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Controlled release of paraquat from surface-modified zeolite Y
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Abstract

The surface hydroxyl groups of zeolite Y were reacted with 1,1,3,3-tetramethyldisilazane, HN(SiHMe2)2 under ambient conditions
and the grafting of siloxy functionality on the zeolite was confirmed by infrared, NMR spectroscopy and elemental analysis. Paraquat
(methyl viologen) was ion-exchanged into the zeolite, followed by treatment with the disilazane reagent. Surface modification of para-
quat-loaded zeolites encapsulates the guest molecules in the zeolite cages and release of paraquat by ion-exchange with sodium ions was
studied. The total amount of paraquat released was dependent on the concentration of Na+ in solution, and was similar for the deriv-
atized and underivatized samples. In the absence of surface modification, equilibration occurred within 20 min, whereas with surface
modification, the equilibration time was extended to 7 days. These kinetics are reflected in the effective diffusion coefficients (D) of para-
quat, with D = 1.2 · 10�15 cm2 s�1 for derivatized zeolite Y and D = 0.2–1.1 · 10�7 cm2 s�1 for the underivatized sample. Paraquat was
chosen as the guest molecule, since it is widely used as an herbicide and its controlled release is of interest in agricultural applications.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Controlled release has been employed extensively in
food, agriculture, and pharmaceutical industries to deliver
active substances such as drugs, pesticides, herbicides and
fertilizers [1]. A diverse group of materials have been
investigated as controlled release systems, such as naturally
occurring polymeric materials [2], synthetic hyper-
branched dendrimers [3] and organic hollow microspheres
[4]. Polymers are the most commonly used materials for
controlled release [5]. The active agent is usually dispersed
in the polymeric matrix by means of compression, dissolu-
tion or melting, and agent release is dependent on the poly-
mer and the loading level of the agent. Uneven distribution
of active agents in the matrix is considered a limitation in
optimum controlled release [6]. Therefore, porous materi-
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als with well-ordered structures are attractive candidates
for storage and release of organic guest molecules.

Zeolites have a well-defined nanopore structure with a
crystalline framework consisting of SiO4 and AlO4 tetrahe-
dra. The presence of Al in the zeolite framework leads to a
charged framework and cation-exchange capabilities [7].
Ion-exchange can be used to load agents as well as release
them, and the high ion-exchange capacity improves the
loading of agents. Because of these properties, zeolites have
been used to control release of fertilizer components [8], as
a carrier for pesticides [9] and for demonstration of drug
delivery using model systems [10,11]. In addition to zeolites
(pore diameters < 10 Å), mesoporous materials (pore
diameters �20–500 Å) such as MCM-41 have also been
examined for controlled release [12–15]. Site-specific deliv-
ery has also been reported by grafting receptor functional
groups on surface of mesoporous materials [16].

The passage of guest molecules through zeolite pores
can be controlled by pore size engineering [17]. Due to
the presence of silanol groups on zeolite surfaces, silylation
is one of most commonly used methods for surface
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modification [18]. Zeolites with narrowed pore sizes will
also influence loading of agents. To achieve optimum stor-
age with slow release, pore modification of the zeolite needs
to occur after loading. However, most modification meth-
ods require harsh conditions, such as high temperature,
and presence of strong acids or bases [19]. In these cases,
the encapsulated agents can be destroyed or lose their
activities. Therefore, surface modification under mild con-
dition is necessary. Recently, Anwander et al. presented a
surface modification strategy of MCM-41 via silazane sily-
lation, which can take place under mild conditions [20]. We
have adapted this method to zeolites for the first time and
demonstrate the efficacy of the pore narrowing for con-
trolled release of paraquat.

Zeolite Y, chosen as the host system has a three-dimen-
sional structure with 7.4 Å diameter window openings con-
necting 13 Å diameter supercages [7]. Paraquat which has
a dimension of 13.4 · 6.4 · 3.4 Å [21] can be readily ion-
exchanged into the zeolite [22]. Paraquat is one of most
commonly used herbicides and is also referred to as methyl
viologen. Its characteristic electronic spectrum can be used
to estimate the release from zeolites into solution. In the
present study, a paraquat loaded zeolite Y was modified
under ambient conditions by using HN(SiHMe)2 (TMDS)
as silylating regent. The resulting material was character-
ized by infrared, NMR spectroscopy, and elemental analy-
sis. The amounts of paraquat as well as release kinetics of
paraquat from modified zeolites via ion-exchange with Na+

in solution were studied.

2. Experimental

2.1. Chemicals

Sodium zeolite Y (Union Carbide LZY-52) was calcined
at 500 �C in air to remove organic impurities. 1,1,3,3-
tetramethyldisilazane (TMDS), paraquat (methyl viologen
dichloride hydrate, MVCl2) were purchased from Aldrich
chemicals and used as received. n-Hexane was dried prior
to use.

2.2. Paraquat loading

The loading of paraquat was achieved by ion-exchange.
In a typical experiment, 1.0 g zeolite Y was mixed with
95 mg paraquat, 10 ml deionized water was added and
the mixture was stirred for 24 h at room temperature.
Then, the paraquat-loaded zeolite was washed thoroughly
with deionized water and dried at 40 �C. To reach maxi-
mum loading level, the loading experiment was repeated
twice.

2.3. Silylation experiments

The silylation procedure was similar to that reported in
the literature [20]. One hundred milligram paraquat-loaded
zeolite Y was dehydrated under high vacuum (>10�4 Torr)
at ambient temperature for 3 days. The dehydrated sample
was then transferred to a nitrogen-filled glovebox, and
30 ml dried n-hexane was added. The mixture was soni-
cated for 1 h to break the zeolite aggregates and improve
dispersion. To this suspension, 20 ll TMDS was added
and the mixture was stirred at room temperature for 1 h.
The particles were filtered and washed thoroughly with
dried n-hexane. The silylated zeolite was dried under
vacuum at room temperature.

2.4. Release of paraquat

Release of paraquat from the zeolite was done by ion-
exchange with NaCl solutions of 1.0 M, 0.1 M, and
0.01 M concentrations. Typically, 20 mg silylated material
was well-suspended in a 100 ml NaCl solution, and the
mixture was stirred at room temperature. The concentra-
tion of paraquat released into the solution at predeter-
mined time intervals was determined by taking the
supernatant fluid and measuring its absorbance
(kmax = 257 nm, e = 20,700 M�1 cm�1 [23]) on a spectro-
photometer (Shimadzu UV-265). After each measurement,
the fluid was returned to the original mixture. The fraction
of release versus time was calculated. The experiment was
repeated three times and the average is reported.

2.5. Characterization

2.5.1. Elemental analysis

C, H, N analysis of the silylated samples were carried
out by the Galbraith laboratories, Tennessee.

2.5.2. Diffusion–reflectance infrared Fourier transform

(DRIFT) spectroscopy

DRIFT measurements were made using a Bruker
Instruments (Billerica, MA) IFS-66s Fourier Transform
Infrared Spectrometer equipped with a globar source,
KBr beamsplitter and a DTGS detector. The variable aper-
ture was at its maximum setting (12 mm), and spectra were
obtained at 6 cm�1 resolution. In most cases, 1000 scans
were averaged and were processed with a Blackman–Harris
three-term apodization function and Mertz phase correc-
tion. Sampling was performed using a Spectra-Tech (Shel-
ton, CT) Collector/Enviromental Chamber.

2.5.3. MAS NMR spectroscopy
All samples were heated at 250 �C under high vacuum

(10�4 Torr) for 3 h. Approximately 100 mg of sample was
placed inside a 4 mm (outside diameter) rotor with Kel-F
cap (3 M, Minneapolis, MN). Single pulse excitation was
applied (pulse repetition 5 s, p/2 pulse, spinning speed
13 kHz). The 13C MAS NMR spectra were recorded at
75.483 MHz by application of a ramped-amplitude cross-
polarization (CP) pulse sequence (pulse repetition 2 s, p/2
1H excitation pulse, 2000 ls 13C contact pulse, spinning
speed 13 kHz) and composite pulse TPPM decoupling.
The spin-locked carbon pulse power in the CPMAS



Fig. 2. 13C MAS NMR spectrum of the TMDS-modified zeolite Y.
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sequence was ramped linearly from one half its maximum
values as described by Metz et al. [24]. The Hartman–Hahn
matching conditions and TPPM parameters were opti-
mized using polycrystalline glycine. Background 13C
CPMAS spectra were acquired under identical conditions
and subtracted from sample spectra. All of the spectra were
referenced to Si(CH3)4.

2.5.4. Scanning electron microscopy (SEM)

Scanning electron micrographs were recorded on gold
coated TMDS-modified zeolite Y samples on a Phillips
XL-30 ESEM, operating at 30 kV accelerating current.

3. Results

3.1. Silyaltion and characterization

The reaction of surface hydroxyl groups of zeolite Y
with TMDS is expected to proceed as shown below [20]:

Several spectroscopic studies were carried out to moni-
tor the derivatization process. Diffuse reflectance infrared
spectroscopy (DRIFT) of unmodified and modified zeolite
Y is shown in Fig. 1. A sharp band at 3700 cm�1 indicative
of isolated or terminal silanol groups in underivatized zeo-
lite [18,25] is absent after treatment with TMDS. In addi-
tion, the asymmetric and symmetric stretching bands due
to CH3 group of TMDS are observed at 2966 cm�1 and
2903 cm�1, respectively. The broad band at 3400 cm�1 is
assigned to intrazeolitic water. Complete dehydration of
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Fig. 1. Infrared (DRIFT) spectra of the unmodified and TMDS-modified
zeolite Y.
the zeolite would require temperatures in excess of 500 �C
and would destroy the paraquat, so dehydration was done
under vacuum at ambient temperatures. A weak, broad
band at 2122 cm�1 due to Si–H stretch is also observed
[20]. The disappearance of the terminal silanol groups indi-
cate that they are the active sites for grafting [20,26]. Fig. 2
shows the 13C MAS NMR spectrum of TMDS-modified Y
and the peak at 0 ppm is assigned to the Si–CH3 [20].

Fig. 3 shows the electron micrographs of the derivatized
zeolite sample, indicating dispersed zeolite particles with an
average size of 0.6 lm.

The surface coverage of TMDS groups was calculated
based upon the carbon content of the derivatized zeolites.
The % of C in the TMDS-modified zeolite Y was deter-
mined by elemental analysis to be 0.65%. Assuming that
the morphology of zeolite particles is spherical with an
average diameter of 0.6 lm and the density of zeolite to
be 1.25 g cm�3, surface coverage is calculated to be 34 lmol
m�2 (0.27 mmol g�1 of zeolite). This loading level is higher
than the number of silanol groups on zeolites
(0.056 mmol g�1 [27]) by a factor of 5. Our hypothesis is
that the TMDS is forming a polymer on the zeolite surface;
the Si–H bond can be activated by acid catalysts and prone
to attack by water [28]. The aluminum sites on the zeolite
can act as weak Lewis acids, and the water in the zeolite
can help in the polymerization process. The polymerization
would lead to loss of Si–H bonds (except for the terminal
ones) and would also explain the weakness of the
2122 cm�1 band.

3.2. Release of paraquat

Release of paraquat from underivatized and derivatized
zeolites Y was examined by suspending a fixed amount of
the zeolite into 1.0, 0.1, and 0.01 M NaCl solutions. The
amount of paraquat released into the aqueous phase as a
function of the time was monitored by the characteristic
band of paraquat at 257 nm. Fig. 4 compares the release
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Fig. 3. Scanning electron micrographs of the TMDS-modified zeolite Y.
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of paraquat versus time for unmodified and modified zeo-
lites. Similar equilibrium values, controlled by the [Na+]
in solution were reached for both unmodified and modified
samples. At the [Na+] = 1.0 M, all of the paraquat is
expected to be released from the zeolite [22], whereas for
[Na+] = 0.1 and 0.01 M, the total release was 65% and
14% of the total paraquat in the zeolite. These results are
consistent with the fact that extent of ion-exchange is deter-
mined by the ionic strength of solutions. The major change
upon TMDS-modification is that the rate of release is con-
siderably reduced. For all unmodified zeolites, the equilib-
rium is reached within 20 min, as shown in Fig. 5 for the
first 100 min of the ion-exchange reaction. In contrast,
the time to reach equilibrium for the modified zeolites
was greater than 7 days in all three cases. Thus, the extent
of ion-exchange is controlled by the ionic strength of the
solution, and surface modification determines the rate of
paraquat release.

4. Discussion

In this paper, we have presented a new strategy to mod-
ify the pore structure of zeolites loaded with fragile organic
molecules. Spectroscopic studies indicate that even under
mild reaction conditions and short reaction times, TMDS
groups were successfully grafted on the surface of zeolites.
Because of the mild conditions, there was no damage to the
intrazeolitic paraquat molecules, as evidenced by the fact
that the total amount released after modification was com-
parable to the unmodified sample. The advantage of sur-
face modifications post-loading is that the maximum
loading level can be maintained. The loading of paraquat,
determined by ion-exchange with 1.0 M Na+ was estimated
to be 0.75 mmol g�1 of zeolite (14% by weight). All of the
Na+ ions in the zeolite are not replaced by paraquat
because its size limits its entry into only the large super-
cages and not the sodalite cages. Comparable numbers in
the literature for complete loading levels of paraquat in
zeolite Y range from 0.85 to 1 mmol g�1 of zeolite, but
since the level of hydration of the zeolite as well as the
Si/Al ratio varies between different studies, the absolute
loading levels cannot be directly compared [22,29]. At max-
imum paraquat loading (in the present study �1.5 mole-
cules per supercage), about 90% of the possible supercage
occupancy is taken up and paraquat is expected to be
homogeneously distributed in the zeolite particles [22].
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The release of paraquat (MV2+) from zeolites can occur
only via ion-exchange since charge neutrality of the zeolite
framework needs to be maintained. The ion-exchange pro-
cess is represented by the following equation:

MV2þ
ðzÞ þ 2NaþðsÞ () MV2þ

ðsÞ þNaþðzÞ ð1Þ

where subscripts denote zeolite or solution phase. The equi-
libria of exchange of small monovalent and divalent cat-
ions have been investigated for a variety of zeolites [30].
Equilibrium constant for exchange of paraquat and sodium
ion in zeolite Y has also been measured [22], and depends
on the activity of the exchanging ions. At the higher Na+

concentration (1.0 M), the equilibrium represented by (1)
lies farther to the right, and the total release amount ap-
proaches the capacity of zeolites. At the lower Na+ concen-
trations (0.1 M, 0.01 M), the total release amount was
decreased to 65% and 14%, respectively. Most importantly,
for similar Na+ concentrations, there is no significant dif-
ference of amounts released between modified and unmod-
ified samples, indicating that surface modification has no
effect on the equilibrium of ion-exchange. These results also
demonstrate that the total amount of paraquat release can
be controlled e.g. above an effective level but below a toxic
level, by using different concentrations of the ion-exchang-
ing cation.

Kinetics of ion-exchange process in zeolites has been
extensively studied and two processes, diffusion within
the zeolite (particle diffusion) and diffusional transport
through the liquid film surrounding the particle (film diffu-
sion) are proposed as important steps in the ion-exchange
process [31,32]. In the TMDS-modified zeolite, the particle
diffusion model has two parts: intrazeolitic diffusion of ions
within the zeolite framework, as well as out of the zeolite
through the TMDS modified surface, with the rate control-
ling step being determined by the slower of the two steps.
The particle diffusion model predicts that the fractional
exchange (F) should be independent of Na+ concentrations
and at short times be given by [32]:

F ¼ Qt

Q1
¼ 6

r

ffiffiffiffiffi
Dt
p

r
ð2Þ

whereQt andQ1 are the amounts of exchange at time t and
equilibrium (1), respectively. D represents the effective dif-
fusion coefficient of the exchanging ions (paraquat) in zeolite
particles, and r is the mean radius of the zeolite particles.
Fig. 6 shows the plots of F versus time for the three concen-
trations of Na+ examined in this study. The rates of release
of paraquat from the zeolite are similar for all three concen-
trations, with some variation around the 2-day observation
point. In addition, the insert of Fig. 6 shows that the linear
relationship between F and

ffiffi
t

p
as predicted by the particle

diffusion model indeed holds true for short times
(t 6 100 min). The effective diffusion coefficient,D, obtained
from the slope of the F versus

ffiffi
t

p
plot is calculated to be

1.2 · 10�15 cm2 s�1. The values ofD of paraquat in underiv-
atized zeolite Y ranges from. 1.1 · 10�7 cm2 s�1 [33] to
2 · 10�8 cm2 s�1 [22]. Intrazeolitic diffusion of paraquat
occurs through the 12-ring, 7.4 Å apertures between the
supercages and equilibrium is achieved rapidly within
20 min for the 0.01 M Na+ and considerably faster for the
1.0 MNa+ solution. In literature, the time to establish equi-
librium for high ionic strength solutions is reported to be of
the order of seconds [22]. In contrast, the release rate was sig-
nificantly reduced for TMDS-modified zeolite Y, only due to
the decrease in rate of paraquat diffusion through the
blocked windows at the zeolite-solution interface, since the
interior of the zeolite is not modified. Fig. 7 shows a sche-
matic representation of the surface modification. The
Si(Me)2-groups on the zeolite pores have enough mobility
to allow for the entry and release of the Na+ and paraquat
ions, but their presence does provide a barrier to motion
from zeolite into solution.

Even though this study is one of the first examples of a
surface-modified zeolite for release of organic molecules,
the use of coated ion-exchange resins for controlled
release of ions has been well-studied and serves as a useful
comparison [34–37]. The nature of the coating in these
resin studies is typically a semipermeable membrane and
the release of molecules is retarded due to diffusion
through the membrane. Interestingly, the mechanism of
the coated and uncoated resins tends to follow the particle
diffusion model of ion-exchange [35]. Problems with poly-
mer membrane coatings include the presence of micro-
cracks that lead to rapid release of molecules [36].
Another strategy has been to reduce the diffusion rate
within the particle by gelation of a polymeric material
[37].

In comparison to ion-exchange resins, the zeolite system
provides several advantages. First, the slower release rate is
primarily controlled by molecular sieving rather than diffu-
sion through a barrier. Second, there are a large number of
disilazanes of different structures that are available for sur-
face derivatization, providing the ability to tune the win-
dow size of the zeolite and thereby alter release rates [20].



Fig. 7. Schematic representation of the surface modification of zeolite Y by TMDS.
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5. Conclusion

We have demonstrated the feasibility of storage and
controlled release of paraquat from surface-modified zeo-
lite Y. Paraquat was trapped within the zeolite pores by
ion-exchange followed by surface modification under mild
conditions by reaction with 1,1,3,3-tetramethyldisilazane.
The release of paraquat into aqueous solution by ion-
exchange with sodium ions was studied. The total release
amount was dependent on the concentration of sodium
ions in solution, and the release rate on the surface modifi-
cation. After surface derivatization, the release was
decreased to a period of one week as compared to 20 min
for underivatized zeolites, which suggests that the present
derivatization process has the potential to make zeolites
an effective material for slow-release of reagents. A particle
diffusion model of ion-exchange was found to satisfactorily
explain the data for the modified zeolites.
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