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Abstract A new material containing a potential ligand for

transition metals was prepared through the reaction of 3-

aminopropyltrimethoxysilane and thioglycolic acid. The new

adsorbent was characterized by elemental analyses, infrared

spectroscopy, solid-state 13C nuclear magnetic resonance,

thermogravimetric analysis, transmission electron micros-

copy, and specific surface area calculations. The formulated

material was used in the removal of cobalt, copper, and nickel

cations from aqueous solutions. Calorimetric titration was

applied to study the interaction of these cations with the new

adsorbent; the latter displayed a chelating moiety with basic

centers containing nitrogen, oxygen, and several sulfur atoms,

capable of capturing cations from aqueous solutions. This

process of extraction was carried out by a batch method to

yield the following order of maximum retention capacity:

Ni [ Co [ Cu. The process of cation interactions showed

exothermic enthalpies. The calculated DG values are in

agreement with the spontaneity of the proposed reactions and

conformed to the values found by applying the Langmuir

model to these systems. The positive entropy and negative

enthalpy values indicated that the reactions are favorable.

Keywords Thioglycolic acid � Adsorption � Calorimetric

titration � Thermodynamic data

Introduction

The development of new materials that display an ability to

coordinate metals provides an interesting approach in the

fields of environmental metallic depollution, for instance, in

the elimination of traces of toxic heavy metals from waste-

waters [1, 2]. The interest in this type of materials is related

to the diversity of applications found in many areas of sci-

ence, such as in catalytic processes [3], in chromatography

[4], for ion-exchange [5], as sequestration agents of metals

[6, 7], as adsorbents for toxic organic compounds [8], and for

many other such purposes. Many types of materials, such as

silica gel, zeolites, lamellar inorganic phosphates, chryso-

tile, natural talc, chitosan, and agar agar, could be used for

these purposes. The majority of these supports need to be

modified by grafting organic molecules containing basic

centers for improving their adsorption capacities. The

modification of these materials, mainly using silica gel, is

usually done using an appropriate molecule a silylating

agent, and consequently, a stable covalent bond is formed

[1]. Increasing the length of chain can be carried out by a

further reaction with a variety of organic functions, for

assisting the desired purposes. In a previous report [9], we

have described the immobilization of thioglycolic acid (TG)

on silica gel using 3-chloropropyltrimethoxysilane to yield

silica 3-propythioacetic acid. The amount of TG immobi-

lized was 0.90 mmol g-1 of silica. The adsorption capaci-

ties of this surface for divalent Cu, Ni, Zn, and Co were 0.73,

0.86, 0.79, and 0.57 mmol g-1, respectively. TG molecules

have also been immobilized on a silica surface using

3-aminopropyltrimethoxysilane, with 1.03 mmol of the
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pendant groups being anchored per gram of support [10–12].

The adsorption capacities of this surface for the trivalent

cations Fe, Cr, and Mo in ethanolic solutions were 0.67,

1.05, and 1.07 mmol g-1 of silica, respectively [10]. The

adsorption capacities for the divalent cations Cu, Ni, and Co

in aqueous solutions were 1.84, 1.18, and 1.02 mmol g-1 of

modified silica, respectively [11]. In another study, the si-

lylating agent, 3-[2(2-aminoethylamino)ethylamino]pto-

pyltrimethoxysilane, was immobilized onto the silica gel

surface by condensation with the available silanol groups,

and in the next step, the TG molecules were incorporated to

enlarge the pendant chain; this modified surface was used for

adsorbing the divalent Cu, Ni, and Co ions present in

aqueous solutions. The adsorption capacities of this surface

for these divalent cations were 0.33, 0.30, and

0.28 mmol g-1 of modified silica, respectively [13]. Soli-

man et al. [14] have described a method of immobilization of

TG on a silica surface without using any silylating agent,

which is an economical process, but it has the disadvantage

of chemically anchoring fewer molecules of TG on the silica

matrix, that is, 0.51 mmol g-1 of support. The disposal of

TG groups on the silica surface after chemical immobiliza-

tion yields attached molecules containing the basic atoms of

nitrogen, sulfur, and oxygen. These anchored organic moi-

eties on the surface usually act as chelating agents in pro-

cesses dealing with cation extraction from solutions.

The main objectives of this study were (1) to prepare a

new material containing basic centers, such as nitrogen,

oxygen, and sulfur, and possessing a chelating property

that complexes metallic cations; this was achieved using

the silylating agent 3-aminopropyltrimethoxysilane and

TG at room temperature without using any solvent; and

(2) to study the processes of cation adsorption through

construction of the adsorption isotherms using two pro-

cedures: the batch process and the calorimetric titration.

The metals used in this study were the divalent cations

nickel, cobalt, and copper dissolved in appropriate aque-

ous solutions.

The advantage of the new material is related to its

adsorption capacity; the amounts of Cu, Ni, and Co it

adsorbs from aqueous solutions are almost twice the

adsorbed amounts reported earlier [9, 10, 12, 13]. Further-

more, this adsorbent also has immense thermal stability and

its preparation requires only mild conditions, involving just

the reagents.

Experimental

Materials

TG (Fluka) and 3-aminopropyltrimethoxysilane (Aldrich)

were used without previous purification. Solutions of

Cu(II), Ni(II), and Co(II) nitrates were prepared in bidis-

tilled water from reagent-grade salts.

Synthesis of material

The new material was synthesized by mixing 10.0 cm3

(8.07 mmol) of the precursor 3-(trimethoxysilyl)propyl-

amine (APTS) with 7.0 cm3 (96.13 mmol) of TG, main-

tained under a slight reflux in a sand bath at 313 K without

any solvent to give the final product, designated as AMTG.

The synthesis was carried out in a 250-cm3 beaker for 24 h,

as illustrated in Scheme 1, and then the solid was aged for

48 h at room temperature and dried in vacuum at room

temperature for 8 h.

Physical measurements

The amount of carbon, nitrogen, and sulfur was analyzed

with a Perkin-Elmer 2400 Series II elemental analyzer [1].

Thermogravimetric curves were obtained using a DuPont

model 1090 B apparatus coupled with a thermobalance 951

by heating the samples from room temperature up to

1,300 K at a heating rate of 0.17 K s-1, with the samples

varying in mass from 5.0 to 15.0 mg [7, 9]. Infrared spectra

for all compounds were obtained with a Fourier-transform

infrared spectrophotometer (MB-Bomem) with KBr pellets

in the 4,000–400 cm-1 region at a resolution of 4 cm-1.

Scanning electron microscopy was performed using a

JEOL JSTM-300 microscope. Powder X-ray diffraction

pattern was measured on a Shimadzu XRD-6000 diffrac-

tometer using Cu Ka radiation. 13C and 29Si nuclear mag-

netic resonance (NMR) spectra for the solid samples were

obtained using an AC/300P Bruker spectrometer with cross

polarization and magic angle spinning (CPMAS) at a fre-

quency of 75.47 and 59.61 MHz for carbon and silicon,

respectively. The 29Si- and 13C-CPMAS spectra were

obtained with a contact time of 1 and 5 ms, respectively,

and a pulse-repetition time of 4 s. The numbers of scans

conducted were 16,470 and 532 scans for carbon and sili-

con, respectively.

Adsorption isotherms

The adsorption isotherm for each cation was obtained by the

batch method, which consisted in suspending a series of

flasks containing about 50 mg of the modified silica in

20.0 cm3 of aqueous solutions of the cations at different

concentrations (varying from 1 9 10-2 to 8 9 10-3 mol

dm-3); these flasks were mechanically stirred at 298 ± 1 K.

The amounts of moles adsorbed were estimated by the

difference between the initial concentration in the aque-

ous solutions and that found in the supernatant after

adsorption, estimated using a GBC model 908 atomic
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absorption spectroscopy apparatus. The adsorption capacity

(mmol g-1) was calculated by applying the expression

nf = (ni - ns)/m, where nf is the number of moles adsorbed

on the modified silica, ni and ns are the numbers of moles

present in the initial solution and the supernatant after

equilibrium, and m is the mass of modified silica. For all

samples, determinations were carried out in triplicate.

Calorimetry

The thermal effect obtained from the cation-basic center

interaction on the anchored pendant groups at the solid/

liquid interface was calorimetrically followed using an

LKB 2277 microcalorimeter [15, 16]. For each operation, a

sample of functionalized silica, varying from 15 to 50 mg,

was suspended in 2.0 cm3 of water under stirring at

298.15 ± 0.20 K. The thermostated solutions were added

in increments of 0.50 mol dm-3 into the calorimetric

vessel, and the thermal effect of the titration (Qt) was

determined [15, 16]. Under the same experimental condi-

tions, the corresponding thermal effects of various dilutions

of the cation solution (Qd) were obtained in the absence of

the anchored silica. The null thermal effect of the hydration

of immobilized silica in water was determined as before

[15, 16]. Under such experimental conditions, the net

thermal effect of adsorption (RQr) was obtained using

Eq. 1, as follows:

RQr ¼ RQt � RQd: ð1Þ

Results and discussion

Infrared spectroscopy is a useful tool to detect the progress

and success of the reaction by comparing the precursors

and the resultant material. Figure 1a is the infrared spec-

trum of the precursor APTS, which shows two well-defined

bands at 3,363 and 3,286 cm-1, which were attributed to

the NH2-stretching vibration modes of the primary amine.

The small shoulder at 3,155 cm-1 is related to the inten-

sification of the angular deformation of the N–H groups

due to Fermi resonance [17]. The free TG molecule showed

several bands: a large and strong band related to the

O–H-stretching vibration mode, which is located in the

region of 3,420 cm-1; two well-defined bands located in

the region of 2,920 and 2,842 cm-1, which are attributed to

the C–H-stretching vibrations; a weak band at 2,560 cm-1,

which is assigned to –SH stretching; a strong band found at

1,709 cm-1, attributed to the –C=O stretching frequency;

and a weak deformation band (in-plane C–S–H bending)

located in the region of 893 cm-1, as shown in Fig. 1b.

However, some bands of the TG molecules disappeared

after reaction with the APTS molecule. The weak band

located at 2,930 cm-1 is related to the C–H-stretching

vibration mode. The band at 1,553 cm-1 is related to the

–C=N-stretching frequency region, and the band related to

–SH-stretching frequency of free TG at 2,560 cm-1 was

obscured, as shown in Fig. 1c, suggesting that the thiol

group interacts with APTS in two modes or could be

coalesced with other bands of the spectrum.

(CH3O)SiCH2CH2CH2NH2

Si CH2CH2CH2NHC

O

CH2 S

SCH2CH2CH2N CH2C

OH

Si

OCH3

SHCH2COOH+

APTS TG

AMTG

Scheme 1 Reaction scheme of

the AMTG

4000 30003500 2500 2000 1500 1000 500

Wavenumber/cm–1

(a)

(b)

(c)

Fig. 1 Infrared spectra of a APTS, b TG, and c AMTG
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The solid-state 13C-NMR-CPMAS spectra of AMTG are

shown in Fig. 2. The weak signal observed at 52 ppm

corresponded to the remaining methoxy carbon groups.

The broad chemical shifts at 63–95 ppm could be due to

different disposition of the organic chain, yielding some

degree of polymerization, or due to impurities. The

chemical shifts at 8, 21, 39, 43, and 168 ppm corresponded

to the carbons 1, 2, 5, 3, and 4, respectively. The peak

found at 179 ppm (carbon 4*) can be attributed to the

different modes of linkages of molecules to each other, for

instance, the –N=C linkage, as shown above the spectrum

in Fig. 2.

The 29Si-NMR-CPMAS spectrum of AMTG is shown in

Fig. 3. The small peak observed at -58 ppm is an indi-

cation that some degree of polymerization has occurred.

This peak can be assigned to the silicon atoms of the type

R–Si*–(OSiN)2–(X), where X is an –OH group originating

from alkoxide hydrolysis and the R groups are the aliphatic

organic chains. The peak at -67 ppm can be attributed to

the presence of silicon atoms bonded to both siloxane

groups and an aliphatic chain, which might be represented

as R–Si*–(OSiN)3.

The scanning electron micrograph of AMTG, depicting

the morphology of the material, shows a porous network

structure, with formation of particles as irregular plaques

layered one above the other, as shown in Fig. 4, which is a

characteristic of the sol–gel process.

The thermogravimetric curve of AMTG showed an

initial weight loss of 6.42% in the range of 336–433 K,

which is attributed to the release of water physically

adsorbed on the surface. The next loss of mass, 12.62%,

occurred in the range of 454–546 K, which is due to the

decomposition of the thiol groups in the TG molecule,

which react with APTS. The next stage of 11.48% loss of

mass occurred in the 668–781 K range, which is attributed

to the decomposition of organic groups; the last stage of

loss of mass, 28.60%, which occurred in the range

793–903 K, is related to the decomposition of the

remaining organic groups and the condensation of silanol

groups to yield siloxane residues, as shown in Fig. 5.

The determination of the specific surface area, SBET

[18], based on the adsorption of gaseous nitrogen at 77 K

under several pressures, yielded the value 105 m2 g-1 of

the AMTG matrix, which is indicative of the presence of

polymeric or lamellar type of material.

The elemental analysis of AMTG yielded values of

25.42, 7.27, 5.25, and 9.90% for carbon, nitrogen, hydro-

gen, and sulfur, respectively. The number of basic centers

of nitrogen is 5.2 mmol g-1. For each basic center con-

taining nitrogen, we have two others, namely, oxygen and

sulfur; thus, the total number of basic sites is 15.6 mmol

per unit mass of AMTG.

The XRD patterns of the AMTG material presented a

large single diffraction peak, characteristic of the amor-

phous material.

The AMTG matrix containing basic centers with sulfur,

oxygen, and nitrogen permits the interaction of this
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Fig. 2 13C-NMR-CPMAS

spectrum of AMTG
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Fig. 3 29Si-NMR spectrum of AMTG
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material with a large variety of cations. The sulfur-con-

taining basic centers have a more effective interaction as

softer Lewis acids, whereas the nitrogen and oxygen atoms

are characteristically harder Lewis acids, chelating with

hard cations. The intensity of the colors acquired by the

AMTG samples just after contact with the metal-salt

solutions shows that the extraction of cations from aqueous

solutions is due to metal-complex formation with the basic

centers present on the material.

The AMTG stability in aqueous media was investi-

gated measuring the conductibility and pH as a function

of time. The results showed that the concentration of

protons H? increases in solutions. The pH and the con-

ductibility of deionized water were 6.8 and 3.0 lS,

respectively. After adding the AMTG material, in water,

the pH decreased to 5.20 and conductibility increased to

24.4 lS. 24 h later, the pH values were 4.34 and 61.5 lS

the conductibility. After 48 h, the material presented the

same values of pH and conductivity. The adsorption

capacity of metal was not altered in these samples stud-

ied. Thus, according to this preliminary investigation, the

data obtained showed that this material, is stable in

aqueous solutions.

The results of the adsorption of the divalent cations

copper, nickel, and cobalt dissolved in aqueous solutions

are presented in Table 1 and shown in Fig. 6.

The experimental data were fit to the following modi-

fied Langmuir isotherm: (Cs/nf) = (Cs/nf) ? (1/ns)(1/b)

[15, 16, 19], where Cs is the concentration of the solution at

equilibrium (mol dm-3), and nf and ns (mol g-1) are

amount of adsorbed cations, and maximum adsorption

capacity, respectively. The ns and b values for each

adsorption process were obtained from the slope and

intercept, respectively, of the linearized form of the

adsorption isotherm, from plots of Cs/nf versus Cs derived

by the method of least squares. The (nf) value is obtained

from the last point of the isotherm of adsorption, being then

an experimental value, whereas (ns) is obtained from the

linearized form of the isotherm and is a calculated value.

From the angular coefficient, after linearization of the iso-

therms, the maximum adsorption capacity (ns) was deter-

mined, the values being 1.42, 1.87, and 1.51 mmol g-1 for

Cu(II), Ni(II), and Co(II), respectively. Adsorption for these

three cations can be ordered as follows: Ni [ Co [ Cu.

Comparing the number of adsorbed cations with the total

number of basic centers in AMTG, the number of cations

adsorbed is found to be very small in relation to the pendant

groups on its surface, suggesting that not all the basic

centers are available for cation coordination. Probably, each

cation links to one or two pendant groups. The cations could

be coordinated to the pendant groups in the mono- or

bidentate configurations and never in the tridentate type,

because the stereochemistry of the pendant groups do not

permit this type of coordination.

The lower adsorption capacity for the Cu (II) may per-

haps be explained if one considers the characteristics of the

square-planar geometry of the complexes of this cation.

This geometry, proceeding from the pronounced distortion

Fig. 4 Scanning electron

micrograph of AMTG
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Fig. 5 Thermogravimetric curves of AMTG

Table 1 Amount of adsorbed cations (nf), maximum adsorption

capacity (ns), constant (b), and correlation coefficient (r2) for the

adsorption of divalent cations (MX2) by AMTG at 298 ± 1 K

MX2 nf/mmol g-1 ns/mmol g-1 b/dm3 mol-1 r2

Cu(NO3)2 1.33 1.42 ± 0.02 702.66 0.9964

Ni(NO3)2 1.66 1.87 ± 0.03 536.15 0.9965

Co(NO3)2 1.34 1.51 ± 0.03 661.71 0.9993
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caused due to the Jahn–Teller effect, is more significant for

cations having a d9 configuration, such as [Cu (II)] [20].

In the present case, the thermodynamic data regarding

the interactions of the divalent cations with the basic

centers of the material were obtained by calorimetric

titration through thermal effect measurements. Figure 7

illustrates an example of a calorimetric titration for one of

these systems.

In this titration, the cation solutions were incrementally

added to a suspension of the material until saturation of the

surface was achieved. The saturation condition consisted in

adding the maximum amount of the titrand that could be

accommodated on the surface through the interactive effect

of the cation/basic center. The system is expected to form a

monolayer on the surface [21, 22]. Using the isotherm data

obtained through a batch method, the molar fractions of the

metal cations in equilibrium were obtained by using the

slope and the intercept of the graph of
P

X=DrH versusP
X to give DmonH and k values, which are defined in the

next paragraph. From these values, DG and DS values were

calculated, and the values are listed in Table 2. The fol-

lowing Eq. 2 describes the process of reaction.
P

X
P

DrH
¼ 1

ðk � 1ÞDmonH
þ
P

X

DmonH
ð2Þ

where
P

X is the sum of the mole fractions of the cation in

solution after each volume of titrand injected, X being

obtained for each point of the titration from the batch

experiments; DrH is the integral enthalpy of adsorption

(J g-1) obtained by dividing the thermal effect of adsorp-

tion (Qr) by the number of moles of the adsorbate; k is a

constant of proportionality that also includes the equilib-

rium constant; and DmonH is the thermal effect of formation

of the metal–ion complex in a monolayer on the surface.

An example of the calorimetric isotherm and its linearized

form is shown in Fig. 8. From the equilibrium constant,

based on the expression DGo = -RTlnk, the Gibbs free

energy was calculated, whose negative values are in

agreement with the spontaneity of the reaction. The

enthalpies of adsorption (DHo) for Ni(II), Co(II), and

Cu(II) are all negative. The negative DHo indicates that the

adsorption of Ni(II), Co(II), and Cu(II) has an exothermic

nature. The DHo value also gives information regarding the

type of adsorption, whether it is physical or chemical. If the

DHo value is in the range of 2.1–20.9 kJ/mol, physical

adsorption takes place; whereas, if it is between 20.9 and

418.4 kJ/mol, chemical adsorption occurs [23].

The calculated DHo values show that the removal of

Cu(II) from aqueous solution onto the AMTG surface

occurs through a chemisorption process, whereas for Ni(II)

and Co(II), physical adsorption occurs. The entropy values

were calculated using the expression DGo = DHo–TDSo,

and a series of positive DSo values were obtained. Such

values are associated with the displacement of the water

molecules bonded to the basic centers, in addition to those

identically bonded to the cations, to enrich the free solvent

molecules, as the reaction progresses at the solid/liquid

interface [24, 25].
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 Cu(II)
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m
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Cs/mmol dm–3

Fig. 6 Isotherms of adsorption of divalent cations on AMTG at room

temperature
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/m
J

ΣVad

Fig. 7 Calorimetric titration of AMTG with cobalt nitrate at

298.15 ± 0.02 K. The points in the experimental curve are the sum

of the thermal effects: RQtit (j), RQdil (d), and RQres (m)

Table 2 Thermodynamic data for the interaction of divalent cations

(MX2) on AMTG at 298.15 ± 0.20 K and the corresponding coeffi-

cients of correlation (r)

MX2 -DH/
kJ mol-1

-DG/
kJ mol-1

DS/
J mol-1 K-1

r

Cu(NO3)2 28.21 ± 0.33 31.59 ± 0.02 11 ± 1 0.9935

Ni(NO3)2 14.39 ± 0.38 41.47 ± 0.06 91 ± 1 0.9999

Co(NO3)2 11.91 ± 0.46 32.27 ± 0.33 68 ± 4 0.9806
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These thermodynamic values, represented by exother-

mic enthalpy, negative free Gibbs energy, and positive

entropy, constitute a set of favorable data as the cations are

progressively bonded to basic centers on the pendant

chains.

Conclusions

This study indicated that the novel type of adsorbent

developed for metal capture has affinities for divalent

cations. Calorimetric titration of the new material with

the cations Ni(II), Co(II), and Cu(II) resulted in the

determination of the variations in enthalpy, Gibbs free

energy, and entropy. The thermodynamics of adsorption

on this material showed favorable interactions, in terms

of variations in enthalpy, Gibbs free energy, and entropy

values. This chelating material has a good adsorption

capacity for removal of transition-metal cations and

hence could be used for removing traces of heavy metals

from wastewater.
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