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Surface modification of montmorillonite (MMT) with 3-glycidoxypropyl trimethoxysilane (3GTO) in mild

methanol/water mixture has been investigated in detail. The influence of reaction conditions (including silane

concentration in feed, reaction time and reaction temperature) on the grafting amount and yield of silane, and

further on the grafting pattern of silanes was studied by thermogravimetric analysis, elemental analysis, X-ray

diffraction (XRD) and BET. Higher silane concentration, longer reaction time and higher reaction temperature

are all benefit to higher grafting amount. When the grafting reaction was performed with 3 mmol/g silane

concentration, at 90 oC for 24 h, the grafted amount and yield of silane reached 1.4443 mmol/g and 30%,

respectively. Based on the XRD and BET data analysis, a speculation that the grafting pattern of silanes was

concentration dependence was proposed. 
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Introduction

Since Toyota research reported a nylon-6/montmorillonite

material,1 where very small amount of inorganic loadings

resulted in remarkable enhancements of thermal and mech-

anical properties, continuing research efforts have been

emphasized on the layered silicate/polymer nanocompo-

sites.2,3 It is well known that the interactions between the

polymer matrix and the clay layers have a great effect on the

dispersion level of the clay layers, and ultimately on the

mechanical properties of the polymer/clay composites. Much

effort has been made to improve the interaction between the

polymer and clay including ion-exchange reaction with

traditional cationic surfactant or various cationic polymers,4,5

intercalative copolymerization and so on.6 However, the

thermal instability and inaccessibility to calculate the degree

of organic coverage limit the application of the widely used

cationic surfactants.7,8

Surface modications of clay minerals with silane coupling

agents is also a widely used method to enhance the inter-

facial interaction.9-13 Configution arrangement and grafting

efficiency of the silane molecules in the clay depend on the

nature of the clay minerals, silane coupling agents, disper-

sing medium, reaction temperature and so on. He et al.

studied the grafting of fluoro-hectorite and montmorillonite

with 3-aminopropyltriethyl silane.9 The result demonstrated

interlamellar distance of the clay increased to 1.45 nm and

1.77 nm, and the silane molecular adopted monolayer

arrangement for fluoro-hectorite and bilayer arrangement for

montmorillonite. The grafting of laponite clay particles with

monofunctional and trifunctional silane coupling agents was

also reported.10 The monofunctional silane formed a mono-

layer coverage on the border of the clay plates while the

trifunctional silane formed a submonolayer coverage at low

concentrations and a multilayer coating at higher concent-

rations. However, some research found that the interlamellar

distance of montmorillonite or Laponite exhibited nearly no

change after grafting with monoalkoxy silane according to

the XRD analysis.14,15 To date there isn’t a consistant con-

clusion about whether the silane molecular increases inter-

lamellar distance or not. But relative studies all reveal that

the grafting of silane coupling agents can increase the hydro-

phobicity and further enhance the interfacial compatibility

between the clay and polymers, making the intercalation of

hydrophobic molecules into clay materials easier. Therefore

systematical investigation about the silane grafting of MMT

is an important and useful work since MMT is used to improve

the properties of polymer in many fields of applications.

However, we find that researchers paid great attention to the

grafting of silanes containing amino-group, and little atten-

tion was paid to the grafting of other kinds of silanes.16-18

In the present work, 3GTO is chosed due to its bi-func-

tional properties. The three alkoxy groups enable covalent

bonding to the hydroxyl group of MMT while the epoxide

ring can further react with a nucleophile such as hydrophilic

or hydrophobic moieties to satisfy various needs for inter-

calation in applications. However, in most studies the graft-

ing of silane was performed in organic solvent, which would

bright about environmental problems.10,15 Yoon JS et al.

successfully obtained 3GTO-functionalized organoclay by

reacting 3-glycidoxypropyl trimethoxysilane with Cloisite25A

in mild ethanol/water mixture, but the detailed report about

the parameters influencing grafting amount and grafting

patterns was not described.19

The study described the effect of different parameters on

the grafting degree of 3GTO in the case of pristine MMT in
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detail, further on the grafting pattern in order to investigate

the mechanism of action. For this purpose, the silane con-

centration in feed, reaction time and reaction temperature

were changed to control the grafting amount. The amount

and yield of grafted silane was assessed by TG, elemental

analysis. XRD and BET were employed to characterize the

final properties of 3GTO-functionalized montmorillonite.

Experimental

Materials. The unmodified montmorillonites used were

provided by Nanocor, Inc. (Nanomer PGN), and were

purified by dissolving in ethanol at 70 oC for 4 h in order to

remove any contaminants. 3GTO was provided by Hubei

Debang Chemical Co. Ltd (China). All other solvents and

reagents were used as received without further purification.

Preparation of 3GTO-functionalized MMT. The pre-

paration of 3GTO-functionalized MMT was performed

according to the procedure reported previously with a minor

modification.19 Briefly, after a calculated amount 3GTO was

hydrolyzed at pH 4.0 for 4h in a solution of acetic acid in

ethanol (90 wt %)/deionized water (10 wt %) mixture (200

mL), the MMT (10 g) was added and the mixture was then

heated with reflux at 50-90 oC for different times. The

product was diluted five times with ethanol to remove the

soluble homocondensates. The resulting product was then

filtered and repeatedly washed with ethanol at room temper-

ature and dried in a vacuum oven at 90 oC for at least 48 h.

The synthesized 3GTO-functionalized MMT is denoted as

GMMTm/n/o, where m represents the 3GTO concentration

in feed, n represents the reaction time and o represents reac-

tion temperature.

Characterization. Thermogravimetric analysis of the un-

treated and treated MMTs was performed on a TA Instru-

ments Q50 to quantitatively determine the grafting degree

and yield as well as the thermal stability. Samples were

heated from 25 oC to 800 oC at the rate of 10 oC/min under a

nitrogen flow (60 mL/min). An organic Elemental Analyer

(Elementar, Germany) was used to determine the carbon and

hydrogen content of the bare and the functionalized MMT.

And the results are compared with that of TG analysis to

survey the degree of measurement data reliability. The varia-

tion of the interlayer distance of the clays was studied by

means of wide-angle X-ray scattering using a Rigaku DMAX

2200 (Rigaku, Japan). The Cu Kα radiation source (λ =

0.154 nm) was operated at 40 kV and 40 mA. Patterns were

recorded by monitoring diffractions appearing in the range

from 2° to 10° with a scanning rate of 1° min−1. The nitrogen

adsorption analysis was performed on NOVA 1000e instru-

ment from Quantachrome. Prior to the adsorption, all samples

were degassed at 120 oC for 8 h in a vacuum. The Brunauer-

Emmett-Teller (BET) method was used for determination of

the surface areas.

Results and Discussion

3GTO is employed as an organic modifier and the alkoxy

groups first hydrolyse in acid condition into hydroxyl, and

then react with the silanol on the MMT. The reaction process

is shown in Scheme 1. Repeated washing was performed to

ensure complete removal of unreacted 3GTO. A series of

samples were prepared by changing the mole ratio of reac-

tants, reaction temperature and reaction time to systemati-

cally investigate the factors effecting grafting degree.

The amount of grafted 3GTO on MMT was estimated by

TG. Typical TG spectrograms of unmodified and modified

MMT are exhibited in Figure 1. Pristine MMT shows an

initial mass loss up to 150 oC, due to the removal of adsorb-

ed water. A small mass loss is observed over the region of

200-550 oC, due to the removal of interlayer water. A final

mass loss occurs in the temperature region spanning from

550-800 oC mainly due to the dehydroxylation of alumino-

silicate.20 After grafting of the silane molecules, the mass

loss in the region between 200 oC and 550 oC, which mainly

contributed to the thermal decomposition of the organic

molecules, increases obviously. Besides, the initial degrada-

Scheme 1. The grafting process of the silane molecules.

Figure 1. Typical TG spectrograms of 3GTO, unmodified and
modified MMT.
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tion temperature of silane molecular on the MMT increases

compared to that of ungrafted silane molecular. The above

results confirmed that silane molecular is chemically grafted

on the MMT but not physically absorbed. The following

equation is used to calculate the amount of grafted silane

based on the weight loss between 200 oC and 550 oC,

W200-550, taking into account the interplayer water loss of

pristine MMT that occurs in same temperature range, where

M (g/mol) is the molecular weight of the grafted silane

molecules.

Grafted amount (mequi/g) = (1)

To determine the grafted yield, corresponding to the percent-

age of silane molecules successfully grafted, the following

equation is employed, where [silane concentration] (mequiv/

g) is the silane concentration in feed.

Grafted yield (%) =  × 100% (2)

The thermogravimetric data of different reaction time of

samples are shown in Table 1. The data clearly show that the

grafting reaction is time-dependent. The mass loss in the

200-550 oC region increases continuously with the reaction

time. At 24 h, the grafted amount is 0.233 mmol/g and the

grafted yield reaches 15.7%. Longer reaction time is bene-

ficial for silane molecular and MMT contacting each other

and increases the interaction probability. But too long time is

not benefit for practical applications, therefore the reaction

time is set to 24 h in the following experiments.

In order to verify the complete elimination of physically

absorbed silane molecular, the elemental analysis after

repeated washing eight times was compared with that after

washing three times (Table 2). The carbon and hydrogen

contents after washing eight times are almost the same as

that after washing three times, indicating that washing three

times is enough to remove ungrafted silane molecular. 

The silane concentration in feed was varied and the reac-

tion time was maintained at 24 h (Table 1). The data in

Figure 2(a) show that the grafted amount first increases

sharply and then smoothly with increasing the silane con-

centration in feed. This smoother increase is mainly due to

the steric hindrance of already grafted silane molecular.

Consequently, the grafted yield decreases continuously.

Considering the above factor, the temperature change was

performed while the silane concentration in feed was kept in

3 mmol/g.

The polygonal lines in Figure 2(b) reveal that the grafted

amount and grafted yield increase simultaneously with

increasing the reaction temperature. At 90 oC, the grafted

amount is 0.444 mmol/g which is higher than that reported

previously,18 obviously higher than that at 50 oC (0.151

10
3
W200-550

100 W200-550–( )M
----------------------------------------

Grafted amount

[silane concentration]
----------------------------------------------------

Figure 2. Effect of silane concentration (a) and reaction temper-
ature (b) on the grafted amount and grafted yield.

Table 1. Thermogravimetric data of pristine and 3GTO-grafted
MMT

Weight 

loss

(%)a

Corrected 

weight loss 

(%)b

Grafted 

amount 

(mequiv/g)c

Grafted 

yield

(%)d

Pritine MMT 1.169

GMMT1.5/3/70 2.693 1.524 0.136 9.2

GMMT1.5/5/70 3.004 1.835 0.164 11.1

GMMT1.5/12/70 3.114 1.945 0.174 11.8

GMMT1.5/24/70 3.754 2.585 0.233 15.7

GMMT3/24/70 5.428 4.259 0.390 13.2

GMMT6/24/70 5.644 4.475 0.411 6.9

GMMT3/24/50 2.860 1.691 0.151 10.2

GMMT3/24/90 5.987 4.818 0.444 30.0

aWeight loss between 200 oC and 550 oC. bWeight loss minus water loss
of pristine MMT between 200 oC and 550 oC. cDetermined using Eq. (1).
d Determined using Eq. (2).

Table 2. Elemental analysis after different washing times

Code C (W%) H (W%)

GMMT1.5/24/70-X(3)
a 2.24/2.29 1.51/1.49

GMMT1.5/24/70-X(8)
b 2.25/2.33 1.50/1.49

Pristine MMT 0.75/0.76 1.16/1.16

aAfter washing three times. bAfter washings eight times.
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mmol/g). The high grafted amount is contributed to improv-

ed reactivity of silane molecular at high temperature. Too

high temperature costs energy and is not considered in the

experiments.

The grafted amount (expressed in mequiv of grafted silane

per g of bare MMT clay as mentioned above) is also cal-

culated from the Eq. (3) based on the difference ΔC(wt %) of

carbon content after and before grafting, where Nc and M(g/

mol) designate the number of carbon atoms and the mole-

cular weight of the grafted silane molecule (Nc = 6 and

GPTMS = 236):

Grafted amount (mequi/g) = (3)

As seen in Table 3, the grafted amount determined by ele-

mental analysis is in good agreement with that determined

by TG (Table 1). The result confirms the accuracy of TG

analysis method.

The XRD patterns of pristine MMT and 3GTO-modified

MMT are shown in Figure 3. According to the Bragg’s equa-

tion (nλ = 2dsinθ), the basal spacing of n = 1 was calculated

on the basis of the observed n = 2, 3 and so on.21 Unmodified

MMT shows a peak at 2θ = 7.8° corresponding to an inter-

layer spacing of 1.13 nm (Table 4). After modifications with

3GTO, the interlayer spacing exhibits a little increase (about

1.26 nm) when the silane concentration in feed is 1.5 mmol/

g regardless of the reaction time. As the silane concentration

increases to 3 mmol/g with the reaction time of 24 h, the

interlayer spacing increases to 1.30 nm. The difference in

XRD spectrum is probably due to interlayer grafting occurr-

ing for GMMT3/24/70, while the silane molecules only graft

on the edge of clay platelets when the silane concentration in

feed is 1.5 mmol/g. These results indicate that hydroxyl

groups on the edge of clay platelets are more accessible to

silane molecules and the grafting pattern is silane concent-

ration dependence. When the silane concentration in feed is

in a relatively low range, grafting reaction mainly occurs on

the edge of clay platelets even if the reaction time changes

10
3
ΔC

1200NC ΔC M 1–( )–[ ]
----------------------------------------------------

Figure 4. Specific surface area of pristine MMT and 3GTO-
modified MMT.Figure 3. XRD patterns of pristine and 3GTO-modified MMT.

Table 3. Elemental analysis of pristine and 3GTO-modified MMT

Carbon content 

(wt %)

ΔC 

(%)

Grafted amount 

(mequiv/g)

Grafted 

yield (%)

Pristine MMT 0.75

GMMT1.5/24/70 2.29 1.54 0.225 15.2

Table 4. The interlayer distance of pristine and 3GTO-modified
MMT

2θ (°) d-valau (nm)a

Pristine MMT 7.8 1.13 

GMMT1.5/3/70 6.9 1.28 

GMMT1.5/5/70 7.0 1.26 

GMMT1.5/5/70 7.1 1.24 

GMMT1.5/24/70 7.0 1.26 

GMMT3/24/70 6.8 1.30 

aThe basal spacing of pristine and 3GTO-modified MMT. 

Scheme 2. A schematic diagram describing the grafting patterns.
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from 3 h to 24 h. While the silane concentration in feed

reaches 3 mmol/g, grafting reaction occurs not only on the

edge but also the interlayer surface. A schematic diagram

describing the grafting patterns is shown in Scheme 2. 

Figure 4 shows the specific surface area of pristine MMT

and 3GTO-modified MMT. The specific surface area of

3GTO-modified MMT has an obvious increase compared

with the unmodified clay, which is similar to related research

reported previously.22 With the increase of grafted amount,

the surface area data remain in the range of 13 to 16 m2/g.

The increased surface roughness of MMT attributed to 3GTO

grafting on the edge and limited access to the internal poro-

sity may explain the above phenomenon that the specific

surface area didn’t change with the grafted silane amount.10

These results are accordance with our speculations about the

grafting process as described in Scheme 2.

Conclusion

MMT was surface modified with 3GTO in mild reac-

tion conditions. TG and elemental analysis after repeated

washing verified successful grafting of the silane molecule

on MMT. The grafted amount increased but the grafted yield

decreased with increasing the silane concentration. Extend-

ing the reaction time and raising the reaction temperature are

also effective methods to increase the grafted amount and

yield. The interlayer spacing exhibits a little increase when

the silane concentration in feed is 1.5 mmol/g regardless of

the reaction time, and the interlayer spacing further increases

to 1.30 nm as the silane concentration increases to 3 mmol/g.

Based on the results, a speculation about the concentration

dependence of grafting pattern is proposed, which argued

that the silane moleculars only graft on the edge of clay

platelets at low silane concentration and interlayer grafting

occurs simultaneously at high silane concentration. The specific

surface area data are accordance with our speculations.
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