Interaction of cations with SH-modified silica gel: thermochemical study through
calorimetric titration and direct extent of reaction determination
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The reaction of silica gel with 3-(trimethoxysilyl)propane-1-thiol, MPTS, produced a thiol-modified silica gel, Sil—SH. This
material removes silver, mercury, copper, zinc and nickel ions from aqueous solutions. Enthalpy changes that occur in the
interactions between Sil—SH and these cations were obtained by a calorimetric titration technique, in which thermal effects and
the quantities of cations that interact at each titration point were determined simultaneously. From this procedure, values of the
maximum capacity of interaction (N*), enthalpies of interaction at different coverages of the surface [ A;,qH,,, ] and integral
enthalpy of interaction for a monolayer (A,,,,H,,) have been established. It is shown that this method permits charting the basic
sites created upon modification. From A, H,, values, the sequence of the interaction strength between the basic sites of the silica-
attached MPTS and the cations is Hg?* >Ag* > Cu?" >Ni** >Zn?", in agreement with the concept of hard and soft acids and
bases. The influence of some parameters concerning the thermodynamics of solvation of the indicated transition metals has been
also taken into account in the investigation of these interaction processes.

The great deal of activity in the synthesis, characterization and
application of mechanically stable matrices, such as chemically
modified silica gel surfaces, has been important in several areas
of science in recent years. These materials have awakened
growing 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,
finding extensive use in fields as diverse as modern high
performance liquid chromatography,!? cation-exchange, cata-
lytic activity,* metal ion adsorption,® immobilization of biologi-
cal molecules® and separation and preconcentration of trace
elements.”® These surfaces enable speciation of trace elements
and are useful in solving many problems in nuclear technology,
electronics, metallurgy, mining, medicine, agriculture, fisheries
and environmental studies.

Taking into account the general formula of an organosilane
(RSiX3), two classes of functional groups are seen: (i) X is a
hydrolyzable group, typically a halogen, alkoxy or acyloxy
and (ii) R is a non-hydrolyzable organic radical that may
possess functional groups with specific characteristics. The
quality and durability of silanized materials depends primari-
ly on the nature of the attachment to the surface!® and
the possible technological applicability is strongly related to
surface properties.

The main purpose of this work is focused on the determi-
nation of the enthalpy change upon interaction of cations with
a thiol-modified silica gel surface, in aqueous solution.
Calorimetric titration, which is the most appropriate technique
for this determination, was used. Such a technique has been
widely used to investigate homogeneous solution reactions but
its use for heterogeneous medium studies is far less extensive.
The interactions of an immobilized functional group with a
reagent from the ambient can differ from the known reaction
in homogeneous medium. The differences can be attributed to
transport limitations, solvation effects, charge and dipole effects
and steric constraints.'! One aspect of our research is concerned
with the direct determination of enthalpy changes for acid—base
interactions from the net calorimetric titration curve. An
improved calorimetric method is developed here in order to
obtain energies evolved at different surface coverages and the
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corresponding amount of substance which interacts. In follow-
ing this procedure, the equilibrium conditions are well defined
and this method provides a direct means to obtain accurate
differential enthalpy values at each increment. As a result, the
knowledge of the energy distribution of the adsorption sites
on the surface is an essential result of this study of hetero-
geneous adsorbent.

In this survey, the silica gel surface was modified with 3-
(trimethoxysilyl)propane-1-thiol, (CH;0);Si(CH,);SH, to
yield a silica-attached organosilane, Sil—SH. This thiol-modi-
fied surface has an excellent ability to extract some metal ions
from aqueous and non-aqueous solutions.!? Such properties
towards silver, mercury, copper, nickel and zinc have been
thermodynamically studied.

Experimental
Chemicals

Silica gel (Fluka) with a particle size of 0.063—0.200 mm
(70230 mesh), having a mean pore diameter of 60 A, was
used as support. Reagent grade 3-(trimethoxysilyl)propane-1-
thiol (Aldrich) was used without further purification. Acetone
(Merck) was stored over an appropriate dehydrating agent
and then distilled.’®> Xylene (Merck) was distilled and dried
with metallic sodium.

Solutions of cations were prepared from anhydrous silver
nitrate (Vetec), mercury (Vetec) and zinc (Ecibra) chlorides
and hydrated copper (Carlo Erba) and nickel (Carlo Erba)
nitrates, in deionisated water free of CO, and O, (by an N,
purge—vacuum cycle).

Chemical modification of the silica gel surface

In the process of modification, 40.0 g of silica gel were initially
degassed under vacuum at 423 K for 8 h in a steam of dry
nitrogen, in order to remove physically adsorbed water,'417
and subsequently treated with 25.0 cm® of 3-(trimethoxysilyl)
propane-1-thiol (MPTS) in 250 cm?® xylene. The mixture was
heated under reflux in a dry nitrogen atmosphere for 72 h. The
thiol-modified silica, Sil—SH, was washed with acetone and
xylene until the washing solvents indicated the absence of free
thiol groups, determined by testing with silver nitrate.'®
After filtration, the Sil—SH was dried under vacuum at 323 K
for 6 h.
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The Sil—SH was characterized by surface area
determination using the BET procedure,'® 1*C and #°Si NMR
with cross polarization and magic-angle spinning (CP MAS),
FTIR diffuse reflectance spectroscopy and thermogravimetry.
The CP MAS NMR measurements were made on an AC 300/P
Bruker spectrometer, operating at 75.47 MHz for *C and
59.63 MHz for #°Si. IR spectral data were obtained with the
use of a Perkin-Elmer 1600 series FTIR spectrophotometer
and diffuse reflectance accessory at a resolution of 4 cm ™!, by
using spectro quality KBr powder. Thermogravimetric deter-
minations were performed using a DuPont thermogravimetric
analyser in a dynamic atmosphere of argon (0.33 cm® min~1!)
with a heating rate of 0.16 K s 1.

Calorimetric titration procedure

All experiments were carried out at 298.15 K in the isoperibolic
precision calorimetric system LKB 8700-2, whose performance
and details have been previously described.?® Thermostated
aqueous solutions of cations were incrementally added, under
vigorous stirring (500 rpm), to the calorimeter vessel containing
a given amount of Sil—SH suspended in a known volume of
bidistilled water. All the experimental conditions for the calori-
metric titrations are summarized in Table 1. The added volume
of cation solution for each net titration curve is dependent on
the saturation of the surface. Each titrant addition yielded a
thermal effect, which was corrected by subtracting dilution
effects (Qq4), for each increment of the cation solution in the
same solvent.

The processes of calorimetric titration involving thermal
effects of the interactions of suspended Sil—SH, at each
equilibrium condition, are outlined as follows:

Sil—SH +M"*(soln)=Sil—SM®~ Y+ H*(soln); 9, (1)
M""(soln) + solvent=M"" (soln); Q4 (2)

Thus, the interaction energies, Q). were obtained after
each titrant addition:

Qim(i) = Qr(i) - Qd(i) (3)

The process of interaction [eqn. (1)] involves the effect of
swelling of the silica gel upon replacement of H* with M"™".
Therefore, Q, and Q;, values include the corresponding
enthalpy change values, Qe -

Differential interaction enthalpies at different coverage of
the surface, Ay Hm, were calculated from knowledge of the
amount of solute that interacts, 1y, required to yield Q)
under each equilibrium condition:

Aim(i)Hm = Qim(i)/nim(i) (4)

In order to determine ny,, it was necessary to devise an
appropriate calorimeter vessel connected with an additional
capillary tube bearing a 1.0 cm® pipette at its extremity. The
technique consisted of stopping mechanical stirring for five
minutes and, through the additional tube, withdrawing 1.0 cm?
of the supernatant solution to determine the cation equilibrium
concentration. Each titrant addition was separated by 25 min
from the next, during which time the thermal effects due to

Table 1 Experimental conditions for the calorimetric titrations per-
formed for cations M"" with initial concentration [M"*], starting
from an initial volume V; to reach the final volume V; in a suspension
with a amount, m, of Sil—SH in the calorimetric vessel, to give a
number n, of experiments at 298.15K

Mt [M"*]/mol dm ™3 Vy/cm? m/g V;/cm? ne
Ag* 0.125 90.0 1.0 101.5 23
Hg?* 0.125 110.0 2.0 118.5 17
Cu?* 0.100 90.0 2.0 92.0 8
Ni2* 0.250 90.0 2.0 91.5 6
Zn?* 0.100 90.0 2.0 99.0
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titrant addition and electrical calibration were recorded. With
the exception of mercury, which was determined by com-
plexometric titration with dithizone,?! all other metal contents
were measured by atomic absorption spectrometry on a Perkin-
Elmer 5000 atomic absorption spectrophotometer with an air—
acetylene flame.

Results and Discussion

The determination of surface areas via the BET method for
unmodified and modified silica gel gave values of 422 and
346 m? g1, respectively. This reduction can be mainly attri-
buted to the coating of the pores of the surface by organofunc-
tional groups, preventing the access of nitrogen molecules into
some of the pores.

Comparison of the diffuse reflectance spectra of Sil—SH
[Fig. 1(a)] with that of unmodified silica gel [Fig. 1(b)] and
MPTS [Fig. 1(c), obtained as a film], gives clear evidence of
modification as shown by absorption bands at 2578 cm ™1,
attributed to the S—H stretching vibration,® and in the region
2900-2850 cm !, due to the aliphatic C—H stretching of the
attached propyl groups.?? The degree of the sulfur content was
quantitatively determined by using a recent method established
from the thermogravimetric data,® which gave 1.37 mmol S
per gram of Sil—SH.

CP MAS NMR gives spectra of solids with a quality
approaching that obtained routinely with solutions.?* In the
BBC CP MAS NMR spectrum of Sil—SH [Fig.2(a)] the
resonance at ¢ 49.6 is due to the C atom of the methoxy
groups of the attached organosilane [Fig. 2(b)]; a peak at o
27.4 is assigned to the o and f methylene C atoms and the
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Fig. 1 FTIR spectra: (a) Sil—SH, (b) unmodified silica gel, (c) MPTS

CusCp
(b)

OCH;

!

HsCO=Si—C,H,CaHCoHy SH
G

OCH,

T T T T T T T T 1
100 80 60 40 20 o] -20 ~40

Fig. 2 (a) 3C CPMAS NMR spectrum of Sil—SH, and (b) the silica-
attached MPTS structure
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Fig. 3 2°Si CP MAS spectra: (a) Sil—SH, (b) unmodified silica gel

peak at 6 11.3 is due to the y methylene C atom. The 2°Si CP
MAS NMR spectrum for the thiol-modified silica [ Fig. 3(a)]
shows two peaks at 6—110.6 and —100.9. These peaks are
attributed to silicon in the siloxane bonding environment
without hydroxy groups and to isolated silanol groups, respect-
ively, signals which are also observed for the unmodified silica
surface [ Fig. 3(b)].25"?” Three different resonance peaks associ-
ated with organosilane molecules in different molecular
environments are seen in Fig. 3(a). The signals at ¢—48.5,
—56.9 and —66.3 are assigned to structures (a), (b) and (c)
(Fig. 4), respectively.

In all calorimetric titration processes, the cation solutions
were added until the surface was saturated, i.e, until no thermal
effect was recorded. At this point a monolayer is proposed to
be formed.?® The molar enthalpy of interaction for formation
of a monolayer of anchored cations per gram of Sil—SH and
per mol of exchanged cation, A, ,,Hy,, can be directly obtained
by means of the expression:

AmonI-Im:Qmon/]\]S (5)

where Qo0 =2Z0in is the integral energy of interaction for a
saturated monolayer per gram of Sil—SH, and N°*=Xn;, is
the maximum amount of solute that interacts for a net
calorimetric curve, determined from our method as described
in the experimental section. The N*® value corresponds to the
maximum capacity of interaction to form a monolayer. The
values obtained directly from this method are shown in Table 2.

The surface presented by silica gel is heterogeneous.! This
heterogeneity arises partly from the processes involved during
its preparation (e.g., washing, drying and the presence of metal
impurities even at trace levels) and also from the thermal
treatment.?® Adsorption sites on the potentially heterogeneous
surface interact with different energies. The differential inter-
action enthalpies are not constant with the coverage, thus the
AnonH,, value is an average value of A, H,,. This feature can
be observed by examining Fig. 5 which shows the differential
interaction enthalpy values, A, H,, as functions of the covered

(a) (b) (©
R~ R X 7 R’ R R7
' N 4 I % 1 | % |.ao sl,n o
X=§i-X  Si_ X-Si-0-si— si'  si-0-Si
0 ¢ o o o doo 0o0 O
1 1 1 L 1 11 1 n 1
7777 7 7. 777777

Fig. 4 Different attachment forms of the MPTS on silica gel surface:
(a) monodentate, (b) bidentate, (c) tridentate

Table 2 Results of maximum capacity of intraction (N°®), integral
energy of interaction for a saturated monolayer per gram of Sil—SH
(QOmon) and integral enthalpy of interaction for a monolayer (A,,onHy ),
from calorimetric titration data

M+ Ns/10"* mol g~* Omon/J g1 AponHm/kJ mol ™!
Ag* 11.28 +£0.11 —66.56+0.67 —59.01+0.82
Hg?* 4.89+0.05 —25.01+£0.25 —51.14+0.72
Cu?* 0.81+0.01 —6.49+0.06 —80.12+1.09
Niz* 0.89+0.01 —2.8540.03 —32.02+0.49
Zn*"* 0.98 +£0.01 2.66+0.03 27.14+0.41
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Fig. 5 Differential interaction enthalpy values (Ay,qH,) vs. the
covered fraction of the surface (6)

fraction of the surface, 0=ny,/n*™, where n* is the amount
of sulfur per gram of Sil—SH. It is clear that interactions at
lower coverage yield higher enthalpy change values, which
decrease with increasing coverage.

The interaction capacity, N°, shows the ability of the Sil —SH
to remove the metal ions from aqueous solutions. From the
results given in Table 2, the N® values decrease in the order
Ag* >Hg?" >Zn?** >Ni?* > Cu?*, indicating that 36% of the
attached organosilanes are available for adsorption with Hg?*,
whereas only 7.1, 6.5 and 5.9% of the coverage is achieved for
interaction of Zn**, Ni*?* and Cu?", respectively. Surprisingly,
the silver interaction capacity of 1.13 mmol g~' shows that
80% of the attached ligands are available for this metal ion
since the surface modification procedure resulted in a product
with a sulfur content of 1.37 mmol g~'. This result, although
not atypical of a modified surface,® may also represent the
presence of non-specific silver uptake.°
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Fig. 6 Differential interaction enthalpy values (Ay,qHy) vs. the
covered fraction of the surface (6) in the same surface coverage range

Previous studies®? concerning thermodynamics of

solvation of these metallic ions establish that the experimen-
tal values of the molar Gibbs energies of hydration,
—AnyaG°/kI mol ™' (Ag* =430, Hg>*=1760, Zn** =1955,
Ni?*=1980, Cu?** =2010), and the standard molar enthalpy
changes of hydration, — Ay, oH°/kJ mol ™! (Ag* =483, Hg*" =
1853, Zn?**=2070, Ni?*=2119, Cu?**=2123), are in the
sequence Ag* <Hg?" <Zn?* <Ni** <Cu?*. The main contri-
butions to these parameters are electrostatic effects, resulting
in solvent interaction, dielectric saturation in a hydration shell
of specific thickness and further effects on the water that
surrounds this shell. The influence of these parameters has
been taken into account in the interaction processes of such
ions. The results indicate that on increasing A,,4G° and Ay, H®,
the interaction capacity of the metal ions with the thiol-
modified surface is reduced, from which it is evident that
solvation of the metal ions, i.e., their interactions with the
solvent molecules, can play a role in these acid—base interaction
processes.

A prominent fact upon inspection of Table 2 is that the
thiol-modified silica gel may be used for stable bonding of a
transition metal. The —SH group is a soft base forming a
donor centre which is highly polarizable and capable of
interacting with low-lying orbitals of soft acids.>® Interactions
between the Lewis-acidic cations and the sulfur donor atom
attached to silica are reflected by A, .H, values in the
sequence Cu?" >Ag* >Hg?>* >Ni?* >Zn?". However, as
AmonHr is an average value of A;,q)Hpy,, it must be emphasized
that this thermodynamic quantity is not the best criterion to
evaluate the acid—base interactions in these processes, since
the same coverage is not achieved for adsorption of all cations;
Cu?*, Zn?>* and Ni?* ions only interact with the most
energetic sites, unlike Ag™ and Hg?" . Here, it is more relevant
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to consider the A, H, parameter, whose values can be
compared in the same surface coverage range. From Fig. 6,
derived from Fig. 5, it is clear that the interactions with Ag*
and Hg?" show large enthalpy values in the same coverage
range compared to Cu?*, Zn** and Ni**. The A, H,, values,
in the sequence Hg?* >Ag* >Cu?" >Ni?* >Zn?", confirm
the preference of the —SH group for soft acids, supporting the
view that Pearson’s concept of hard and soft acids and bases>*
is the predominant mechanism in the behavior of the inter-
action of these transition metals.
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