
Mercaptopropyl magnesium phyllosilicate Ð thermodynamic data
on the interaction with divalent cations in aqueous solution

Maria G. Fonsecaa, Claudio Airoldib,*

aFaculdade de CieÃncias e Tecnologia, Universidade Estadual da ParaõÂba, Campina Grande, ParaõÂba, Brazil
bInstituto de QuõÂmica, Universidade Estadual de Campinas, Caixa Postal 6154, 13083-970 Campinas,

SaÄo Paulo, Brazil

Received 6 December 1999; received in revised form 25 February 2000; accepted 26 February 2000

Abstract

Magnesium phyllosilicate (SILMgSH) was obtained by the sol±gel process involving the reaction of magnesium cation and

mercaptotrialkoxysilane in aqueous basic solution at 298 K. The inorganic±organic hybrid was characterized by elemental

analysis to give a presence of 4.88 mmol gÿ1 of organic chains, and X-ray diffraction (XRD) patterns gave basal peaks

associated with an interlayer distance of 1300 pm. The interactions between the terminal thiol groups of the organic chains of

a silylating agent attached to magnesium phyllosilicate and the divalent cations copper, nickel, cobalt and zinc in aqueous

solution were followed through calorimetric titrations. After subtracting the thermal effect of dilution, the net thermal effects

were adjusted to a modi®ed Langmuir equation, and the enthalpy of the interaction calculated to give the following exothermic

values: ÿ47.06�1.00, ÿ27.63�0.50, ÿ21.92�0.50 and ÿ14.66�0.52 kJ molÿ1, for copper, nickel, cobalt and zinc cations,

respectively. The distinct behavior of the copper cation involves the formation of a more organized compound. Gibbs free

energy values changes are negative. With the exception of copper, all reactions were entropically favoured and the ®nal

products of adsorption presented an increased crystallinity clearly detected by XRD. # 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The interactive processes involving metallic cations

with inorganic or organically modi®ed matrices have

been explored in recent years [1±7]. Due to the pre-

sence of acidic centres on inorganic matrices, bases

can be adsorbed on the surface. Also, covalent attach-

ment of organic molecules to inorganic surfaces can

yield new inorganic±organic hybrids, such as for silica

gel, where a great variety of chelating agents are used

to complex cations from aqueous or non-aqueous

solutions [1,5,8±11]. The properties of these materials

are of importance in many applications such as elec-

trochemistry, chromatography, pre-concentration of

species or cations, and decontamination of water

[2,12±15]. With relation to the last feature, investiga-

tions are focused on highly selective and speci®c

processes for cations such as cobalt, nickel, copper

and zinc, which are human hazards in the environment

[2]. Exploration of these chemical interactions by

spectroscopic techniques and calorimetric procedures
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can produce information about the speci®city and

selectivity of these matrices [16,17].

A large variety of synthetic techniques are used to

obtain hybrid surfaces, with reactions in sequence or

in one-step direct-synthesis procedures [11,18±21].

In this connection, inorganic±organic hybrids formed

by phyllosilicates have been obtained through the

polymerization of magnesium cations with trialkox-

ysilanes under alkaline conditions [22±28]. These

structures are very close to that found for natural talc,

as shown in Fig. 1a. Each organic chain is covalently

attached to the polymeric silica-type structure of the

layer to yield O3Si±C groups in the inorganic back-

bone, as is represented in Fig. 1b. Magnesium cations

are located between both silicate tetrahedral sheets

and are completely coordinated by oxygen atoms

centred in octahedral sites, as shown in Fig. 1b. These

new synthetic hybrids have a layered structure, whose

Fig. 1. Structure of the nanohybrid magnesium phyllosilicate; R is the organic radical and d the interlayer spacing planar representation. The

network consists of a tetrahedral±octahedral±tetrahedral arrangement with a basal spacing d. T1, T2 and T3 species are associated with the

silicon species RSi(SiO)n(OH)3ÿn for n�3 down to n�1, respectively.
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interlayer space depends not only on the type but also

on the length of the organic chain molecule R incor-

porated into the phyllosilicate in these self-assembled

systems [24,26±28].

The present investigation involves a magnesium

phyllosilicate modi®ed with mercaptopropyl groups

and named SILMgSH. Such surfaces containing

immobilized thiol groups on silica gel, and the corre-

sponding oxidized form, interact strongly with diva-

lent cations in aqueous and non-aqueous solutions

[29±31]. The aim of this publication is to report on

the adsorption of cobalt, nickel, copper and zinc

cations on mercaptopropyl magnesium phyllosilicates

in aqueous solution; thermochemical data on the

adsorption processes were obtained. The calorimetric

titration technique was chosen to study the interaction

due to the previous success obtained for a similar

system [31].

2. Experimental

2.1. Materials

The silylating agent 3-mercaptopropyltrimethoxisi-

lane, HS(CH2)3Si(OCH3)3 (Aldrich), magnesium

chloride hexahydrate (Fluka), methanol and sodium

hydroxide (Merck) were all reagent grade, and were

used without further puri®cation. Hydrated divalent

copper (Merk), nickel (Nuclear) and zinc (Nuclear)

nitrates were also used without puri®cation. Bidis-

tilled water was used in all experimental procedures.

2.2. Synthesis of mercaptopropyl magnesium

phyllosilicates

The ®rst step of this synthesis consisted of dissol-

ving 0.052 mol of hexahydrated magnesium chloride

in 300 cm3 of bidistilled water at room temperature

under stirring. To this mixture, 50.0 cm3 of a solution

of 1.39 mol dmÿ3 of 3-mercaptopropyltrimethoxisi-

lane dissolved in methanol was added slowly, which

caused an immediate formation of a white suspension.

This stoichiometry gives an Si/Mg molar ratio of 1.33,

which is the same as that found in natural talc. To

this suspension, 500.0 cm3 of aqueous solution of

0.10 mol dmÿ3 sodium hydroxide was added slowly

under stirring, after which the reaction mixture was

aged. After 24 h at room temperature, a white powder

precipitated that was ®ltered, washed with water and

dried under vacuum at 323 K.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were

obtained with nickel-®ltered Cu Ka radiation on a

Shimadzu model XD3A diffractometer (30/20 kV/

mA) at a speed of 3.33�10ÿ2 degree sÿ1. Infrared

spectra were obtained with 1% KBr pressed pellets.

The spectra were obtained in the 400±4000 cmÿ1

region with an accumulation of 30 scans and

4 cmÿ1 of resolution on a Bomen series MB spectro-

meter. Nuclear magnetic resonance (NMR) spectro-

scopy of the solid materials was carried out on an AC

300/P Bruker spectrometer at room temperature. The

measurements were made at frequencies of 75.5 and

59.6 MHz for carbon and silicon, respectively. For

carbon CP/MAS, the spectra were obtained with a

pulse repetition time of 3 s and a contact time of 3 ms.

The 29Si NMR spectra were obtained by high-power

proton decoupling with a pulse repetition time of 60 s.

Thermogravimetric curves were obtained with a

DuPont model 1090 B apparatus coupled with a

thermobalance 951 by heating the samples from room

temperature to 1273 K at a heating rate of 0.16 K sÿ1

under an argon atmosphere ¯owing at 1.67 cm3 sÿ1,

with samples varying in weight from 15.0 to 30.0 mg.

Carbon, nitrogen and hydrogen contents were deter-

mined with a Perkin-Elmer microelemental Model PE

2400 analyser. The amount of magnesium cation was

determined by atomic absorption spectroscopy, after

dissolving the samples in a mixture of hydro¯uoric

and nitric acids.

2.4. Adsorption of cations

A batchwise method was used for the adsorption

measurements. For each cation, samples of approxi-

mately 20 mg of the phyllosilicate were suspended in

25.0 cm3 of aqueous solution of the divalent cation in

increasing concentrations, varying from 4.0�10ÿ3 to

0.14 mol dmÿ3. The suspension was stirred mechani-

cally in a thermostated bath at 298�1 K. A period of

5 h was necessary for maximum adsorption; thus, to

ensure equilibrium adsorption for all experiments, a

total time of 6 h was adopted. For each point of the
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isotherm, at least two aliquots of 0.50 cm3 were

removed from the supernatant and the amount of metal

remaining in solution determined by a conventional

complexometric titration with standard EDTA solu-

tion (Ni2�, Co2�) or by the iodometric thiosulfate

method (Cu2�). Zinc concentrations were determined

by atomic absorption. The amount of cations adsorbed

was determined by the expression Nf�(NiÿNs)/m,

where Ni is the initial number of moles of cation in

solution, Ns is the number of moles of cation in

solution after equilibrium and m is the mass of phyl-

losilicate used in each run.

2.5. Calorimetry

Calorimetric titrations were carried out in a differ-

ential isothermic LKB 2277 microcalorimetric sys-

tem, at 298.15�0.02 K, as described previously [12].

A sample of approximately 20 mg of the phyllosilicate

was suspended in 2.0 cm3 of bidistilled water in a

stainless steel ampoule and stirred vigorously. After

equilibrium, aliquots of the solution of metallic cation

were added with a microsyringe. For each added

increment of solution, the thermal effect was recorded

until saturation of the process was reached, indicated

by a constant thermal effect (
P

Qtot). The same

procedure was used to monitor the thermal effect of

titration of the cation solution into water (
P

Qdil)

without the solid and that of titration of water into

suspended solid, which gave a null value. The result-

ing integral thermal effect (
P

Qint) was determined

by the expression
P

Qint �
P

Qtot ÿ
P

Qdil. The

change in enthalpy associated with the cation±matrix

interaction (Dinth) was obtained by adjusting batch

process data to a modi®ed Langmuir equation.

3. Results and discussion

The elemental analysis for CHS gave 17.80% C,

4.50% H and 15.7% S, indicating the presence of

4.88 mmol gÿ1 of pendant groups in the SILMgSH

matrix. The C/S molar ratio obtained (1.13) is very

close to the calculated one, showing that the organic

moieties did not decompose during the synthetic

process.

The infrared bands characterize the organic moi-

eties in the gallery space. Thus, bands at 2930 cmÿ1 n

(C±H), 2562 cmÿ1 n (S±H), 1250 cmÿ1 n (Si±C) and at

1040 and 990 cmÿ1 associated with Si±O±Si and Si±

O±Mg groups, respectively, were observed. A broad

band near 3600 cmÿ1 was assigned to the presence of

water and Si±OH stretching bands [32±34] and a sharp

band at 3700 cmÿ1 was related to n (Mg±OH) [35±38].

However, a band at 1628 cmÿ1 was associated with the

bending vibration mode of water. A band at 700 cmÿ1

is assigned to the overlap of Si±O and d 3Mg(OH)

vibration modes as observed in trioctahedral magne-

sium-clays [39].

Solid state 13C NMR spectrometry is an important

auxiliary tool to elucidate structures of the silylating

agent attached to the silicate. Thus, 13C CP/MAS

spectra for the solid SILMgSH hybrid showed signals

in good agreement with previously reported data on

corresponding silica hybrids [29,31]. These data con-

®rmed the presence of the organic moiety ±CH2±CH2±

CH2±SH bonded to the inorganic layer. The spectrum

(Fig. 2) for the hybrid gave two intense peaks, one at

28.7 ppm that was assigned to methylene carbon

atoms 1 and 2, and another peak at 13.3 ppm related

to the methylene group No. 3. A less intense peak at

44.7 ppm corresponds to the carbon of the methoxy

group. The presence of this last peak is an indication

that the hydrolysis of precursor silane was incomplete.
29Si NMR spectra can also provide information

about the nature of the attachments of pendant groups

on silicate hybrids. Assignments are based on previous

results for analogous systems, which involved mod-

i®ed silicas and other phyllosilicates [40±44]. Three

Fig. 2. 13C NMR spectrum of mercaptopropyl magnesium

phyllosilicate.
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signals atÿ66.5,ÿ56.0 andÿ48.4 ppm are associated

with R±Si*±(OSi)3, R±Si*±(OSi)2±OH and R±Si*±

(OSi)±(OH)2 groups, respectively, which were quan-

ti®ed by deconvolution of the peaks to give 39.8, 26.4

and 17.5%. This fact suggested the presence of a high

degree of silanol groups on the phyllosilicate inor-

ganic framework.

The adsorption isotherms are illustrated in Fig. 3,

indicating that the maximum capacity adsorption

increased in the sequence Cu2�>Ni2�>Co2�>Zn2�.

Magnesium elemental analysis, XRD and infrared

spectroscopy were used to obtain additional informa-

tion about the interactive processes. The contents of

magnesium in all products derived from this interac-

tion at maximum concentration of metal ion are pre-

sented in Table 1. The values are consistent with the

partial elimination of this cation from the original

matrix; however, this process is not connected to a

simple reaction involving only the cations and mag-

nesium phyllosilicate. The proposed model for these

interactions is (a) dissolution of the precursor phyllo-

silicate causing the transference of magnesium cations

to solution, (b) reformation of the inorganic structure

around the metallic cations and (c) simultaneous

complexation of mercaptopropyl groups in the inter-

layer space by cations. These different amounts are

also listed in Table 1. The sequence of the number of

metallic cation that enters into the inorganic sheet

decreases in the order Zn2�<Co2�<Ni2�<Cu2�. This

sequence is the opposite of that of hydrated cation

size (cm3 molÿ1 in parenthesis): Cu2� (147.8)�Ni2�

(147.8)<Co2� (169.6)<Zn2� (178.2) [45±47]. The

observed sequence for complexation of cations by

thiol groups was Cu2�<Ni2�<Co2�<Zn2�, which is

the same as the order observed for mercaptopropyl

silica gel [31].

The powder XRD patterns presented in Fig. 4 show

a substantial change in the crystallinity of the original

matrix. The results suggest the formation of 1:1 copper

phyllosilicate and a sauconite-like structure for the

copper and zinc systems [48,49]. Cobalt and nickel

yield amorphous compounds.

The infrared spectrum of the original matrix showed

a sequence of bands in agreement with the presence of

organic moieties bonded to the inorganic backbone

with absorptions at 2900 and 1180 cmÿ1 associated

with n (C±H) and n (Si±C), respectively, as shown in

Fig. 5 [32±34]. The absence of the original band

at 2550 cmÿ1 due to n (S±H) is in agreement with

the complexation of thiol groups by the metallic

cation [50]. The characteristic bands at 1340 cmÿ1

suggest the presence of nitrate ion in the coordination

sphere of the complexes [32]. The absorption related

to Si±O±Si groups was still observed at 1000 cmÿ1 in

all spectra. The band for d (Si±O) group was observed

at 510, 540, 530 and 560 cmÿ1 for hybrids with Cu2�,

Zn2�, Ni2� and Co2�, respectively. These results

support the initial idea that the interaction of mercap-

Fig. 3. Isotherms of interaction of cations on SILMgSH.

Table 1

Amounts of remaining magnesium cation (NMg), total cation adsorbed (Nf), cation on inorganic sheet (Noct) and complexed to ±SH moieties

(Nads)
a

Hybrid NMg (mmol gÿ1) Nf (mmol gÿ1) Noct (mmol gÿ1) Nads (mmol gÿ1)

SILMgSH 4.04 ± ± ±

SILMgSH/Cu2� 0.11 4.31 3.93 0.38

SILMgSH/Ni2� 1.19 3.44 2.86 0.58

SILMgSH/Co2� 1.36 3.03 2.68 0.35

SILMgSH/Zn2� 1.90 2.60 2.14 0.46

a The last quantities were obtained by the equations Noct�4.04ÿNMg and Nads�NfÿNoct.
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topropyl magnesium phyllosilicate with metallic

cations is a complex reaction involving both forma-

tion of complexes and reformation of the inorganic

sheets.

These interactive processes were ®tted to a modi®ed

Langmuir equation (1):

Cs

Nf

� Cs

N
� 1

Nsb
(1)

where Cs is the remaining cation concentration

(mol dmÿ3) in solution after equilibrium, Nf the

amount of cation adsorbed (mol gÿ1), Ns the max-

imum amount of adsorbed cation per gram of adsor-

bent matrix (mol gÿ1), which depends on the number

of adsorption sites and b a parameter associated

with the equilibrium constant for the reaction. Ns

and b values can be estimated from coef®cients after

linearization of the isotherm [51]. The Ns values

obtained from batch and calorimetric techniques are

very close.

Information on the energetics of the processes in all

investigated systems was obtained from the calori-

metric titration procedure. Calorimetric titration of the

suspended mercaptopropyl magnesium phyllosilicate

in aqueous solution with Cu2�
�aq� is illustrated in Fig. 6

by plotting the sum of thermal effect (
P

Q) as a

function of the volume of titrand added (Vad). The

enthalpy of interaction Dinth was obtained by an

expression derived from the modi®ed Langmuir equa-

tion (2):P
X

Drh
� 1

�K ÿ 1�Dinth
�
P

X

Dinth
(2)

where
P

X is the sum of the molar fractions of the

remaining metallic cation in solution after interaction,

Drh the integral enthalpy obtained as the quotient

Fig. 4. Comparative XRD patterns for (a) SILMgSH; (b)

SILMgSH/Zn2� and (c) SILMgSH/Cu2�.

Fig. 5. Infrared spectra for (a) SILMgSH; (b) SILMgSH/Zn2�; (c)

SILMgSH/Co2�; (d) SILMgSH/Ni2� and (e) SILMgSH/Cu2�

hybrids.
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of
P

Qint and mass of the phyllosilicate used and K a

constant of proportionality that includes the equili-

brium constant [1,4]. Dinth and K were determined

from
P

X=Drh versus X plots, as illustrated in Fig. 7.

The molar enthalpy change of the interaction process

was calculated by DH0�Dinth/Nf, the Gibbs free

energy change by DG�ÿRT ln K, and the entropy

change from DG�DHÿT DS. The results are listed

in Table 2.

The enthalpy changes are exothermic, decreasing in

the order Cu2�>Ni2�>Co2�>Zn2�; this sequence is

the same as that obtained for Nf values. Again, a

different behaviour for copper is observed and the

large value indicates formation of a stable complex.

The free energy change indicates spontaneous pro-

cesses, in the order Cu2�<Zn2�<Ni2�<Co2�. The free

energy of solvation of the metallic ions is a major

contribution to these processes because the hybrid

matrix contains the dehydrated cation. Thus, there

is a correlation between the Gibbs free energy of

hydration and the correspondent energy obtained for

each reaction. Consider the system with cobalt that

showed the largest free energy change, ÿ34.11�
0.46 kJ molÿ1, with the lowest cation hydration free

energy of ÿ1963 kJ molÿ1 [45,46]. The largest free

energy of hydration is for copper, ÿ2016 kJ molÿ1,

and results in the lowest free energy change of

ÿ24.11�0.19 kJ molÿ1 for the processes studied

[45,46].

With the exception of copper, all other systems

presented exothermic entropic values, which are also

consistent with the occurrence of favoured reactions.

Thus, this value suggested that the presence of cation

Fig. 6. Calorimetric titration of a suspension of 0.01813 g of

SILMgSH in 2.0 cm3 of water with Cu(NO)3 (0.70 mol dmÿ3) in

the same solvent at 298.15�0.02 K. The experimental points

represent the sum of the thermal effects of cation titration
P

Qtot

(Ð*Ð), cation dilution
P

Qdil (Ð&Ð) and the net thermal

effect of interaction
P

Qint (Ð~Ð).
P

Q and Vad values are the

sum of detected thermal effect and total injected volume of copper

solution, respectively.

Fig. 7. Isotherm for the integral enthalpy of adsorption (Drh) vs.

molar fraction (X) obtained from a calorimetric titration of a

suspension of 0.01078 g of SILMgSH, in 2.0 cm3 of water, with

Co(NO3)2 (0.37 mol dmÿ3) in the same solvent at 298.15�0.02 K.

The straight line is the linearized form of the isotherm.

Table 2

Thermodynamic data for the interaction of metallic nitrates with mercaptopropyl magnesium phyllosilicate at 298.15�0.02 K

M2� ÿDinth (J gÿ1) ÿDH0 (kJ molÿ1) ÿDG0 (kJ molÿ1) DS0 (J molÿ1 Kÿ1)

Cu2� 202.84�3.23 47.06�1.00 24.01�0.19 ÿ77�4

Ni2� 41.44�0.32 27.63�0.50 29.65�0.70 7�4

Co2� 42.30�0.08 21.92�0.50 34.11�0.46 41�3

Zn2� 34.89�0.48 14.66�0.52 28.94�0.33 48�3
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in the hybrid causes an ordering in the structure by

decreasing the entropic value. However, this effect

contributes to an increase in crystallinity of the ®nal

solid. This rearrangement in structure should give a

contribution to entropy, which surpasses the same

effect originating from the transference of water of

hydration to the medium of the reaction. The highest

entropic values were observed for other cations with

the largest hydration volumes and illustrate the prin-

ciple that the loss of water of hydration leads to a

disorganization of the ®nal system. For instance, zinc

with a volume of hydration of 178.2 cm3 molÿ1 gave

an entropic value of 45�3 J molÿ1 Kÿ1.
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