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Abstract

Mercury chloride was complexed on functional SH groups attached to silica gel to yield the material Sil-S-Hg. Adsorption
and thermochemical data for the interaction of some primary amines with the immobilized mercury(II) have been obtained from
calorimetric measurements at 298.15 K, with the objective of charting the newly created acidic sites. By using calorimetric
titrations with direct determination of reaction extension, values of maximum capacities of interaction (Ns), interaction
enthalpies at different coverage of the surface (�int(i)Hm) and the molar enthalpy of interaction for monolayer formation of
the anchoring amines (�monHm) were determined. It is shown that the values of the thermochemical parameters�int(i)Hm

and�monHm are in the sequence: Sil-S-Hg/C2H5NH2 > Sil-S-Hg/C4H9NH2 > Sil-S-Hg/CH3NH2 > Sil-S-Hg/C3H7NH2,
and are correlated with the order of the basicity constants of the amines. The general tendency found earlier for the energy
distribution of the adsorption sites on the heterogeneous surface has been confirmed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mechanically stable matrices, such as chemically
modified silica gel surfaces, have awakened grow-
ing interest because the knowledge acquired with
them permits the transfer of some properties found
in homogeneous chemistry to the immobilized state.
Among the more promising highly developed surfaces
are the silica-attached organosilanes which are widely
used in various technologies[1–9]. These materials
enable speciation of trace elements and are useful in
solving many problems in nuclear technology, elec-
tronics, metallurgy, mining, medicine, agriculture,
fisheries and environmental studies. Although a large
body of data has been reported about anchored silicas,
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new applications are continuously demanding further
information.

Recently[10–12], our group has employed adsorp-
tion calorimetry with the purpose of evaluating the
nature of the bonds of complexes at the solid–liquid
interfaces. The calorimetric titration method has
provided quantitative information on both adsorbed
amounts and energy data at different surface cov-
erages. In following this procedure, the equilibrium
conditions are well defined and this method provides
a direct means to obtain accurate differential enthalpy
values with the knowledge of the energy distribution
of the adsorption sites on the heterogeneous adsorbent.
Thus, it is possible to discuss the adsorption processes
in an exact thermodynamic way. Calorimetric titration
has been widely used to investigate homogeneous so-
lution reactions but its use for heterogeneous medium
studies is far less extensive. The interactions of an

0040-6031/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0040-6031(02)00452-5



122 E.F.S. Vieira et al. / Thermochimica Acta 399 (2003) 121–126

immobilized functional group with a reagent from the
ambient can differ from the known reaction in homo-
geneous medium. The differences can be attributed
to transport limitations, solvation effects, charge and
dipole effects and steric constraints[13]. Investi-
gations on the thermodynamics of adsorption from
solutions have been reported[14–20], however, they
are few and scattered because of the complexities
of solid–solution interface systems and experimental
difficulties.

In this paper, we report the calorimetric results
for interactive processes of primary amines with
complexed mercury on silica gel modified with
3-(trimethoxysilyl)propane-1-thiol, Sil-S-Hg. An es-
sential feature in the study of this heterogeneous
medium is concerned with the direct determination
of enthalpy changes for acid–base interactions from
a net calorimetric titration curve. Such an investiga-
tion demands a knowledge of the amount of amine
that interacts at each titration point, which could be
satisfactorily determined from our experiment.

2. Experimental

2.1. Chemicals

Reagent grade 3-(trimethoxysilyl)propane-1-thiol
(MPTS) from Aldrich and mercury(II) chloride
(greater than 98% purity, from Vetec) were used as
supplied. The adsorbent was silica gel (Fluka) with a
particle size of 0.063–0.200 mm (70–230 mesh), hav-
ing a mean pore diameter of 60 Å. Xylene (Merck) was
distilled and dried with metallic sodium. Methylamine
(Aldrich), ethylamine (Riedel-de-Haen), propylamine
(Aldrich) andn-butylamine (Riedel) were distilled be-
fore use. The solutions of these amines (0.3 mol dm−3)
were prepared in deionized water, free of CO2 and O2
by nitrogen purge-vacuum cycles and standardized
against HCl solution by potentiometric titration.

2.2. Chemical modification of the silica gel surface

The inorganic support was modified as follows:
a sample of 40 g of activated silica was immersed
into 150 cm3 dry xylene and 25 cm3 of the silylant
agent MPTS was then added with stirring[10]. The
stirred suspension was refluxed under dry nitrogen

atmosphere for 72 h. The modified silica, Sil-SH, was
filtered, washed twice with acetone and xylene and
dried under vacuum at 323 K.

The modified silica gel was characterized by spe-
cific surface area using the BET method with N2 at
77 K [21], 13C and29Si NMR with cross-polarization
and magic-angle spinning (CP-MAS), FTIR diffuse
reflectance and thermogravimetry. The CP-MAS mea-
surements were made on an AC 300/P Bruker NMR
spectrometer operating at 75.47 MHz for13C and at
59.63 MHz for29Si. Infrared spectra data for unmo-
dified and modified silica gel were obtained on a
Perkin-Elmer 1600 series FTIR spectrophotometer
with a diffuse reflectance accessory at a resolution of
4 cm−1, by using spectral quality KBr powder. Ther-
mogravimetric determinations were performed using
a DuPont thermogravimetric analyzer with a dynamic
atmosphere flow of 0.33 cm3 s−1 and a heating rate
of 0.16 K s−1.

2.3. Complexation of mercury on Sil-SH

From our previous papers[10–12] it was shown
that Sil-SH has the capacity to extract mercury ions
from aqueous and ethanolic solutions. In this work,
a sample of Sil-SH was added to an aqueous solution
of mercury chloride at a sufficient concentration to
obtain the maximum quantity of adsorbed cation on
the surface[10]. The amount of immobilized mer-
cury was determined by complexometric titration
with dithizone and was found to be 0.489 mmol g−1.
After stirring for several hours, the solid containing
mercury, Sil-S-Hg, was filtered off and washed with
water and acetone. After filtration, the Sil-S-Hg was
dried under vacuum at 323 K for 6 h.

2.4. Calorimetric titration procedure

The thermochemical data for the interaction pro-
cesses of RNH2 (R = CH3, C3H7 and C4H9) with the
Sil-S-Hg were obtained from incremental calorimet-
ric titrations, at 298.15 K, in the isoperibolic precision
calorimetric system LKB 8700-2, whose performance
and details have been described elsewhere[22]. All
results obtained are the averages of two repeated de-
terminations. Thermostated aqueous solutions of the
amines were incrementally added, under vigorous stir-
ring (500 rpm), to the calorimeter vessel containing
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1.0 g of Sil-S-Hg suspended in 90.0 cm3 of bidistiled
water, until no additional thermal effect, besides the
dilution effects, were observed. Thus, the total volume
of titrant added for each titration curve was dependent
on Sil-S-Hg saturation. Each addition of 0.5 cm3 of
amine solution yielded a thermal effect of interaction,
Qr, which was corrected by subtracting the thermal di-
lution effect,Qd, for each increment of amine solution
in 90.0 cm3 of bidistiled water without solid adsorbent.

The processes of calorimetric titration involving
thermal effects of Sil-S-Hg/amines interactions, at
each equilibrium condition, are outlined as follows:

Sil-S-Hg(soln1) + RNH2 (soln1)

= Sil-S-Hg· RNH2 (soln2); Qr (1)

RNH2 (soln1) + solvent= RNH2 (soln2); Qd (2)

After eachQr recording, mechanical stirring was in-
terrupted for 5 min in order to withdraw 1 cm3 of the
supernatant solution to determine the amine equilib-
rium concentration,Ceq(i). Thus, the amine amount
that interacts with the Sil-S-Hg at each calorimet-
ric titration point,nint(i), could be determined. Each
titrant addition was separated by 30 min from the next,
during which time the thermal effects due to titrant
addition and electrical calibration were recorded.

The corresponding interaction energy,Qint(i), was
determined:

Qint(i) = Qr(i) − Qd(i) (3)

Interaction enthalpies at different coverage of the sur-
face,�int(i)Hm, were calculated from knowledge of
the amount of amine required to yieldQint(i) under
each equilibrium condition:

�int(i)Hm = Qint(i)

nint(i)
(4)

2.5. Quantitative determination of amines

In order to determine the amine amount that inter-
acts with the Sil-S-Hg at each calorimetric titration
point,nint(i), experiments were carried out in the LKB
2277 heat-flow microcalorimeter previously described
[12]. The titration ampoule of this apparatus has a ca-
pacity of 3 cm3 and was internally covered with Teflon.
Aliquots of the supernatant solutions, coming from the
Sil-S-Hg/amines titration systems, were neutralized in

2 cm3 of 0.10 mol dm−3 HCl within the titration am-
poule.

The areas of the detectable calorimeter signals
(power versus time) are dependent on the volumes and
concentrations of the amine solutions. When fixed vol-
umes of amine solutions are added, the produced areas
are proportional to the concentration of the base. A sin-
gle analytical curve of concentration versus area, made
prior to each experiment, thus allows to determine
each unknown equilibrium concentration of amine.

3. Results and discussion

The functional SH group attached on a pendant
chain bonded to the surface is a soft base forming a
donor center which is highly polarizable and capable
of interacting with low-lying orbitals of soft acids[23].
The specific surface area of 346 m2 g−1 for Sil-SH
was found to be reduced when compared with the
value 422 m2 g−1 for the unmodified silica gel. Such
a reduction can be mainly attributed to the coating of
the pores of the surface by organofunctional groups,
preventing the access of nitrogen molecules into some
of the pores. The amount of attached SH groups was
quantitatively determined by using a previous method
[24] established from thermogravimetric data, which
gave 1.37 mmol of sulfur per gram of adsorbent. IR
and CP-MAS NMR spectra data gave clear evidence
of the modification as previously reported[10].

Calorimetric investigations[10,11] concerning in-
teractions of Hg(II), Ag(I), Cu(II), Ni(II) and Zn(II)
ions with mercapto-modified silica gel surface, Sil-SH,
have provided a method to chart the basic sites cre-
ated with the surface modification. The Sil-SH with
the complexed cations also has a characteristic related
to the presence of acidic sites. With the objective of
charting these newly created sites and to study the
acid–base interaction effects of solid–solution inter-
facial processes, interactions of immobilized mercury
on thiol ligands with amines have been investigated.
The reason to study the Sil-S-Hg/amines interactions
is due to these processes to yield more�int(i)Hm val-
ues than the Sil-SM/amines (M= Ag, Cu, Ni and
Zn) processes. Thus, it is possible an accurate inves-
tigation of the energy distribution of the adsorption
acidic sites on the potentially heterogeneous surface.
One aspect on which we have concentrated our efforts
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Table 1
Calorimetric titration of 1 g of Sil-S-Hg suspended in 90 cm3 of bidistiled water, with 0.30 mol dm−3 methylamine solution at 298.15 K

Ceq(i) (10−3 mol dm−3) nint(i) (10−4 mol) −Qint(i) (J) −�int(i)Hm (kJ mol−1)

Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2

0.57 0.61 0.98 0.95 3.15 3.41 32.1 35.9
1.43 1.42 0.74 0.78 2.25 2.36 30.4 30.2
2.43 2.40 0.62 0.64 1.67 1.78 26.9 27.8
3.58 3.53 0.51 0.52 1.24 1.37 24.3 26.3
4.94 4.85 0.32 0.36 0.71 0.88 22.2 24.4
6.47 6.34 0.18 0.21 0.34 0.36 18.9 17.2
8.15 7.98 0.06 0.10 0.11 0.16 18.5 16.1

Table 2
Calorimetric titration of 1 g of Sil-S-Hg suspended in 90 cm3 of bidistiled water, with 0.30 mol dm−3 propylamine solution at 298.15 K

Ceq(i) (10−3 mol dm−3) nint(i) (10−4 mol) −Qint(i) (J) −�int(i)Hm (kJ mol−1)

Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2

0.67 0.73 0.89 0.84 2.64 2.52 29.6 30.0
1.55 1.71 0.71 0.72 2.11 2.02 29.7 28.1
2.55 2.69 0.62 0.64 1.52 1.44 24.5 22.5
3.75 3.89 0.43 0.47 0.83 0.83 19.3 17.6
5.14 5.24 0.29 0.32 0.49 0.55 16.8 17.1
6.72 6.85 0.14 0.11 0.23 0.18 16.6 16.5

is the simultaneous determination of the thermal ef-
fects and the corresponding amounts of amines that
interact at each calorimetric titration point. The val-
ues directly obtained with this method are shown in
Tables 1–3.

Amine solutions were added until the Sil-S-Hg sur-
face was saturated. At this point, it is proposed that a
monolayer is formed[25]. The molar enthalpy of in-
teraction for monolayer formation of anchoring amine,

Table 3
Calorimetric titration of 1 g of Sil-S-Hg suspended in 90 cm3 of bidistiled water, with 0.30 mol dm−3 butylamine solution at 298.15 K

Ceq(i) (10−3 mol dm−3) nint(i) (10−4 mol) −Qint(i) (J) −�int(i)Hm (kJ mol−1)

Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2

0.41 0.43 1.13 1.11 3.85 3.83 34.1 34.8
1.13 1.18 0.85 0.83 2.84 2.86 33.2 34.5
2.08 2.05 0.67 0.74 1.98 2.21 29.5 29.9
3.11 3.17 0.61 0.52 1.73 1.48 28.4 28.5
4.43 4.45 0.35 0.38 0.94 1.05 26.9 27.6
5.84 5.81 0.28 0.33 0.68 0.89 24.3 26.9
7.42 7.34 0.15 0.19 0.35 0.48 23.4 25.3
9.10 8.95 0.07 0.13 0.16 0.30 22.9 23.1

per gram of Sil-S-Hg,�monHm, can be directly ob-
tained by means of the expression:

�monHm = Qmon

Ns (5)

whereQmon = �Qint(i) is the integral energy of inter-
action for a saturated monolayer per gram of Sil-S-Hg,
and Ns = �nint(i) is the maximum capacity of in-
teraction to form a monolayer.Table 4 summarizes
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Table 4
Results of maximum capacities of interaction, integral enthalpies of interaction and molar enthalpy of interaction for monolayer formation,
from calorimetric titration data at 298.15 K

RNH2 Ns (10−4 mol g−1) −Qmon (J g−1) −�monHm (kJ mol−1)

Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2

R = CH3 3.37 3.52 9.38 10.21 27.83 29.00
R = C3H7 3.09 3.06 7.84 7.45 25.37 24.35
R = C4H9 4.08 4.21 12.44 13.08 30.49 31.07
R = C2H5

a 5.60 – 24.73 – 44.16 –

a From [12].

�monHm, Qmon and Ns values. For comparison, the
previous results with the Sil-S-Hg/ethylamine interac-
tion process[12] are also included.

The functionalized silica surface must be a pri-
ori regarded as potentially heterogeneous[10]. From
Tables 1–3, it can be seen that all experiments yield
different interaction enthalpies evolved at different
coverages, thus the�int(i)Hm values are not constant
with the coverage. This feature can be better observed
in Fig. 1, which shows�int(i)Hm values against cov-
ered fraction of the Sil-S-Hg,θ = �nint(i)/Ns. It is
clear that interactions at lower coverage yield higher
enthalpy change values, which decrease with increas-
ing coverage.

The maximum capacity of interaction to form a
monolayer,Ns, shows the ability of the Sil-S-Hg to
remove amines from aqueous solutions. From our pre-
vious study[10], it was found that 36% of the at-
tached organosilanes on the silica gel, whose sulfur
content is 1.37 mmol g−1, are available for adsorp-
tion of mercury. The mercury interaction capacity of
0.489 mmol g−1 indicates that 86, 72 and 63% of the
coverage is achieved for interactions of butylamine,
methylamine and propylamine, respectively, as can be
seen inTable 4. This finding suggests the formation of
complexes of, presumably, 1:1 stoichiometry for the
interactions of the amines with the mercury ions, by
considering them the only acidic sites present on the
surface. It is possible that the amines can be adsorbed
by the remaining acidic silanol groups disposed on
surface and there may also be interactions between the
amino group and residual SH groups on Sil-SH.

Based on previous studies, it was concluded that,
when the same coverage is not achieved for adsorp-
tion, the thermodynamic quantity�int(i)Hm should
be better than�monHm to evaluate the acid–base

interactions. FromFig. 1, it is possible to compare
�int(i)Hm values for the same coverage achieved for
adsorption of the four amines. It can be seen that
the �int(i)Hm values are in the sequence: Sil-S-Hg/

Fig. 1. Interaction enthalpies at different coverage of the surface
(�int(i)Hm) vs. the covered fraction of the surface (θ), for the
interaction of Sil-S-Hg with the primary amines.
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C2H5NH2 > Sil-S-Hg/C4H9NH2 > Sil-S-Hg/CH3-
NH2 > Sil-S-Hg/C3H7NH2. This sequence is in agr-
eement with that observed for�monHm values in
Table 4, and follows the same order as the ba-
sicity constants (Kb × 10−4) of the amines[26]:
C2H5NH2 (5.1) > C4H9NH2 (4.8) > CH3NH2
(4.5) > C3H7NH2 (4.1). These results, consequently,
suggest that the basic character of the primary amines
can play an important role in these acid–base inter-
action processes of amine adsorption from aqueous
solutions.
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