic enthalpic values of −2.50 ± 0.30, −1.62 ± 0.10 and
−1.35 ± 0.20 and −15.61 ± 0.20, −8.05 ± 0.14 and −20.48 ± 0.15 kJ mol−1, obtained for Cu2+, Ni2+ and Co2+

titrations with C-RUB-xN (x = 1, 3) materials, suggest a favorable process at the solid/liquid interface
ayered silicate
alorimetry

for inorganic/organic hybrid cation sorptions. These thermodynamic data, expressed also by reaction
spontaneity, infer the use of such hybrids for cation removal from aqueous solution.
sotherm
hermodynamics

. Introduction

Sorption processes are of extreme importance for science and
echnology, when effectively applied to undesirable industrial
esidues removals, activities which are associated with mixture
eparation, catalysis, water purification and effluent treatment
1]. Industrial activities are normally responsible for generating
arge volumes of hazardous species that cause environment con-
amination, being an intense worldwide problem. Great amounts
f dyes and metals are dispersed into the atmosphere, water
nd soil, and are harmful for the majority of the contaminated
ystems, directly affecting human life [2,3]. In this context, the
evelopment of new materials and methodologies for species
oncentration with the aim of their removal from aqueous solu-
ion to clean an ecosystem is continuously necessary, with the
urpose to follow the established green chemistry principles
1–4].

Quantitative determinations from calorimetry of the acid/base
nteractions at the solid/liquid interface can elucidate the energet-

cs involving any studied system [5]. Thus, this valuable practice
uantifies the energies of interactions of, for example, metallic
ations and properties associated with available basic centers on
he material surface. From the experimental point of view, three
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independent determinations enable obtaining the thermodynamic
data of the system [6].

In attempting to investigate new materials, the hydrated crys-
talline layered RUB-18 silicate was chosen, taking into account that
the acidic form has plenty of silanol groups on its surface [7,8].
These free groups are active sites for the effectiveness of anchoring
reactions with silylating agents, to cause the chemical modifica-
tion of the surface. The inorganic–organic nanostructured hybrids
obtained through the organofunctionalization process enable the
appearance of different active pendant chains on the layered sur-
face. From this operation the synthesized new materials were
designed to act as potential concentration systems for metallic ion
sorption from aqueous solutions [7–10].

This present investigation studied the application for copper,
nickel and cobalt sorptions from aqueous solution and the relevant
microcalorimetric parameters to obtain the thermodynamic values
of cation/basic center interactions for the synthesized hybrid.

2. Experimental

2.1. Materials
Amino functionalized materials were synthesized from the
surfactant intercalated precursor CTA-RUB-18 as reported before
[8], using silylating agents for the organofunctionalization
involving 3-aminopropyltriethoxysilane (N) 97% (Aldrich) and N-3-
trimethoxysilylpropyldietilenetriamine (3N) 97% (Aldrich), to give

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:airoldi@iqm.unicamp.br
dx.doi.org/10.1016/j.tca.2010.02.001
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for the C-RUB-N hybrid were also obtained. All results from
the sorption isotherms were fitted to the Freundlich and the
Langmuir–Freundlich models and the adjustments for these mod-
els are listed in Table 1.
T.R. Macedo et al. / Thermo

he inorganic–organic nanostructured hybrids named C-RUB-N and
-RUB-3N, respectively.

.2. Sorption isotherm

Copper, nickel and cobalt sorption isotherms from aqueous solu-
ion were obtained by the batchwise method [4,7] from continuous
rbital stirring of 20 mg of chemically modified compound, sus-
ended in 25.0 cm3 of each cation solution, varying from 0.70 to
.0 mmol dm−3 in concentration, at 298 ± 1 K for 24 h. Aliquots of
he supernatant were pipetted and the metal quantities remain-
ng in the supernatant were determined by inductively coupled
lasma-optical emission spectrometry (ICP-OES). The difference
etween the metal quantities added and that remaining in solu-
ion is sorbed on the hybrid surface. The isotherms obtained were
djusted to the sorption models described by the Freundlich and
he Langmuir–Freundlich equations [9].

.3. Calorimetry

The samples for calorimetric titrations were inserted in an LKB
277 calorimeter at 298.15 ± 0.20 K. For each titration, 20 mg of
he sample was suspended in 2.0 cm3 of deionized water in a
tainless steel vessel under continuous stirring. After thermal equi-
ibrium, aliquots of 20 �L of 0.10 mol dm−3 of metallic solution

ere added to the titration vessel through a gold cannula con-
ected to a microseringe. The thermal effect of titration (

∑
Qtit)

or each increment of titrant solution was obtained until satura-
ion, as indicated by a constant thermal effect. The same procedure
as followed for monitoring the thermal effect of dilution of the
etallic solution in water (

∑
Qdil), but without solid inside the

alorimeter vessel. The last operation consisted in adding water
o the suspended solid that corresponds to the hydration thermal
ffect (

∑
Qhyd) and results in a null value [10].

. Results and discussion

.1. Metal sorption

The number of moles of cation directly sorbed on the precursor
ayered Na-RUB-18 and the cetyltrimethylammonium exchanged
orm (CTA-RUB-18) gave negligible values, as already observed,
emonstrating the necessity to first organofunctionalize the inor-
anic support prior to cation sorption [4,7].

Covalent incorporations of different silylating agents contain-
ng potentially coordinating nitrogen atoms attached to pendant
norganic chains onto RUB-18 silicate result in the incorporation
f these Lewis basic centers on the inorganic structure. These cen-
ers are of great interest for interactive effects with acidic metallic
ations such as copper, nickel and cobalt dissolved in aqueous solu-
ion. Thus, the sorption process is related to complex formation
ith divalent metals, which are progressively coordinated through

he free available electrons on the nitrogen atom attached to the
endant chains [11].

The complexing effects of the chemically modified N and 3N
ybrids were investigated through the sorption process. The sam-
les were placed in contact with various metallic solutions with
ifferent concentrations. The amount of metallic ions present in
olution after the sorption process was determined by ICP-OES and
he sorbed amounts, Nf, were determined according to the equa-
ion Nf = (ni − nS)/m, where ni and nS were the moles of cations

nitially added and in equilibrium with the solid/liquid interface,
espectively, and m is the mass used [7,12].

The values obtained for cation concentration in the supernatant
CS) determined from the number of moles fixed by the mod-
fied surface (Nf) and the sorption isotherms for the C-RUB-3N
Fig. 1. Sorption isotherms of Cu2+ (a), Ni2+ (b) and Co2+ (c) with chemically func-
tionalized C-RUB-3N.

hybrid [4,7,13] are shown in Fig. 1, while the linearized forms
of the isotherms are represented in Fig. 2. Similar isotherms
Fig. 2. The Freundlich (a) and the Langmuir–Freundlich isotherms (b) for Cu2+ sorp-
tion by C-Rub-3N hybrid.
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Table 1
Results of sorption isotherms of M2+ (Cu, Ni and Co) with chemically modified RUB-18, following the Freundlich and the Langmuir–Freundlich models. Nf is the number of
moles fixed; NS the maximum sorption; KF, n and b constants related to the sorption, sorption intensity and equilibrium constant, respectively, and R2 the determination
coefficient.

Material Freundlich Langmuir–Freundlich

M2+ KF n R2 Nf (mmol g−1) NS (mmol g−1) b R2

C-RUB-N Cu 0.781 1.36 0.9819 3.83 3.86 0.28 0.9385
Ni 2.58 2.74 0.8711 2.52 2.54 1.33 0.9664
Co 0.786 1.42 0.9649 3.14 3.28 0.35 0.9129
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C-RUB-3N Cu 1.509 3.07 0.9844
Ni 1.363 3.22 0.9896
Co 1.242 3.19 0.9953

The Freundlich equation [13] suggests a logarithmic decrease
f the sorption energy as a function of metal surface completion,
ased on a theoretical model derived for heterogeneous surfaces,
s expressed by Eq. (1). The linearized form in given by Eq. (2):

f = KF C1/n
S (1)

og Nf = 1
n

log CS + log KF (2)

ith Nf and CS being defined as before, KF is a constant related to
he sorption capacity and n a constant associated with the sorp-
ion intensity. Those constants are empirical and dependable on
everal environmental factors [14], however, the capacity refers to
he specific material and the intensity is related to the occurrence
f this phenomenon, but, both are dependent on the experimental
ondition.

The Langmuir–Freundlich model [15] follows Eq. (3), and its
inearized form is expressed by Eq. (4):

Nf

NS
= bC1/n

S

1 + bC1/n
S

(3)

(CS)
Nf

1/n

= 1
NS b

+ (CS)1/n

NS
(4)

here Nf, CS and n were defined before; NS is the maximum num-
er of moles for the monolayer formation and b is an equilibrium
onstant due to the surface/metal affinity.

The maximum sorption capacity, represented by NS, was
btained through the Langmuir–Freundlich adjustment, conse-
uently, in analyzing those values, the C-RUB-N material presented
igher values for Cu2+ sorption, as expected, considering the val-
es obtained through elemental analysis, since C-RUB-N hybrid
ontains a greater amount of attached groups on the surface that
re completely available for cation/nitrogen interaction. The lin-
arized values for NS that are related to pendant chains on the
urface, represented by nN, obtained through elemental analy-

is and also the relation between them, NS/nN, are also listed in
able 2.

The NS/nN quotient represents a normalized value related to
he amount of sorbent group for each material and an inversion
orption order is observed. Thus, it is expected that the C-RUB-

able 2
etal M2+ (M) removal by organofunctionalized RUB-18, the degree of functional-

zation (nN), the maximum sorption (NS) and the NS/nN relationship.

Material nN/mmol g−1 M NS/mmol g−1 NS/nN

C-RUB-N 2.60 Cu 3.86 1.48
Ni 2.54 0.97
Co 3.28 1.26

C-RUB-3N 0.81 Cu 1.83 2.26
Ni 1.70 2.10
Co 1.66 2.05
1.83 1.83 1.74 0.9907
1.67 1.70 1.93 0.9941
1.65 1.66 1.90 0.9986

N hybrid with a higher amount of basic groups (2.60 mmol g−1)
attached would present greater ability to easily sorb a higher
amount of metallic cations, resulting in a high quotient. However, a
smaller value was obtained, as is clearly demonstrated by the nor-
malized values calculated for this hybrid, which is near to unity
(1.26 mmol g−1) for cobalt sorption. These results suggest the exis-
tence of a simple interaction. In case of C-RUB-3N, with a quotient
2.05 for the same cation, the sorption from three nitrogen basic
atoms attached to pendant chains is expected, reflecting a rela-
tively higher sorption capacity, mainly when compared with the
smaller amount of 0.81 mmol g−1 of the atoms on the surface.

Based on nN/NS relationship the material with higher effi-
ciency for cation sorption from aqueous solution was the
inorganic–organic hybrid C-RUB-3N. This is expected due to the
presence of three chelating groups on the chemically anchored
organic structure. The order of cation sorption obtained for C-RUB-
3N was Cu > Ni > Co, generally, following the Irving–Williams series
[11], nevertheless some results are close to one another. In the
case of C-RUB-N, the order was Cu > Co > Ni, again with very similar
results.

Parameters referenced to the sorption process between chem-
ically modified surfaces and metallic ions, such as the number of
cations necessary for monolayer formation on the materials surface
(NS) and the respective equilibrium constants of the sorption pro-
cess (b), obtained through linearization of the Langmuir–Freundlich
model are very important to be considered for any sorption process
[9]. From linearization the KF and n parameters were obtained and
are fundamental to describe these behaviors.

3.2. Microcalorimetry

Microcalorimetry is an important technique to obtain the ther-
modynamic values of the interactions between metallic cations
and the basic centers attached to the pendant chains covalently
bonded to the layered functionalized structures. Through such
determinations the equilibrium constant and the sorption enthalpy
are simultaneously obtained and, consequently, the Gibbs energy
values. The enthalpy was calculated from the integral thermal
effect values, resulting from the addition of divalent cation solu-
tions to the suspended organofunctionalized RUB-18 sorbent inside
the calorimeter vessel. These exothermic values contribute to the
favorable thermodynamic data [9,16] as it is shown in Fig. 3, repre-
sented by the thermal effect against the sum of the titrant volume
[17].

The set of calorimetric titration curves given by the sum of ther-
mal effect as a function of the volume of the titrant added to the

calorimetric vessel is shown in Fig. 3. From the total effect Qtit, curve
a, the content related to the dilution process Qdil, curve b is sub-
tracted. Considering also that the hydration process resulted in a
null value, as also observed for other systems [9,16], the net thermal
effect QR is given, curve c, calculated from Eq. (5), which represents
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ig. 3. Calorimetric titration curves representing the thermal effect of titration
Qtit (a), the thermal effect of dilution

∑
Qdil (b) and the net thermal effect

QR (c) for 0.104 mol dm−3 Cu2+ sorption by 20 mg of C-RUB-N, obtained through
ncrements of 20.0 �L of metallic solution.

he values involved in pendant basic center–metal ions interaction.

QR =
∑

Qtit −
∑

Qdil (5)

The sequence of reactions in aqueous solution (aq) inside the
alorimetric vessel takes place when the suspended (susp) layered
rystalline organofunctionalized compound (RUB) is titrated with
he divalent cations (M) solution, which gave the net thermal effect
R, as given by Eqs. (6)–(9).

UB(susp) + M(aq) = RUB · M(susp); Qtit (6)

UB(susp) + nH2O = RUB · nH2O(susp); Qhyd (7)

(aq) + nH2O(aq) = M · nH2O(aq); Qdil (8)

UB · nH2O(susp) + M · nH2O(aq) = RUB · M(susp) + 2nH2O(aq); QR

(9)

The sum of enthalpic values obtained from calorimetry enable
he determination of the thermodynamics of the equilibrium after
djusting the data to a modified Langmuir equation [18].

X

�Rh
= 1

(K − 1)�inth
+ X

�inth
(10)

ith X being the molar fraction of metallic ion in solution at the
quilibrium of the process, after addition of titrant, �Rh is the net
nthalpy of reaction (J g−1), K is a constant that includes the equi-
ibrium constant and �inth represents the specific enthalpy of the
nteractive process.
From the experimental point of view, the amount of
ation sorbed by the free basic centers was previously deter-
ined through a batchwise isotherm that was adjusted to the

angmuir–Freundlich model, as given by Eq. (3). The graphical
epresentation CS/Nf as a function of CS enabled obtaining the

able 3
hermodynamic data of interaction of the divalent cations copper, nickel and cobalt with

Material M2+ −�inth/J g−1 −�H/kJ mol−1

C-RUB-N Cu 9.64 2.50 ± 0.30
Ni 4.11 1.62 ± 0.10
Co 4.44 1.35 ± 0.20

C-RUB-3N Cu 28.56 15.61 ± 0.20
Ni 13.68 8.05 ± 0.14
Co 33.99 20.48 ± 0.15
Fig. 4. Calorimetric isotherm for Cu2+ sorption by C-RUB-N, represented by �Rh
as a function of X, with incremental additions of 20 �L of a 0.104 mol dm−3 metal-
lic cation solution. The linearized form of the isotherm presents a determination
coefficient of 0.9999.

linearization of the isotherm, it being possible to determine the
angular NS and linear b coefficients [9,16–18].

By using the calorimetric data applied from the modified Lang-
muir equation, Eq. (10), represented by X/�Rh as a function of X,
it is possible to determine �inth and K values, through the angular
and linear coefficients, respectively, as shown in Fig. 4.

From the enthalpy involving a monolayer interactive process
and the respective number of moles, the molar enthalpy was cal-
culated through Eq. (11).

�H = �int h/NS (11)

As observed, the molar enthalpy characterizes the thermal effect
involved in the system, due to the cation/basic center interactions
and from the modified Langmuir equation it was possible to calcu-
late simultaneously the enthalpy and the equilibrium constant of
the process. From these values the Gibbs free energy can be calcu-
lated, Eq. (12), where T = 298.15 K and R is the ideal gases constant,
8.314 J K−1 mol−1.

�G = −RT ln K (12)

The entropic values that were calculated, Eq. (13), and the com-
plete thermodynamic data are listed in Table 3. The observed
enthalpic values are exothermic with favorable equilibrium
constants, which are associated with negative Gibbs energies, indi-
cating a spontaneous cation sorption for the organofunctionalized
surfaces.

�G = �H − T�S (13)

The chemically modified silicate containing three basic nitro-
gen centers attached to the pendant chains are more exothermic, a

behavior that should be related to the minimizing hindrance effects,
which can make cation interaction easier [17,18]. Thus, the varia-
tion in enthalpy reflects not only the degree of functionalization,
but also the maximum sorption, as expressed by the quotient, as
listed in Table 2.

basic nitrogen centers at 298.15 ± 0.20 K.

K × 104 −�G/kJ mol−1 �S/J K−1 mol−1

8.1 28.0 ± 0.6 86 ± 1
38.1 31.9 ± 0.6 101 ± 1
13.8 29.3 ± 0.2 94 ± 1

245.0 36.5 ± 0.6 70 ± 1
818.0 39.5 ± 0.5 105 ± 1
515.0 38.3 ± 0.5 60 ± 1
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The entropic data are all positive, indicating a change in sol-
ent structure of the system as the sorption process progresses.
uring complex formation water molecules are displaced as a

unction of the dehydration of the metallic cations to which they
ere originally coordinated. In addition, the water molecules

onded to the basic centers through hydrogen bonds are also dis-
laced as the cation interactions occur. Consequently, the sum
f the solvent molecules entering the medium contributes to
he disorder of the system, causing an increase in entropy. As
bserved for all cases, positive values were obtained, as listed in
able 3.

. Conclusions

The synthesized inorganic–organic hybrids obtained from
UB-18 present interesting sorption properties, whose results
emonstrate that the process of metal sorption was spontaneous

n aqueous solution and at ambient conditions.
The experimental data obtained through sorption isotherms

ere adjusted to the Freundlich and the Langmuir–Freundlich
odels, explained by the heterogeneity of the studied systems, as

he sorption processes occurs in two or more stages.
The calorimetry was of fundamental importance in obtain-
ng the thermodynamic data of cation/basic nitrogen interactions
t the solid/liquid interface. These interactions gave exothermic
nthalpies and negative Gibbs energies, supporting spontaneous
eactions as well as positive entropies. These values correspond to
avorable conditions for cation removal using these systems.

[
[
[
[
[
[

ca Acta 502 (2010) 30–34

Based on the calorimetric data, it is reasonable to propose that
organofunctionalized RUB-18 layered compounds can be applied
to clean an ecosystem by metal removal from aqueous solution in
favorable conditions.
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