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Abstract Hybrid silica gels (HSGs) were prepared

according to an acid-catalyzed sol–gel method using tet-

raethoxysilane (TEOS) as silica precursors and colloidal

suspension of nontronite clay mineral. The silica surfaces

were hydrophilic in relation to silanol groups and it was of

interest to increase hydrophobicity by substituting silanol

by methylated groups through addition of methyltrime-

thoxysilane (MTMS) in a molar ratio TEOS: MTMS

equaled to 1:0.4. The aim of the present paper was to

predict effects of water content in soil on HSG hydration

by characterizing HSG water desorption and sorption with

dynamic vapor sorption device. From desorption kinetics,

TEOS HSGs showed higher ability to water surface

evaporation and diffusion compared to the TEOS–MTMS

HSGs. After complete dehydration, water sorption iso-

therms Type II were obtained for HSGs. Isotherms were

fitted with Brunauer-Emmett-Tellet (BET) and Guggen-

heim, Andersen, de Boer (GAB) models. The higher

monolayer values of water adsorbed for HSGs containing

nontronite suggested a major influence of clay minerals on

overall hydration. However, the water binding energy

depended upon the nature of silica matrix indicating

weaker bonds with methylated groups at solid surface in

MTMS–TEOS HSGs. Apparent water sorption diffusivi-

ties, Dapp were calculated according to Fick’s diffusion

model. Maximal Dapp values were obtained in the range

0.2–0.3 aw after which the Dapp decreased in relation with

capillary condensation.

Keywords Hybrid material ! Silica ! Sorption ! Isotherm !

Nontronite

1 Introduction

Mineral-weathering in natural ecosystems is controlled by

chemical, physical and biological processes. The diffusion

of inorganic and organic acids, the sorption and desorption

of metal-ligands through soil solutions on minerals parti-

cles are identified as key steps in their dissolution [1–5].

Due to their nanometric size, clay mineral colloids are

promising candidate to the study of mineral weathering in

relation with their large specific surface area [6]. However,

they can easily flocculate and precipitate in suspensions or

adhere to cell bacteria. In order to prevent these phenom-

ena, a new method was developed by dispersing clay

mineral colloidal particles in a silica gel matrix [7, 8] via a

conventional sol–gel pathway [9]. The hybrid silica gels,

i.e. HSGs, synthesized by this method have an amorphous

structure with small pores size (around 10–50 nm in

diameter) that excludes bacteria as showed by confocal

laser scanning microscopy imaging of GFP-tagged bacteria

[8]. This implies that only metabolites produced by the

bacteria should be able to diffuse inside HSGs and disso-

ciate metals from mineral. The HSG method allowed

studying the abiotic and biotic dissolution of nontronite, an

iron-rich clay mineral [7, 8]. Far from these laboratory

conditions performed in stirred liquid medium, other way

to further investigate mineral weathering involves using

HSG directly into soils. This should permit to analyze how
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well defined clay particles in HSG react to environmental

conditions. Rose [10] showed that water moved predomi-

nantly as vapor between pF 5.8 and 4.2 in a swelling clay

soil and as a liquid in the pF range 5.1–4.2 for a non

swelling silicate soil (sepiolite). This implies to charac-

terize HSG behavior as a function of low and moderate

relative humidity when water molecules exhibit distinct

behavior than bulk water. The water sorption and diffu-

sivity are the most important parameters to evaluate affinity

for water and molecular mobility within HSG. Only few

authors modeled the relation between moisture sorption

and mobility [11, 12] and these works were applied to

biomaterials. These authors observed that fickian diffusion

occurred and that diffusivity varied significantly with

matter hydration level. The original objective of the present

paper is to model water sorption and to determine apparent

water diffusivity within HSG containing nontronite clay

mineral at various steps of gel hydration. HSG produced

from silica precursors, i.e. TEOS, are mainly hydrophilic at

interface in relation to silanol groups. As it was pointed out

that available silanol groups at the solid surface influenced

greatly multilayer water adsorption at low and intermediate

relative humidity, it was of interest to vary the silica matrix

composition by addition of MTMS–TEOS to get more

hydrophobic interface for adjacent fluid phases.

2 Materials and methods

2.1 Hybrid silica gels (HSG) synthesis

Hybrid silica gels were prepared through a sol–gel proce-

dure [7, 8] using natural colloidal nontronite (NAu-2) clay

particles and silica precursors in aqueous solution. NAu-2

was purchased from Source Clays Minerals Repository at

Purdue University. NAu-2 is a natural dioctahedral clay

mineral rich in iron (III) defined by the following

structural formula [Si7.55Al0.16Fe0.29] [Al0.34Fe3.54Mg0.05]

O20(OH)4Na0.72 [13]. NAu-2 particles were obtained from

clay suspension that was exchanged three times with 1 M

NaCl then washed by centrifugation and dialysis against

Milli-Q water. Size fractionation was performed by cen-

trifugation from 7,000 to 35,000 g [13]. To get the maxi-

mum of homogeneity in the gel structure a particular

nontronite size was selected. The size fraction of nontronite

used in this study was obtained at a 7,000 g gravitational

field that corresponds to average size values equaled to

705 nm in length, 138 nm in width and 1.05 nm in thick-

ness [13]. Two types of silica precursors were used, i.e.

pure TEOS (Fluka) or one mixture of TEOS and MTMS

(Fluka) as organic modifier in a molar ratio TEOS:MTMS

equaled to 1:0.4. A clear solution of silica precursors,

Milli-Q H2O, and HCl (0.1 M), defined by the molar ratio

1:2.45:0.1 was prepared by sonication (Ultrasonic cleaner,

Branson 2410 DTH) at ambient temperature. In order to

avoid NAu-2 dissolution, the pH was increased to 4.0 using

NaOH (0.1 M) prior to the addition of NAu-2 suspension,

or Milli-Q water for NAu-2-free-HSG. After homogeni-

zation in the silica sol, pH was further increased up to 5.0

using NaOH (0.1 M) to accelerate self-condensation and

sol–gel transition. Hybrid silica sol (250 ll) was distrib-

uted into 96 cylindrical well microplates (Greiner) and left

at room temperature for gelation. Each HSG piece con-

tained then 0.5 mg NAu-2. Hybrid silica gels were then

sterilized twice by autoclaving in Milli-Q water for 30 min

at 110 !C and stored in Milli-Q water until use to stabilize

the hydration level and the silica structure. The shape of the

HSG is cylindrical. After complete dehydration at 0 aw,

cylinder dimensions were 5 mm high with a radius of

1.5 mm. Four HSG types were used in this study, i.e.

TEOS NAu-2-free-HSG, TEOS NAu-2-HSG, MTMS

NAu-2-free-HSG and MTMS NAu-2-HSG.

2.2 Water desorption (liquid and gas phases)

To study dehydration process, HSGs were stored in the

regulated chamber of a dynamic vapor sorption analyzer

(DVS, Surface Measurement Systems Ltd., London, UK)

equipped with a Cahn microbalance. Temperature was set

at 25 ± 1 !C and relative humidity (RH) was adjusted at

50 % in the chamber surrounding air. Approximately

150 mg of fully hydrated gel was loaded onto the quartz

sample pan. The weight loss was recorded versus time until

equilibrium was reached at 0.5 aw. After this equilibrium,

air RH was reduced down to 30 % inducing again gels

dehydration. After equilibrium at 0.3 aw, the air RH was

reduced down to 0 % and complete gels dehydration

occurred. Weight loss was recorded during the all experi-

ment to observe desorption kinetic (1 measurement per

10 s). At the end of the dehydration process, the gels were

fully dehydrated at 0 aw and the HSGs were used for the

following hydration stage (water vapor sorption). Maxi-

mum desorption rate data, dm/dt, were analyzed using

Tukey HSD test (significance threshold of p\ 0.005 with

n = 3) (XLSTAT 2011 version 14.1.3).

2.3 Water vapor sorption isotherms

HSG isotherms were obtained by progressive rehydration

in the DVS chamber. Experiments were carried out at a

constant temperature (25 !C) and different RH values

ranging between 0 and 70 % by 10 % increment steps. The

samples were considered to be at equilibrium when the

value dm/dt, i.e. slope of mass change versus time was

below 0.002 mg min-1 or for an equilibration time above

1,000 min. Experiments were performed in duplicate for
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each sample. The weight increase was also recorded at one

data each 10 s.

2.4 BET and GAB sorption modeling

The BET equation has been often used to model water

sorption data, from 0–0.5 aw. The BET isotherm model is

given by:

m ¼ m0BET
CBETaw

ð1# awÞð1# aw þ CBETawÞ
ð1Þ

where aw is the water activity, m is the moisture content (g/

100 g), m0 BET is the monolayer moisture sorption capacity

(g/100 g) and CBET is a constant related to water binding

energy to the primary binding sites [14].

The GAB equation, is a model adapted from BET model

for a larger aw range (from 0 up to 0.7) and has also been

extensively used for the modeling of sigmoidal sorption

isotherms [15]. The GAB equation is:

m ¼ m0GAB
CGABKGABaw

ð1# KGABawÞð1# KGABaw þ CGABKGABawÞ

ð2Þ

where m0 GAB is the monolayer moisture capacity

(g/100 g), CGAB is a dimensionless measure of the strength

of water binding to the primary binding sites and KGAB is a

constant. BET is actually a specific case of GAB, with

KGAB = 1.

The origin! 7.5 software was used for regression and

parameters calculations for BET and GAB modeling.

2.5 Diffusivity calculation

Fick’s second law was applied to describe the diffusion

process through gels during water vapor sorption in HSG

versus time [16]. The total amount of water adsorbed in

HSG at any time t, Mt, normalized with respect to amount

adsorbed at equilibrium, M? is given by:

Mt

M1

¼ 1#
X1

n¼1

4

a2a2
n

exp #Da
2
n
t

! "

ð3Þ

where an are the positive roots of Bessel function and a is

the cylinder radius.

For short time and when the concentration at the surface

of the cylinder remains constant Mt

M1

\0:6
# $

, Eq. 3 can be

simplified to Eq. 4, according to Crank [16]:

Mt

M1

¼
4

p
1=2

Dt

a2

% &1=2

#
Dt

a2
#

1

3p1=2
Dt

a2

% &3=2

þ & & & ð4Þ

Cranks showed that for diffusivities below 10-5 m2 s-1

three terms have to be considered and the fourth, fifth…

terms can be neglected. In the present work, calculations

showed that, for diffusivities in the range from 10-11 to

10-10 m2 s-1, the only significant term in the equation is

the first one. This is clearly due to the power of the second

and the third terms that make those terms negligible. So, in

the transient regime when Mt

Mi
\0:6, Eq. 4 can be simplified

to give Eq. 5:

Mt

M1

¼
4

p
1=2

Dt

a2

% &1=2

ð5Þ

D is the slope of a plot representing Mt

M1

versus t0.5. To

validate Eq. 5 simplification, modeling with one term

(Eq. 5) and three terms (Eq. 4) were done and the calcu-

lated diffusivities were the same.

3 Results and discussion

3.1 Desorption phase

The first part of the study concerned HSG progressive

dehydration. Figure 1 shows an example of mass variation

plotted versus time and RH for TEOS NAu-2-HSG. HSG

mass was initially high (153.17 mg), the dehydration was

very fast and equilibrium at 50 % RH was reached after

less than 1,500 min at 34.50 mg. The final dry mass of

TEOS NAu-2-HSG was recorded at 28.67 mg after

3,000 min at 0 % RH. Then, HSG water content, initially

equaled to 124.50 mgwater was reduced down to

5.83 mgwater at equilibrium at 50 % RH. This huge water

loss resulted from two dehydration steps in relation with

rapid evaporation of liquid capillary water. This first step

appeared as a quasi-linear desorption flow. The duration of

the first step was 720 min and the remaining water content

was 21.3 mgwater. Then, a second step occurred when HSG

surface water activity started to diminish and evaporation

driving force decreased slowly. Hybrid silica gels weight

decreased progressively until equilibrium (0.5 aw). At that

time, HSG mass did not change any more. During dehy-

dration process, HSG cylinders volume, initially equal to

132.2 mm3 was reduced down to 6.7 mm3.

As external RH was modified in the DVS apparatus

down to 30 % at 1,500 min, a dehydration driving force

was created again and a new weight loss was observed until

HSG reached 0.3 aw. The same process occurred in the last

step at 0 % RH. At equilibrium, HSG dry matter was

determined at 28.67 mg (Fig. 1). These measurements

showed that HSG was very reactive to changes in sur-

rounding RH and quickly released water. For both 30 and

0 % RH dehydration steps, dehydration occurred very

rapidly signifying a poor water sorption heat in gels.

From derivation of weight loss curve, Fig. 2 shows gels

dehydration kinetic under the three RH conditions. During
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the first dehydration step to 50 %HR, two main phases were

observed. A first dehydration phase (0\ t\ 800 min)

started where dehydration kinetic was high and decreased

rapidly with mass loss. In this phase, water loss concerned

mainly liquid freewater. The surface water activity of the gel

was kept close to 1. Capillarity and surface evaporation were

the main processes involved in weight loss. During this step,

dehydration kinetic decreasedwith time because interactions

between HSG and water increased progressively leading to

decreasing water mobility. Then, a second phase was

observed (800 min\ t\ 1,500 min) where desorption

kinetic decreased slowly. At this step, no capillary liquid

water remained in the gel and diffusion became the main

transport process. The water loss kinetic was nearly constant

but gel volume reduction led to an apparent reduction of

water loss kinetic. A second parameter progressively accel-

erated the apparent decrease of water loss kinetic, i.e. aw
reduction at gel surface that limited the dehydration driving

force. At the end of the 50 % RH dehydration process, when

HSG equilibrated at 0.5 aw, no water flow was measurable.

For the other dehydration conditions (30 and 0 % RH), the

two-stage dehydration occurred in a similar way than for

50 % HR step.

To evaluate interactions between HSGs and liquid

water, the maximal initial dehydration rates were measured

(Fig. 3). The surface evaporation flow was very close for

the four types of HSGs studied. Nevertheless, the kinetic

was faster for the TEOS HSGs (Tukey HSD test,

p\ 0.005) compared to the MTMS HSGs meaning greater

surface evaporation and diffusion in TEOS HSGs.

3.2 Sorption phase

For sorption phase study, the dehydrated gel cylinders

produced by the previous three-steps dehydration proce-

dure were used. These gels were progressively rehydrated

to evaluate the sorption capacity of water vapor and cal-

culate sorption and diffusion parameters.

The steps of gel hydration from 0 up to 70 % RH are

shown in Fig. 4. As previously observed for dehydration,

water vapor sorption occurred rapidly. For each successive

10 % RH increase in the air, equilibrium time increased

progressively with hydration level. It took less than

100 min for complete equilibrium from 0 up to 10 % RH

and equilibration time increased up to 500 min between 60

and 70 % RH. Silica gels appeared highly hygroscopic and

increasing times for equilibrium resulted from two additive

Fig. 1 Example of kinetic water desorption profile for TEOS NAu-2-
HSG as a function of Relative Humidity (%) variation at 25 !C. The
sample was first equilibrated to 50 % RH, then equilibrated to 30 %
RH, and then equilibrated to 0 % RH

Fig. 2 Water desorption kinetic of fully hydrated gels as a function of
Relative Humidity (%) variation for TEOS NAu-2-HSG. The sample
was first equilibrated to 50 % RH, then equilibrated to 30 % RH, and
then equilibrated to 0 % RH

Fig. 3 Initial maximal desorption rates of HSGs when samples are
equilibrated to 50 % RH at 25 !C. All the values are means of four
replicates ± SD. Values indexed by different letters are significantly
different (p\ 0.005) according to Tukey’s test
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phenomena. The first one was linked to the non-linear

relation between water content in the air and RH attributed

to the humid air diagram. The second one was linked to

water sorption attraction forces that decreased progres-

sively with the saturation of the hydrophilic sites in the

gels. The more hydration layers existed, the weaker were

the attraction forces.

Moreover, no hysteresis was observed between desorp-

tion and adsorption water contents at 30 and 50 % RH.

Hydration/dehydration process was then fully reversible in

our experimental conditions.

From water contents reached at equilibrium for each air

RH value, water adsorption isotherms were obtained

(Fig. 5). The TEOS and MTMS HSGs exhibited type II

water isotherms [15] whatever the presence of nontronite

colloidal particles inside silica matrices. The type II iso-

therms are concave to aw axis, then almost linear and

finally convex to aw axis [15]. If the presence of nontronite

particles in HSG does not change the overall isotherm

shape, it gives rise to higher amount of water content than

in nontronite free HSG. The four water sorption isotherms

were fitted with BET and GAB models that generated

parameters m0 BET and m0 GAB, i.e. water adsorbed in

hydration monolayer, CBET and CGAB, i.e. the latent heat of

sorption between water molecules and gel sorption sites

(Table 1). It appeared that both model showed a R2 at 0.99

and that parameters given by both models are fully in

agreement. The differences between the GAB and BET

models are related to the KGAB constant; BET is a specific

case of GAB with KGAB = 1. The BET adapted sorption

was shown by the constant KGAB value ranged from

1.04 ± 0.02 to 1.10 ± 0.03 closed 1. Table 1 also shows

that sorption heat was higher for the TEOS HSGs. It means

that the hydrophilic TEOS HSG developed more water/

silica interactions than more hydrophobic MTMS HGSs, as

it was expected. From the water vapor adsorption isotherms

of HSGs (Fig. 5), three sorption phases can be described:

the monolayer, the multilayer and the capillary hydration

phases. During the first phase, the water monolayer was

created. According to m0 GAB values (Table 1), hydration

monolayer was formed at around 0.25 aw for TEOS HSGs

and 0.33 aw for MTMS HSGs. In that phase, water vapor

molecules interacted with hydrophilic sites in HSGs and

particularly with highly hygroscopic sites of nontronite.

The higher m0 values for HSGs containing nontronite

demonstrated the major influence of this clay mineral on

hydration behavior. However, the water binding energy is

still dependent upon the nature of silica matrix, i.e. the

presence of methylated groups at the solid surface. The

Fig. 4 Water contents in TEOS (black line) and MTMS (grey line)
NAu-2-free-HSG at equilibrium as a function of relative humidity
variation

Fig. 5 Water adsorption isotherms for HSGs from 0 to 0.7 aw: open
square, MTMS NAu-2-free-HSG; filled square, MTMS NAu-2-HSG;
empty diamond, TEOS NAu-2-free-HSG; filled diamond, TEOS NAu-
2-HSG

Table 1 BET and GAB model parameters calculated from water
adsorption isotherms for HSG: m0 BET and m0 GAB, water adsorbed in
hydration monolayer, CBET and CGAB, the constant of water binding
energy or surface heat constant between water molecules and gel
sorption sites, the GAB constant, KGAB

BET and
GAB
parameters

TEOS
NAu-2-
free-HSG

TEOS
NAu-2-
HSG

MTMS
NAu-2-
free-HSG

MTMS
NAu-2-
HSG

m0 BET
a 7.75 ± 0.18 8.98 ± 0.33 6.03 ± 0.22 9.77 ± 0.60

CBET
b 6.05 ± 0.61 7.42 ± 1.27 3.49 ± 0.40 2.17 ± 0.33

m0 GAB
a 6.77 ± 0.08 8.38 ± 0.47 5.29 ± 0.19 8.35 ± 0.63

CGAB
b 7.24 ± 0.37 8.31 ± 1.75 3.87 ± 0.38 2.32 ± 0.37

KGAB
c 1.10 ± 0.03 1.04 ± 0.02 1.09 ± 0.01 1.10 ± 0.02

a Monolayer moisture capacity in g water per 100 g HSG
b Constant of water binding energy or surface heat constant
c GAB constant
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substitution of silanol with methylated groups by addition

of MTMS reduced the interactions between water mole-

cules and surface groups then resulting in lower sorption

energy (C values) for MTMS HSGs compared to TEOS

HSGs (Table 1). When hydration monolayer was formed,

several layers of water molecules were structured around

each hydrophilic site. In this second hydration phase, the

sorption energy progressively decreased with increasing

distance between water molecules and sorption site due to

progressive saturation of hydrophilic sites. TEOS and

MTMS NAu-2-free-HSGs adsorbed less water than TEOS

and MTMS NAu-2-HSGs as expected from the swelling

behavior of nontronite particles [17, 18]. In the last capil-

lary hydration phase, above 0.65 aw, HSG slightly swelled

and more water was incorporated. This capillary phase

starts at 0.65 and does not clearly appear in Fig. 5. This is

one of the reasons why GAB and BET parameters were

very close (no capillary water influence on GAB

parameters).

3.3 Diffusivity calculation

As previously discussed, hydration in vapor phase corre-

sponded to water vapor diffusion process. Bulk moisture

diffusivity is the major parameter to explain diffusion/

sorption in gels. From Crank initial work [16], Fick’s dif-

fusion model was applied to reach apparent diffusivity,

Dapp, through HSG cylinders and study water mobility

versus gel composition and hydration level. Methyltrime-

thoxysilane NAu-2-free-HSG was chosen as an example of

Dapp calculation from Eq. 5 (Fig. 6). Hydration followed a

typical behavior of fickian diffusion process, according to

Eq. 3. As the mass of adsorbed water at a given hydration

step was low, cylinder swelling during the 10 % RH

increase was neglected. From Fig. 6, initial water sorption

for the first Mt

M1

\60 % moisture adsorption was drawn

versus t0.5 according to Eq. 4 (Fig. 7). The linear shape of

adsorption curves gave R2 values ranging from 0.999 to

0.990 that confirmed that Fick’s model could be applied to

calculate Dapp from the slope of this linear sorption phase.

Figure 8 shows the changes in apparent water diffusivity

values for each gel formulation and for hydration levels

from 0.1 to 0.7 aw. The apparent water diffusivity values

we found for HSGs in the range 10-10–10-11 m2 s-1 are

quite similar to data found for CaCl2 confined to meso-

porous silica [19], composite silica modified by calcium

nitrate [20] or silica gel particles [21, 22]. Maximum water

diffusivity values were measured between 0.20 and 0.25 aw
for NAu-2-HSGs and shifted to 0.25–0.30 for NAu-2-free-

HSGs.

Below maximal Dapp value, the first phase corresponds

to initial hydration in which water monolayer was being

formed and in which water vapor attraction by hydrophilic

sites was maximum. Hydrogen bonds are created between

water molecules and free hydroxyl groups of silica matrix

and clay particles surfaces. Water clustering around ionic

sites is also expected [23]. Simultaneously, HSG structure

that contained strong physical constraints in the silica

network started a relaxation process due to increased

mobility provided by water molecules. Those parameters

Fig. 6 Mt/M? plotted as a function of time in min for MTMS NAu-
2-free-HSG adsorption of moisture. During this step, the sample is
equilibrated at 20 % RH at 25 !C

Fig. 7 Mt/M? values plotted as a function of the square root time,
with time in min, for MTMS NAu-2-free-HSG adsorption of
moisture. During this step, the sample is equilibrated at 20 % RH
at 25 !C
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made diffusion process faster and apparent water diffu-

sivity increasing.

Above maximal Dapp value, diffusivities decreased with

increasing water activity. In this phase, the monolayer was

completed and hydration multilayer phase started with

water clustering [23]. The distance between water mole-

cules and hydroxyl sites of silica surfaces became larger

and attraction forces decreased progressively. Due to

reduction in mass transport driving force, apparent water

diffusivities of the four gels decreased with hydration level.

This illustrated changes in diffusion mechanisms from

vapor to liquid diffusion [4]. The pore filling by water

molecules should also prevent other water molecules from

diffusing through pores [24]. The decrease of Dapp was

enhanced in intermediate aw values ranging from 0.3 to 0.6

for NAu-2-HSGs.

4 Conclusion

Hybrid silica gels were prepared through sol–gel technique

using nontronite colloidal particles and silica precursors,

i.e. TEOS or one mixture of TEOS and MTMS. These

hybrid materials exhibited new functional properties rela-

ted to both clay minerals and silica matrix. The clay min-

erals permitted to reveal the bioweathering potential of soil

microorganisms. The silica matrix maintained the dis-

persed structure of colloidal particles during bioweather-

ing. The hydration properties were analyzed by DVS and

revealed the distinct contribution of these components, i.e.

clay particles and silica matrix. It was observed that non-

tronite exerted a major role in water retention resulting in

higher mass of water adsorbed in hydration monolayer, m0,

and lower apparent water diffusivity, in intermediate aw
values from 0.3 to 0.6. Water binding energy to the primary

binding sites, i.e. CBET and CGAB values, was dependent

upon methyl organic ligand presence in silica matrix. At

the methyl surface content used, lower C values, i.e.

weaker water bonds, were obtained for MTMS–TEOS

HSGs in accordance with lower hydroxyl density and

higher electron donating methyl groups at the solid surface

of these gels. From the present results, the role of nontro-

nite on water sorption monolayer and the role of methyl

and other organic ligands on water/silica interactions merit

to be further investigated. This should permit to explore the

ability to formulate HSG doped with clay minerals to get

specific hydration properties, i.e. targeted water sorption

(m0) and water interactions values (C).
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a b s t r a c t

Water behavior in silica gels involving hydrophobic sites that have been substituted to hydrophilic sites
has been approached by 1H NMR relaxometry techniques. The latter method stems from the evolution of
NMR longitudinal relaxation time T1 as a function of the Larmor frequency (the NMR measurement fre-
quency). T1 measurements of the water protons have been carried out between 5 kHz and 10 MHz. This
frequency range proved to be sufficient for detecting and characterizing two hydration layers although
they exist in a very weak proportion (10!5–10!6). Self-diffusion coefficient of water in these two layers
could be estimated. It turns out that only the first layer is influenced by hydrophobicity.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

It is now established that the dissolution-rate of minerals in
soils is related to the concentration of organic compounds (sidero-
phores, organic acids) produced by microorganisms or plant roots
but also to inorganic acids and protons [1–10]. The diffusion of
these mineral-weathering agents into soil solution [5], the sorption
and desorption of metal–ligands on mineral particles [9] are iden-
tified as key steps in mineral dissolution. In order to study these
processes at a colloidal scale known to be reactive in relation to
high specific surfaces [11], a new method was developed by dis-
persing clay mineral colloidal particles in a silica gel matrix
[12,13] via a conventional sol–gel pathway [14]. This permitted
to prevent flocculation and precipitation of clay colloidal particles
but also adhesion to cell bacteria [15,16]. The Hybrid Silica Gels, i.e.
HSGs, synthesized by this method have an amorphous structure
with small pores size (around 10–50 nm in diameter) that excludes
bacteria as showed by confocal laser scanning microscopy imaging
of GFP (Green Fluorescent Protein)-tagged bacteria [13]. This im-
plies that only metabolites produced by the bacteria should be able
to diffuse inside HSGs and dissociate metals from mineral. The
water sorption and diffusivity within HSGs are then important
parameters to get a better understanding on molecular mobility.
HSGs produced from silica precursors, i.e. tetraethoxysilane

(TEOS), are mainly hydrophilic at interface in relation to silanol
groups [17]. As it was pointed out that available silanol groups at
the solid surface influenced greatly multilayer water interactions,
it was of interest to vary the silica matrix composition by addition
of methyltrimethoxysilane (MTMS)–TEOS to get more hydrophobic
interface for adjacent fluid phases [18]. The original objective of
the present paper is then to study interaction between water mol-
ecules and hydrophilic and hydrophobic silica surfaces used in
HSGs. In order to characterize bound water and possibly different
types of water, NMR techniques have been used throughout. They
include the determination of water self-diffusion coefficient and
the measurement of the spin–lattice (longitudinal) relaxation time
T1 of water protons as a function of the Larmor frequency (NMR
measurement frequency). This latter technique, called ‘‘relaxome-
try’’ [19], proved to be very sensitive to bound water even when
it is in very weak proportion. Moreover, a proper interpretation
of the experimental results should lead to the characterization of
different types of water in terms of mobility thus in relation with
the interaction of water with the HSG surface, as a function of its
hydrophobic character. Indeed, water behavior in HSG is important
for the understanding of the gel interface reactivity.

2. Material and methods

Silica gels were produced through an acid catalyzed sol–gel pro-
cedure using two silica precursors, i.e. pure tetraethoxysilane
(TEOS, Fluka) or a mixture of TEOS and methyltrimethoxysilane
(MTMS, Fluka). Three samples with different hydrophobicity have
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been studied. They will be denoted 100% TEOS, 95% TEOS and 80%
TEOS, these figures corresponding to the percentage in volume of
TEOS vs. MTMS.

A clear solution of silica precursors, Milli-Q H2O, and HCl
(0.1 M) was prepared by sonication (Ultrasonic cleaner, Branson
2410 DTH) at ambient temperature. For 100% TEOS, the initial mo-
lar ratio TEOS:H2O:HCl was 1:2.45:0.003. For 95% and 80% TEOS,
TEOS:MTMS:H2O:HCl molar ratios were defined as
1:0.08:2.6:0.003 and 1:0.4:3.1:0.003, respectively. Then, Milli-Q
water was added to the mixture to give final stoichiometric ratios
TEOS:H2O equaled to 1:15, 1:16 and 1:19 for 100% TEOS, 95% TEOS
and 80% TEOS respectively. In order to accelerate self-condensation
and sol–gel transition, pH was increased to pH 5.0 by NaOH (0.1 M)
with NaOH/HCl molar ratio of 1. Silica sol (2.5 ml) was distributed
into glass tubes and left at room temperature for gelation. Silica
gels were twice sterilized by autoclaving in Milli-Q water for
30 min at 110 !C and stored in Milli-Q water until use. All chemi-
cals used were high purity grade.

All NMR experiments rely on the resonance of water protons
and have been carried out at 25 !C on silica gels stored in Milli-Q
water until measurements. Excessive water was eliminated from
gels that were then placed into dry glass tube then sealed to pre-
vent gel drying during NMR measurement. Self-diffusion coeffi-
cients were measured with a Bruker Avance 300 MHz
spectrometer using the standard Stimulated Echo method with
bipolar gradient pulses [19]. In the 5 kHz–10 MHz frequency range,
T1 relaxation times were measured with a SMARtracer relaxometer
(Stelar Company, Mede, Italy) according to the fast field cycling
procedure [20]. Although a plateau seems to be reached at the
higher frequencies, an additional measurement was performed at
300 MHz according to the classical inversion-recovery sequence
[21] and essentially confirmed the plateau value. Therefore, only
the relaxometer data will be presented and discussed in the
following.

2.1. Relaxometry theoretical outline [21,22]

The interpretation of spin relaxation rates is generally difficult
because they depend on various mechanisms such as inter- and in-
tra-molecular dipolar interactions. In the present study, we shall
neglect the intermolecular contribution because (i) it is expected
to be small with respect to the intra-molecular contribution in
the case of bound water, (ii) and, anyway, it will be assumed to
be similar for the different types of bound water. As we are dealing
with the water molecule, only the H–H dipolar interaction is in-
volved in the interpretation of these intra-molecular relaxation
rates. In that case, the relaxation rate (the inverse of the relaxation
time, i.e. 1/T1) can be written as:

R1ðxÞ ¼ KHH $ ½4Jð2xÞ þ JðxÞ' ð1Þ

In (1), x is the measurement frequency (in rad s(1) that is pro-
portional to the magnetic field of the NMR instrument, KHH is a
constant detailed below and J(x) is a so-called spectral density
function that is responsible for the frequency dependence of relax-
ation parameters. Whenever molecular reorientation is isotropic, it
has a very simple form:

JðxÞ ¼
2sC

1þx2s2C
ð2Þ

sC is the so-called correlation time which describes the molecular
reorientation. It can be viewed as the time required for a rotation
by an angle of 1 radian.

Moreover, the linear combination of the two spectral density
functions in (1) can be approximated by [23]:

4Jð2xÞ þ JðxÞ ) 5Jð
ffiffiffi

3
p

xÞ ð3Þ

With these conventions, the constant KHH is:

KHH ¼
3

20

" #

l0

4p

$ %2 c4H!h
2

r6HH
ð4Þ

l0 is the vacuum permeability, cH is the proton gyromagnetic ratio,
!h is the Planck constant divided by 2p and rHH is the distance be-
tween the two protons in the water molecule.

In the present context, we expect several types of water, at least
free (bulk) water and bound water [24]. It can be noticed that the
correlation time of bulk water is so short (around 4 ps) that its con-
tribution to the global relaxation rate lies in the so-called ‘‘extreme
narrowing’’ regime (x2s2C <<1). Owing to Eq. (2), this evidently en-
tails no frequency dependency. Assuming that the reorientation of
the H–H vector can be considered as isotropic for any type of
water, we can write the global relaxation rate as:

R1ðxÞ ¼ A0 þ
X

n

i¼1

Ai

1þx2s2Ci

ð5Þ

where n is the number of bound water types (supposed to be out-
side the extreme narrowing regime). In (5) sCi

is an effective corre-
lation time equal to

ffiffiffi

3
p

$ strueCi
(see Eq. (3)). The coefficients A0 and Ai

in Eq. (5) arise from Eqs. (1) and (2). Thus, denoting by pi the pro-
portion of water type i, they have the following meaning:

A0 ¼ 1(
X

n

i¼1

pi

 !

KHHð10sC0
Þ ð6Þ

for free water, sC0
being the correlation time describing its

reorientation.

Ai ¼ piKHH
10
ffiffiffi

3
p sCi

" #

ð7Þ

It can be noticed that Halle [25] proposed a decomposition of
dispersion curves in a series of Lorentzian functions as in Eq. (5).
As his treatment is very general, the meaning of the different cor-
relation times is not as straightforward as it is here. This is why
Halle’s approach was dubbed ‘‘Model Free’’. Indeed, sCi

values are
meaningful because we are dealing exclusively with an intra-
molecular dipolar relaxation mechanism.

Finally, it must be emphasized that Eq. (5) is valid under the
assumption of fast exchange between the different species. In our
case, this is verified experimentally since, in the course of a relax-
ation measurement, the evolution of nuclear magnetization is
invariably mono-exponential, thus leading to a unique relaxation
time. In a general way, the fast exchange condition is fulfilled pro-
vided that the residence time in the various sites is much smaller
than any relaxation time. Again, this is very likely the case here.

2.2. Relaxometry data processing

Experimental data (i.e. R1 vs. x), which constitute what is gen-
erally called ‘‘dispersion curves’’, have been processed according to
Eq. (5) and with a procedure detailed in a previous paper [26].
Briefly, we start with a set of guessed sCi

with which A0 and the
Ai’s are determined by Linear Least Squares (LLS). This latter proce-
dure is quite reliable, as it does not require any minimum search.
With this new set of A0 and Ai’s, new values for the sCi

can be cal-
culated by Non Linear Least Squares (NLLS) and again a new set of
A0 and Ai’s, and so on until convergence. Owing to the number of
parameters to be determined, this method has proven to be much
more reliable than a global non-linear least squares fit. Moreover, it
can be appreciated that correlation times are exclusively deduced
from the frequency variation of relaxation rates as this would be
done intuitively by considering the inflection points of dispersion
curves. This affords some confidence in the final results.
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For each sample, data were first tentatively fitted with only one
correlation time sC1

(in addition to sC0
). As the agreement between

experimental data and recalculated dispersion curves did not ap-
pear quite satisfactory, the inclusion of a second correlation time
was attempted with the hope to improve the root mean square
deviation. This systematically succeeded for all the investigated
samples. Fig. 1 illustrates the improvement of the fit in such a
situation.

3. Results and discussion

Three samples with different hydrophobicity have been studied.
They will be denoted 100%, 95%, and 80%, these figures correspond-
ing to the percentage in volume of TEOS vs. MTMS.

3.1. Self-diffusion

For all these three samples, the water self-diffusion coefficient
was found to be identical to that of pure water in the limit of
experimental accuracy (1% at best). This can be explained by
assuming fast exchange between bound and free water so that
the diffusion coefficient Dobs can be expressed as [27]

Dobs ¼ pDbound þ ð1$ pÞDfree ð8aÞ

p being the proportion of bound water. As it can be very reasonably
inferred that Dbound & Dfree, (8a) reduces to

Dobs ' ð1$ pÞDfree ð8bÞ

Consequently, the experimental results, which appeared a priori
rather disappointing, are in fact deceptively simple. Owing to the
experimental uncertainty, they clearly mean that p is smaller than
0.01. This is a conclusion per se, which will be confirmed by the
interpretation of relaxometry data.

3.2. Relaxometry

The differences between the three samples are illustrated by the
raw data displayed in Fig. 2.

As stated above, three types of water are systematically de-
tected. Their parameters are given in Table 1. The assignment of
Table 1 arises from the following considerations. 0 corresponds
to an extreme narrowing situation, thus obviously to free water.
1 corresponds to the largest correlation time, thus to the lowest
mobility, in other words, to water molecules presenting the stron-
gest interaction with the surface. It remains number 2, still outside
the extreme narrowing regime. A0, corresponding to the dc compo-
nent, is necessarily ill-defined because the relaxation rates con-
tinue to decrease (very slowly) beyond 10 MHz. Nevertheless, its
uncertainty has presumably no incidence on A1 and A2. Actually,
it corresponds to water less mobile than free water but more mo-
bile than water of the first hydration layer. Therefore, this type of
water can be safely attributed to a second hydration layer.We
now define the quantity xi that will be shown to be proportional
to pi

xi ¼ Ai=sci ð9Þ

Moreover, referring to Eqs. (6) and (7), we can notice that x1 and x2
are very small and therefore very reasonably assume that p0 ' 1. As
a consequence, with x0 = A0/sc0 (sc0 assumed to be equal to 4 ps),
one has

xi=x0 ¼ pi for i ¼ 1;2 ð10Þ

We can at the onset draw some qualitative conclusions. Con-
cerning the first hydration layer, we notice that p1, as expected, de-
creases when hydrophobicity increases. This is evidently to be
related to less hydrophilic sites. On the other hand, water mole-
cules will move less easily from one site to the other and this is
easily confirmed by the increase of the correlation time. Concern-
ing the second hydration layer, we notice that neither p2 nor sc2
evolve significantly with hydrophobicity. This means that the sec-
ond hydration layer, which necessarily interacts with the gel sur-
face, is not significantly affected by the hydrophobic sites.

We shall now attempt to describe more quantitatively the mo-
tion of water molecules in both hydration layers. Translational dif-
fusion around a curved surface amounts to a rotation [28]. The
correlation times of Table 1 are related to this rotation. As a corre-
lation time can be considered as the time required for a one-radian
rotation and assuming that the surface is a sphere of radius R, it is
easy to show that

sc ¼ R2=D ð11Þ

Fig. 1. Experimental dispersion curves (lozenges) along recalculated dispersion

curves (continuous curves) of relaxation rate, R1 (s
$1) as a function of measurement

frequency m0 in MHz. Right: fit with one correlation time. Left: fit with two

correlation times. The root mean square deviation (rmsd) has improved by a factor

of four from one to two correlation times.

Fig. 2. Experimental relaxation rate (R1) dispersion curves for the three samples

investigated here. From top to bottom: 100% (squares), 95% (triangles), 80%

(lozenges) TEOS vs. MTMS (v/v). As in Fig. 1, the horizontal scale (in MHz) indicates

the measurement frequency (m0). For the sake of completeness, the data at 300 MHz

are also shown.
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Formula (11) is deduced from the mean square displacement
during sc, equal to sc times the diffusion coefficient D. Although
this may appear somewhat simplistic, it provides at least a good
estimate because the correlation time appearing in (11) concerns
exclusively overall tumbling. Correlation times describing other
motions (e.g. rotation around the symmetry axis of the water mol-
ecule) are definitely much smaller. D values (D1 for the first layer,
D2 for the second layer), obtained from (11) and from the experi-
mental correlation times of Table 1 with again a R value of 250 Å
(roughly estimated from the literature on silica gels), are reported
in Table 2. By reference to 2.3 10!9 m2 s!1 which is the diffusion
coefficient of pure water, we notice that diffusion in the second
layer is as expected (that is slowed down by more than an order
of magnitude). Conversely, in the first hydration layer, self-diffu-
sion coefficients are slowed down by about two orders of magni-
tude (with respect to free water) and, interestingly (as already
noticed), they tend to decrease when hydrophobicity increases.

4. Conclusion

To the best of our knowledge, we applied for the first time NMR
relaxometry techniques to the study of water in hybrid silica gels.
It turns out that this method is very efficient as far as the detection
of different types of bound water is concerned. Indeed, in spite of a
very weak proportion of bound water (10!5–10!6), we were able to
characterize a first hydration layer, which senses hydrophobicity,
and a second hydration layer (occupying roughly the same volume)
that is not affected by hydrophobicity. In fact, this characterization
of water in such silica matrices is a prerequisite in view of future
applications that concern insertion of swelling clay particles in
these matrices. The same methodology could be employed and

would probably provide important information about the interac-
tion of water not only with the silica gel surface but also with the
clay surfaces.
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Table 1

Parameters deduced from the relaxometry data.

Percentage of TEOS (%) sc1 (ns) A1 sc2 (ns) A2 A0 x1 x2 x0 p1 = x1/!x0 p2 = x2/!x0

80 1.8 104 34.5 8.3 102 2.37 0.81 0.0019 0.0028 202 9.8 10!6 1.4 10!5

95 1.8 104 64.6 9.7 102 1.75 0.66 0.0036 0.0018 165 1.9 10!5 9.3 10!6

100 1.4 104 58.7 8.9 102 1.64 0.86 0.0041 0.0018 215 2.1 10!5 9.3 10!6

Mean value of x0: !x0 ¼ 194.

Table 2

Water self-diffusion coefficients in the two hydration layers.

Percentage of TEOS (%) D1 (m2 s!1) D2 (m2 s!1)

80 3.5 10!11 7.4 10!10

95 3.5 10!11 6.4 10!10

100 4.5 10!11 7.0 10!10
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