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h i g h l i g h t s

� Trichloroisocyanuric acid (TCCA)
tablets for water treatment in
swimming pools.

� Encapsulation of insect repellents in
silica and MOFs MIL-53(Al) and MIL-
88A(Al).

� Repellents were geranic acid,
citronellic acid, geraniol and IR3535�.

� Inclusion in TCCA tablets of
encapsulated insect repellents.

� TCCA with encapsulated repellents
produced stable multifunctional
tablets.
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a b s t r a c t

Trichloroisocyanuric acid (TCCA) tablets are used for water treatment in swimming pools. This is a safe
way of releasing hypochlorous acid with disinfectant, algaecide and bactericide functions. This work
investigates the inclusion in such tablets of insect repellents (geranic acid, citronellic acid, geraniol
and IR3535�) with a simultaneous perfume function. A simple mixture of TCCA with the repellents is
not possible due to the incompatibility between both components. A strategy of encapsulation in silica
and MOFs MIL-53(Al) and MIL-88A(Al) has been developed. The subsequent formulation of TCCA with
the encapsulated repellents avoided the compatibility problems and produced marketable stable multi-
functional (water treatment–insect repellency–perfume) tablets for water treatment.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Porous solids can act as hosts and encapsulate active materials
(guests) by entrapping them within their porosity. The most com-
monly used materials for encapsulation are silicas (both non-
ordered and ordered) [1], zeolites [2] and MOFs (metal-organic
frameworks) [3]. Amorphous silicas are cheap, compatible with
many systems, and present high pore volume, usually with low
specific interaction with target guests. Zeolites may develop more
specific interactions with guests than silicas and provide higher
energy confinement (e.g. stronger adsorption sites). However, they
are limited by their prototypical microporosity. Meanwhile, MOFs
offer many new opportunities due to their chemical variety, struc-
tural flexibility and wide range of porosity [4].

The advantage of encapsulation is that it is a way of conveying
the properties of the target guests into convenient hosts. Among
other beneficial effects, encapsulation can enhance the thermal
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stability of the encapsulated substance [5], chemically protect sub-
stances from oxidation in the case of foods [6], control the release
of medication into the body to maximize its efficacy [7], improve
the compatibility of poorly water-soluble drugs for proper absorp-
tion in the body [8], heterogenize homogeneous catalysts such as
metal complexes for handling as common solid catalysts [9], and
convert non-conductive solids into conductive materials [10].

Even if certain substances like caffeine have been used as model
compounds for evaluation [11], encapsulation in porous materials
applies not only to a wide range of fields as mentioned above but
also to different types of chemical substances. These range from
metal complexes [12], vitamins [13], dyes [14] and pheromones
[2] in zeolites to biocides in silica [15], and drugs in MOFs [16].
In this work, we focus on the encapsulation of insect repellents
with a simultaneous perfume function (i.e. geranic acid, citronellic
acid, geraniol and IR3535�, see Fig. 1a) in amorphous silica, zeo-
lites and MOFs with the purpose of producing a marketable multi-
functional tablet for water treatment in swimming pools. These
tablets, with disinfectant, algaecide and bactericide functions, usu-
ally incorporate trichloroisocyanuric acid (TCCA, C3Cl3N3O3) which
can react in water releasing hypochlorous acid (HClO), see Fig. 1b.
This is an interesting example in which the encapsulation in nano-
porous materials helps the fabrication of a marketable product
(TCCA tablets formulated with insect repellents). Due to the small
amount of nanoporous material needed in the formulation, the cost
increase in the final product would be low. The emphasis of the
research carried out was on minimizing, through the encapsulation
technique, the Cl2 outgassing of the tablets that the direct presence
of non-encapsulated repellents produced. In addition, the perfume
function of the repellents would neutralize the acrid smell due to
the possible presence of Cl2 during tablets handling. Finally,
besides use as a disinfectant, TCCA has found applications as a
chlorination [17] and oxidant [18] agent and as a mild homoge-
neous catalyst [19] in organic chemistry.
2. Experimental section

2.1. Silica encapsulation

500 mg of the liquid insect repellent (geranic acid, Alfa Aesar,
P90%; citronellic acid, Alfa Aesar, 94%; geraniol, Sigma Aldrich,
98%, and IR3535�, Merck) together with 2.5 mL of ethanol
Fig. 1. (a) Formulae of selected insect repellents: geranic acid, 3,7-dimethyl-2,6-
octadienoic acid; citronellic acid, 3,7-dimethyl-6-octenoic acid; geraniol, (trans)-
3,7-Dimethyl-2,6-octadien-1-ol; and IR3535�: 3-(N-n-butyl-N-acetyl)aminopropi-
onic acid ethyl ester. (b) Formula of trichloroisocyanuric acid (TCCA) and its
reactions in water to produce first cyanuric acid and hypochlorous acid and then Cl2
upon oxidation of HClO to give Cl2.
(Scharlau, 99.9%) was placed in a 8 mL vial and stirred until disso-
lution. This solution was then poured over 500 mg of previously
dried silica (overnight at 100 �C) in a Petri dish. Both were mixed
with the help of a spatula until obtaining a homogeneous mixture
that was dried at room temperature to remove ethanol. Commer-
cial amorphous silica IBERSIL� A-400 was generously provided by
the IQE S.A. company.

2.2. Synthesis of MOFs

In a typical synthesis of MIL-53(Al) [20], 5.2 g (13.9 mmol) of
aluminum nitrate nonahydrate (Sigma Aldrich, P98%) and 1.12 g
(6.7 mmol) of terephthalic acid (Sigma Aldrich, 98%) were dis-
solved in 20 mL of distilled water and placed in a Teflon-lined steel
autoclave for 3 days at 220 �C. The product obtained was recovered
by centrifugation at 10,000 rpm during 10 min, washed once with
ethanol by centrifugation under the same conditions and dried
overnight at 65 �C. The solid was activated by calcination at
380 �C for 24 h (see thermogravimetric analyses (TGA) in Fig. S1).

To obtain MIL-88A(Al) [21], two different solutions were pre-
pared. First, 2.98 g (7.94 mmol) of aluminum nitrate nonahydrate
(Sigma Aldrich, P98%) was dissolved in 10 mL of distilled water
in a spherical flask. Second, 0.92 g (7.94 mmol) of fumaric acid
(Acros Organics, P99) was dissolved in a mixture of 4.8 mL of
NaOH solution (0.1 g/mL) and 10.2 mL of distilled water. The
second solution was then added to the first and stirred at 60 �C
during 10 min. The suspension obtained was centrifuged at
10,000 rpm for 10 min, washed once with ethanol centrifuging
under the same conditions as described above and dried overnight
at room temperature. No activation process was needed, in agree-
ment with TGA in Fig. S1.

2.3. Encapsulation in MIL-53(Al) and MIL-88A(Al)

The encapsulation was carried out as follows: 100 mg of the
activated MOF was placed in a 8 mL vial and 1 mL of pure insect
repellent was added. The contents of the vial were stirred at
60 �C during different periods of time (1, 2, 4 and 7 days in the case
of MIL-53(Al) and 3 days in that of MIL-88A(Al)). The solid was
collected and washed with ethanol 3 times by centrifugation as
described above and dried overnight at room temperature. This
encapsulation is commonly described as conventional or multistep
encapsulation (MSE).

2.4. In situ or one step encapsulation (OSE) in MIL-88A(Al)

The procedure followed has two differences with respect to the
synthesis of the MOF itself. One is the addition to the reactive med-
ium of a solution corresponding to 1 mg of the insect repellent in
1 mL of ethanol; the other refers to the synthesis time which is
1 h instead of 10 min.

2.5. Citronellic acid release

Release experiments were carried out at 30 �C with three differ-
ent samples: citronellic acid@silica, citronellic acid@MIL-53(Al)
and citronellic acid@MIL-88A(Al). The corresponding sample
(50 mg) was suspended in a beaker with 500 mL of distilled water.
Periodically, a 3 mL aliquot was taken and analyzed with a UV–vis
spectrophotometer (V-670 Jasco UV–vis spectrophotometer) at the
wavelength of maximum citronellic acid absorption (200 nm). The
concentration of citronellic acid was calculated from a calibration
curve prepared with several citronellic acid–water solutions in
the 0–0.06 g/L concentration range. Before each release experi-
ment, a blank measurement was made with distilled water under
the same conditions as mentioned above.



Table 1
Outgassing screening results corresponding to the mixture of 200 mg of porous
material with 100 g of TCCA; BET specific surface areas of porous materials from N2

adsorption; the value for MIL-53(Al) was obtained from Ar adsorption, while that for
MIL-88A(Fe) was not available.

Porous material Type Outgassing [mg
Cl2]

SBET [m2/
g]

TCCA (alone) – 1.4 –
MIL-53(Al) MOF 1.1 1140 ± 39
MIL-88A(Al) MOF 2.8 939 ± 15
IBERSIL� A-400 from IQESIL

Co.
Amorphous
silica

4.4 168 ± 1

HKUST-1 MOF 8.7 1925 ± 37
ZSM-5 from Zeolyst

International
Zeolite 9.7 367 ± 7

UiO-66(Zr) MOF 35 1059 ± 20
MIL-88A(Fe) MOF 49 –
ZIF-8 MOF 51 1924 ± 17
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2.6. Tablet preparation

The tablet preparation process comprises the following steps:
(a) TCCA and additive blending; (b) feeding the molds with the
mixture of step a; (c) compressing the molds of step b by means
of a hydraulic press, and (d) ejecting the tablet from the mold.
The tablets were 12.5 mm thick with a diameter of 60 mm and a
weight of 200 g.

2.7. Cl2 outgassing

TCCA was mixed with the different additives at 0.2 wt% loading.
A given mixture (100 g) was placed in a 500 mL ground Erlenmeyer
flask. This was capped with a suitable stopper, fixed to the flask
with a clamp. The flask was placed in an oven at 60 ± 2 �C for
15 h, after which it was removed and allowed to cool down for 1 h.

Aided by a vacuum pump, the gas contained in the Erlenmeyer
flask was bubbled through three consecutive wash bottles: the first
and the third empty for safety reasons and the second containing
70 mL of 10 wt% KI and 30 mL of 10 wt% H2SO4. This operation
lasted 5 min, enough time to reduce the pressure to below
100 mmHg. The wash bottles were then disconnected from the
Erlenmeyer flask and the second bottle content was decanted,
together with its washing water, to another 500 mL Erlenmeyer
flask. The released iodine was titrated with 0.05 M Na2S2O3 until
the disappearance of the yellow color. The result was expressed
in grams of Cl2 released. This procedure was also carried out with
the tablets.

2.8. Characterization

Powder X-ray diffraction (XRD) was performed at room temper-
ature in a D-Max Rigaku diffractometer with a copper anode and a
graphite monochromator so as to select Cu–Ka1 radiation
(k = 1.540 Å). Data were collected in the 2h range = 2.5–40�, and
the scanning rate used was 0.03 �/s.

Powder samples were characterized by attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR). The spec-
tra were recorded in the 4000–600 cm�1 wavenumber range with
an accuracy of 4 cm�1, and the equipment used was a BrukerVertex
70 FTIR spectrometer equipped with a deuterated triglycine sulfate
detector and a Golden Gate diamond ATR accessory.

Thermogravimetric analyses (TGA) were carried out using Met-
tler Toledo TGA/SDTA 851e equipment. The samples were put in
70 lL alumina pans and heated up to 700 �C with a heating rate
of 10 �C/min under a N2 atmosphere.
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Fig. 2. TGA curves of pure IR3535� (A, IR), IR3535�@silica (B, IR@silica),
IR3535�@MIL-88A(Al) (C, IR@88A), IR3535�@MIL-53(Al) (D, IR@53), IR3535�@
MIL-88A(Al) (OSE) (E, IR@88A-OSE) and activated MIL-88A(Al) (F, MIL88A) and
MIL-53(Al) (G, MIL53).
3. Results and discussion

3.1. First screening of host materials

Some decomposition of the acid occurs during the storage of the
TCCA tablets, producing Cl2, see the three reactions in Fig. 1b. Since
HClO behaves as a strong oxidant (E� = 1.63 V), the second reaction
produces HCl which in turn reacts with HClO giving rise to Cl2.
There is a threshold of 15 mg Cl2 (produced at 60 �C for 15 h) that
determines whether a procedure of handling or modification is or
is not appropriate. This criterion, not a normalized one, is based on
the experience that company Ercros has developed dealing with
TCCA tablets. Table 1 shows the results of the initial screening car-
ried out regarding the possible compatibility between TCCA and
the encapsulating materials. Upon measuring the Cl2 outgassing,
this revealed that certain MOFs were not desirable materials. In
addition, ZSM-5 and HKUST-1 were also discarded due to their
low porosity and/or relatively high outgassing values. Even though
it is difficult to give a general explanation of the behavior of the
solids, the fact that MOFs have certain metals in their composition
(Zn, Zr, Fe) may promote the decomposition of TCCA. In any event,
the materials chosen for the study of encapsulation and tablet for-
mulation were the MOFs MIL-53(Al) and MIL-88A(Al) prepared
here, and commercial amorphous silica.
3.2. Impregnation of silica with insect repellents

Commercial amorphous silica IBERSIL� A-400 has a BET area of
182 ± 1 m2/g, a pore volume of 0.62 cm3/g and an average pore size
of about 14 nm. This means that this material does not produce a
strong physical confinement in agreement with the temperature
of weight loss similar to that of the pure additive, as can be seen
in Fig. 2 when comparing the TGA curves of the pure additive
IR3535� (A) and IR3535�@silica (B). However, the impregnation
of silica with the four repellents dissolved in ethanol (their solubil-
ity in water was very low) for proper mixing allowed the produc-
tion of homogeneous powder materials with 122–142 g of
additive per 100 g of dry solid (silica), as determined by TGA (see
Table 2), once the alcohol was evaporated. The homogeneous dis-
persion was observed with the naked eye. If ethanol was not used,
the impregnation of silica with repellents, at least in the working
proportions, would not happen homogeneously throughout the
porous material due to the highly viscous slurry obtained. Fig. 2
depicts as an example the TGA curves corresponding to the encap-
sulation of IR3535� in the different materials. The other TGA
curves used to produce the data in Tables 2–4 are analogous.



Table 2
Impregnation of IBERSIL� A-400 at room temperature with the different insect
repellent additives. Loadings of repellents as determined by TGA.

Additive (g additive/g dry solid)�100
Geranic acid 126
Citronellic acid 132
Geraniol 122
IR3535� 142

Table 3
Encapsulation of insect repellent additives in MIL-53(Al) by multi-step encapsulation
(MSE) at 60 �C. Loading of repellents as determined by TGA.

Additive (g additive/g dry solid)�100
1 day 2 days 4 days 7 days

Geranic acid 18.4 23.7 24.5 30.3
Citronellic acid 16.3 15.8 16.4 20.0
Geraniol 16.2 19.1 21.0 23.9
IR3535� 17.9 18.2 19.0 20.4

Table 4
Encapsulation of insect repellent additive in MIL-88A(Al) by multi-step encapsulation
(MSE) for 3 days and one-step encapsulation (OSE) for 1 h at 60 �C. Loading of
repellents as determined by TGA.

Additive (g additive/g dry solid)�100
MSE OSE

Geranic acid 11.0 14.6
Citronellic acid 9.5 12.0
Geraniol 9.3 11.5
IR3535� 20.7 21.1
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The advantage of the impregnation/encapsulation in amor-
phous silica is not related to controlled release (something
unthinkable with a material having pores at least 20 times greater
than the molecular sizes of the repellents) but to the fact that it
allowed a homogeneous dispersion with TCCA without altering
significantly its Cl2 outgassing, as will be shown below.
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Fig. 3. FTIR spectra of pure geranic acid, geranic acid@MIL-53(Al), geranic
acid@MIL-88A(Al) (OSE), geranic acid@MIL-88A(Al) and geranic acid@silica.
3.3. Encapsulation of repellents in MOFs MIL-53(Al) and MIL-88A(Al)

As mentioned above, zeolites were initially discarded from this
research. In addition, it has been demonstrated that, due to their
flexibility, MOFs can encapsulate molecules larger than their corre-
sponding pore sizes, as is the case of caffeine in ZIF-8 [22]. How-
ever, here we have focused on the carboxylate type MOFs MIL-53
(Al) and MIL-88(Al), since their possible decomposition in water
would release biocompatible moieties [23]. MIL-53(Al) and MIL-
88(Al) were synthesized from terephthalic and fumaric acids as
organic linkers. Both MOF structures have great flexibility and pore
sizes of 0.86 and 0.6 nm, respectively [24], together with specific
surface areas of 1100 m2/g (BET) [25] and 1140 m2/g (Langmuir)
[21].

To encapsulate the additives, the MOFs were equilibrated for
some time at 60 �C with the pure additives, i.e. no solvent was
used. Besides its simplicity, this methodology increased the driving
force for encapsulation and was in part necessary due to the low
solubility in water of the repellent additives in question. The use
of an alternative solvent to water would have produced some inef-
ficient competitive adsorption. Table 3 (and Fig. S2) shows the
results obtained. For the four repellents the encapsulation
increased with time under contact, reaching values probably close
to saturation after 4–7 days. In any event, the adsorption amounts
in the 20.0–30.3 g of additive per 100 g of dry solid (MOF) achieved
after 7 days for any of the additives were considered enough for
the purpose of this research. Furthermore, unlike the encapsulation
in silica, the corresponding TGAs (Fig. 2) exhibit some thermal
stabilization which is due to the stronger host–guest interaction
that occurs with MOFs.

FTIR characterization was used to assess the chemical preva-
lence of the different repellents upon encapsulation. Fig. 3 shows
the characterization of geranic acid as an example. The FTIR spectra
of the rest of the materials can be seen in Figs. S3–S5. In the case of
geranic acid, the absorbances at 2920 and 2970 cm�1, related to
CAH stretching, and at 1690 and 1635 cm�1, respectively assigned
to C@O and C@C stretching, are evidence of the unchanged pres-
ence of this acid in the solids.

To encapsulate an organic compound into a MOF there are two
possible methodologies [11]. One corresponds to the conventional
or multi-step encapsulation (MSE), whose results have been
described in the previous paragraph. The alternative is one-step
encapsulation (OSE), also called in situ encapsulation, which con-
sists of building the MOF around the guest-molecule to be encap-
sulated. OSE may be preferable to conventional MSE which
requires: (1) synthesis of the MOF host, (2) subsequent activation
of the host, and (3) the encapsulation itself. Table 4 compares
MSE and OSE of the additives in MIL-88A(Al). In general, there
are no substantial differences between the methodologies in terms
of the amount encapsulated. OSE is favored over MSE due to its
simplicity. In previous studies with caffeine, the OSE methodology
produced saturation of the material with the guest molecule, i.e.
the highest encapsulation value was achieved with MSE [22]. This
suggests that the capacity of encapsulation of MIL-88A is below
that of MIL-53, as is shown by a comparison of Tables 3 and 4,
and more clearly in Fig. S6. This result is also consistent with the
above-mentioned differences in pore sizes, favoring MIL-53
(0.86 nm) over MIL-88A (0.6 nm).

In addition, Hansen solubility parameters (HSP) [26,27] were
used to gain insight into the repellent-MOF interaction [11]. HSP
account for the possible chemical interaction without considering
limitations due to guest molecular dimensions and MOF pore sizes
[11]. The corresponding HSP parameters (dD, dP and dH for disper-
sion or London interaction, polar interaction and hydrogen bonds,
respectively) are given in Table 5. They allow the calculation of the
parameter Ra with the following equation [27]:

Ra2 ¼ 4ðdD1 � dD2Þ2 þ ðdP1 � dP2Þ2 þ ðdH1 � dH2Þ2 ð1Þ
In our case parameters dD1, dP1 and dH1 and dD2, dP2 and dH2 cor-

respond to guest (repellent) and MOF ligand (since HSP for MIL-53
and MIL-88A are not available [11]), respectively. The smaller the



Table 5
Ra values calculated from Hansen solubility parameters (HSP) for repellents and
ligands terephthalic acid (MIL-53(Al)) and fumaric acid (MIL-88A(Al)). HSP values
were obtained using Y-MB technique with the commercial package Hansen solubility
parameters in practice [26].

HSP [MPa0.5] Ra [MPa0.5]

dD dP dH Terephthalic acid
(MIL-53)

Fumaric acid
(MIL-88A)

Geranic acid 17.2 4.35 8.80 7.5 15.7
Citronellic

acid
16.7 4.12 8.62 8.4 16.1

Geraniol 16.9 4.16 7.61 8.6 16.9
IR3535 16.9 8.11 5.74 9.5 16.9
Terephthalic

acid
20.0 7.20 12.8

Fumaric acid 18.2 10.8 23.0 5 10 15 20 25 30 35 40
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Fig. 5. X-ray diffractograms of MIL-88A(Al) based materials.
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Ra value the better the repellent-MOF compatibility. In conse-
quence, the Ra values in Table 5 support a higher encapsulation
from the point of view of chemical interaction in MIL-53 (Ra 7.5–
9.5 for the four studied repellents) than in MIL-88A (Ra 15.7–
16.9), in line with the previous discussion related to MOF pore size.
Namely, both chemical interaction and porosity favor MIL-53 over
MIL-88A.

Figs. 4 and 5 show the X-ray diffractograms corresponding to
encapsulation in both MOFs MIL-53(Al) and MIL-88A(Al) using
the MSE and OSE methodologies. Diffractograms of MIL-53 are
not susceptible to obvious analysis due to the flexibility of the
structure, which was distorted and altered after the encapsulation
in all cases. Recently, it has been observed that the NH2-MIL-53(Fe)
structure is converted into NH2-MIL-88B(Fe) when encapsulating
caffeine [5]. In any event, the diffractograms in Fig. 4 are proof of
a crystalline order and of an open structure (since the diffraction
peaks remain at low angles comparable to those of the activated
material) in the MIL-53(Al) based materials encapsulating the
insect repellents. In the case of MIL-88A(Al) based materials
(Fig. 5), the diffraction patterns are similar for the different mate-
rials. This may be due to two reasons: (i) the different flexibility of
the structure (described also as one that can exhibit the breathing
phenomenon [28]), and (ii) the weaker host–guest interaction con-
sistent with the lower encapsulation achieved with MIL-88A(Al)
for all the repellents (Tables 3 and 4).

As proof of controlled release, citronellic acid@silica, citronellic
acid@MIL-53(Al) and citronellic acid@MIL-88A(Al) were sus-
pended in water for several hours and their evolution followed
by UV-vis. Fig. 6 shows how the normalized release reached its
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Fig. 4. X-ray diffractograms of MIL-53(Al) based materials.
maximum value instantaneously in case of silica, in agreement
with its large porosity. Steady state was reached at about 20 h in
case of MIL-88A. In both cases it was not possible to recover any
solid at the end of the release experiment, indicating that both
matrices (silica and MIL-88A(Al)) were practically dissolved and
the additive release was complete. However, in case of MIL-53
(Al), steady state was not reached even at about 120 h, correspond-
ing to about 15% of the total loading, as estimated by TGA from the
solid recovered at the end of the experiment release. On the one
hand, this suggests a step release for MIL-53(Al), which would
appear at much higher times than that corresponding to the TCCA
tablet dissolution (see below), as previously observed in the encap-
sulation of caffeine in this kind of material [5]. On the other, the
water stability of MIL-53(Al) seems to be superior to that of MIL-
88A(Al), which was totally hydrolyzed in the tested conditions
contributing to the release. This agrees with the high resistance
to hydrolysis that MIL-53(Al) has shown at room temperature, par-
ticularly in neutral and acidic media [29,30]: water reflux trans-
formed MIL-53(Al) surface into c-AlO(OH) [29], while in basic
aqueous solution at 100 �C it underwent some structure transfor-
mation [30].

Interestingly, TCCA tablet dissolution produces at 8.5 g/h (i.e. it
takes about 24 h for a conventional 200 g tablet). Considering TCCA
tablet dissolution and additive release as serial processes, this
means that the former process would not significantly interfere
in the slow release materials (those obtained from MIL-53(Al),
which in fact could be used as additive reservoirs). In case of fast
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release materials (those obtained from silica and MIL-88A(Al)), the
dissolution of the tablet would slow the release of the additive.

3.4. Cl2 outgassing of modified tablets

The outgassing of TCCA alone (1.4 mg Cl2, see Table 6) is like a
blank experiment. Thus, any substance mixed with TCCA gave rise
to an increase in the generation of Cl2. However, the selected sam-
ples in Table 5 with encapsulated additives were clearly below the
above-mentioned threshold of 15 mg Cl2. When the pure additives
were combined with TCCA in the form of a tablet (note that the
mass of additive per unit mass of TCCA was always the same
whether encapsulated or not), the generation of Cl2 was always
far above the threshold. The high porosity of silica would make a
delayed release such as that observed for the MOF impossible.
Nevertheless, the impregnation of silica with the additives allows
a homogeneous formulation of the additives with TCCA, because
the mixture of a relatively viscous substance with a solid is
replaced by the easier blending of two solids.

In consequence, the encapsulation of the additives in either
silica or MOF (MIL-53(Al) was chosen for these tests because of
its higher encapsulation capacity) is a strategy able to: (i) make
the additives compatible with TCCA; (ii) produce a homogeneous
formulation of additive + TCCA; and (iii) provide additional func-
tions (repellent, perfume) to the TCCA tablet.

4. Conclusions

The encapsulation of insect repellents with a simultaneous per-
fume function (geranic acid, citronellic acid, geraniol and IR3535�)
in silica and the MOFs MIL-53(Al) andMIL-88A(Al) allows, from the
point of view of Cl2 outgassing, a stable formulation of such addi-
tives with trichloroisocyanuric acid (TCCA).

The FTIR characterization carried out demonstrates that the
additives remain unchanged upon their encapsulation. The
impregnation/encapsulation with silica has the only advantage of
allowing a homogeneous dispersion with TCCA without signifi-
cantly altering its Cl2 outgassing. However, encapsulation in MOFs
would bring to the final tablet the function of controlled release. As
in other examples of encapsulation in MOFs, the presence of the
additive in intimate contact with the porous structure produces
modifications in the corresponding thermogravimetric curves
(both MIL-53(Al) and MIL-88A(Al)) and X-ray diffraction patterns
(MIL-53(Al)). Repellents are more efficiently encapsulated in MIL-
53(Al) than in MIL-88A(Al) due to pore size and chemical compat-
ibility (estimated using Hansen solubility parameters) issues.

In any event, the encapsulation of the additives in either silica or
MOF (MIL-53(Al) gives rise to compositematerials with a high load-
ing of additive. Furthermore, this encapsulationmakes the additives
compatible with TCCA, allowing a homogeneous mixture. Conse-
quently, besides having a low Cl2 outgassing, the modified TCCA
tablets (with only 0.2 wt% additive loading) may provide additional
functions (for example, insect repellent or perfume) to the TCCA
beyond the disinfectant, algaecide and bactericide functions.
Table 6
Outgassing screening results corresponding to TCCA tablets of 100 g containing
200 mg of additive (the equivalent amount when encapsulated).

Sample Outgassing [mg Cl2]

TCCA (alone) 1.4
TCCA + IR3535�@MIL-53 (MSE) 5.3
TCCA + geranic acid@MIL-53 (OSE) 7.0
TCCA + IR3535�@MIL-53 (OSE) 7.6
TCCA + citronellic acid@silica (impregnation) 12
TCCA + geranic acid 29
TCCA + IR3535� 58
Acknowledgments

Financial support from the Aragón Government, the European
Social Fund and ERCROS SA is gratefully acknowledged. The use
of the Servicio General de Apoyo a la Investigación-SAI (Universi-
dad de Zaragoza) is acknowledged. Prof. Dr. Steven Abbott is
thanked for providing Hansen solubility parameters for repellents.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2016.02.001.

References

[1] N. Liédana, E. Marín, C. Téllez, J. Coronas, One-step encapsulation of caffeine in
SBA-15 type and non-ordered silicas, Chem. Eng. J. 223 (2013) 714–721.

[2] J. Muñoz-Pallares, A. Corma, J. Primo, E. Primo-Yufera, Zeolites as pheromone
dispensers, J. Agric. Food Chem. 49 (2001) 4801–4807.

[3] P. Horcajada, C. Serre, G. Maurin, N.A. Ramsahye, F. Balas, M. Vallet-Regi, M.
Sebban, F. Taulelle, G. Ferey, Flexible porous metal-organic frameworks for a
controlled drug delivery, J. Am. Chem. Soc. 130 (2008) 6774–6780.

[4] H. Furukawa, K.E. Cordova, M. O’Keeffe, O.M. Yaghi, The chemistry and
applications of metal-organic frameworks, Science 341 (2013) 1230444.

[5] N. Liédana, P. Lozano, A. Galve, C. Téllez, J. Coronas, The template role of
caffeine in its one-step encapsulation in MOF NH2-MIL-88B(Fe), J. Mater.
Chem. B 2 (2014) 1144–1151.

[6] A. Lopez-Rubio, R. Gavara, J.A. Lagaron, Bioactive packaging: turning foods into
healthier foods throughbiomaterials, Food Sci. Technol. 17 (17) (2006) 567–575.

[7] P. Srikanth, N. Raju, S.W. Raja, S.B. Raj, A review on oral controlled drug
delivery, Int. J. Adv. Pharm. 3 (2013) 51–58.

[8] K. Moribe, T. Makishima, K. Higashi, N. Liu, W. Limwikrant, W. Ding, M.
Masuda, T. Shimizu, K. Yamamoto, Encapsulation of poorly water-soluble
drugs into organic nanotubes for improving drug dissolution, Int. J. Pharm. 469
(2014) 190–196.

[9] G. Li, L. Chen, J. Bao, T. Li, F.A. Mei, A recoverable catalyst Co(salen) in zeolite Y
for the synthesis of methyl N-phenylcarbamate by oxidative carbonylation of
aniline, Appl. Catal. A 346 (2008) 134–139.

[10] A.A. Talin, A. Centrone, A.C. Ford, M.E. Foster, V. Stavila, P. Haney, R.A. Kinney,
V. Szalai, F. El Gabaly, H.P. Yoon, F. Léonard, M.D. Allendorf, Tunable electrical
conductivity in metal-organic framework thin-film devices, Science 343
(2014) 66–69.

[11] L. Paseta, G. Potier, S. Abbot, J. Coronas, Using Hansen solubility parameters to
study the encapsulation of caffeine in MOFs, Org. Biomol. Chem. 13 (2015)
1724–1731.

[12] B.P. Nethravathi, K.R. Reddy, K.N. Mahendra, Catalytic activity of supported
solid catalysts for phenol hydroxylation, J. Porous Mater. 21 (2014) 285–291.

[13] E. Pérez, L. Martín, C. Rubio, J.S. Urieta, E. Piera, M.A. Caballero, C. Téllez, J.
Coronas, Encapsulation of a-tocopheryl acetate into zeolite Y for textile
application, Ind. Eng. Chem. Res. 49 (2010) 8495–8500.

[14] D. Brühwiler, G. Calzaferri, Molecular sieves as host materials for
supramolecular organization, MicroporousMesoporousMater. 72 (2004) 1–23.

[15] G. Sørensen, A.L. Nielsen, M.M. Pedersen, S. Poulsen, H. Nissen, M. Poulsen, S.D.
Nygaard, Controlled release of biocide from silica microparticles in wood
paint, Prog. Org. Coat. 68 (2010) 299–306.

[16] P. Horcajada, C. Serre, M. Vallet-Regi, M. Sebban, F. Taulelle, G. Ferey, Metal-
organic frameworks as efficient materials for drug delivery, Angew. Chem. Int.
Ed. 45 (2006) 5974–5978.

[17] E.C. Juenge, D.A. Beal, W.P. Duncan, Chlorination of aromatic systems with
trichloroisocyanuric acid under polar and free-radical conditions, J. Org. Chem.
35 (1970) 719–722.

[18] U. Tilstam, H. Weinmann, Trichloroisocyanuric acid: a safe and efficient
oxidant, Org. Process Res. Dev. 6 (2002) 384–393.

[19] M.A. Bigdeli, S. Jafari, G.H. Mahdavinia, H. Hazarkhani, Trichloroisocyanuric
acid, a new and efficient catalyst for the synthesis of dihydropyrimidinones,
Catal. Commun. 8 (2007) 1641–1644.

[20] T. Loiseau, C. Serre, C. Huguenard, G. Fink, F. Taulelle, M. Henry, T. Bataille, G.
Férey, A rationale for the large breathing of the porous aluminum
terephthalate (MIL-53) upon hydration, Chem. Eur. J. 10 (2004) 1373–1382.

[21] E. Leung, U. Muller, N. Trukhan, H. Mattenheimer, G. Cox, S. Blei, Process for
preparing porous metal-organic framework based on aluminum fumarate, US
(2012) 2012/0082864 A1.

[22] N. Liédana, A. Galve, C. Rubio, C. Téllez, J. Coronas, CAF@ZIF-8: one-step
encapsulation of caffeine in MOF, ACS Appl. Mater. Interfaces 4 (2012) 5016–
5021.

[23] D. Cunha, M. Ben Yahia, S. Hall, S.R. Miller, H. Chevreau, E. Elkaïm, G. Maurin, P.
Horcajada, C. Serre, Rationale of drug encapsulation and release from
biocompatible porous metal-organic frameworks, Chem. Mater. 25 (2013)
2767–2776.

[24] P. Horcajada, T. Chalati, C. Serre, B. Gillet, B.C. Sebrie, T. Baati, J.F. Eubank, D.
Heurtaux, P. Clayette, C. Kreuz, J. Chang, Y.K. Hwang, V. Marsaud, P. Bories, L.

http://dx.doi.org/10.1016/j.cej.2016.02.001
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0005
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0005
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0010
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0010
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0015
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0015
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0015
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0020
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0020
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0025
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0025
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0025
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0025
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0030
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0030
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0035
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0035
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0040
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0040
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0040
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0040
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0045
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0045
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0045
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0050
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0050
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0050
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0050
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0055
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0055
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0055
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0060
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0060
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0065
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0065
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0065
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0070
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0070
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0075
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0075
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0075
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0075
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0080
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0080
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0080
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0085
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0085
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0085
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0090
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0090
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0095
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0095
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0095
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0100
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0100
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0100
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0110
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0110
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0110
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0115
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0115
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0115
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0115
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0120
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0120


34 L. Paseta et al. / Chemical Engineering Journal 292 (2016) 28–34
Cynober, S. Gil, G. Ferey, P. Couvreur, R. Gref, Porous metal-organic-framework
nanoscale carriers as a potential platform for drug delivery and imaging, Nat.
Mater. 9 (2010) 172–178.

[25] G. Ferey, M. Latroche, C. Serre, F. Millange, T. Loiseau, A. Percheron-Guegan,
Hydrogen adsorption in the nanoporous metal-benzenedicarboxylate M(OH)
(O2CAC6H4ACO2) (M = Al3+, Cr3+), MIL-53, Chem. Commun. (2003) 2976–2977.

[26] S.J. Abbott, C.M. Hansen, H. Yamamoto, viewed 2015, <www.hansen-
solubility.com>.

[27] C.M. Hansen, 50 Years with solubility parameters. Past and future, Prog. Org.
Coat. 51 (2004) 77–84.
[28] G. Férey, C. Serre, Large breathing effects in three-dimensional porous hybrid
matter: facts, analyses, rules and consequences, Chem. Soc. Rev. 38 (2009)
1380–1399.

[29] I. Bezverkhyy, G. Ortiz, G. Chaplais, C. Marichal, G. Weber, J.-P. Bellat, MIL-53
(Al) under reflux in water: formation of g-AlO(OH) shell and H2BDC molecules
intercalated into the pores, Microporous Mesoporous Mater. 183 (2014) 156–
161.

[30] X. Qian, B. Yadian, R. Wu, Y. Long, K. Zhou, B. Zhu, Y. Huang, Structure stability
of metal-organic framework MIL-53 (Al) in aqueous solutions, Int. J. Hydrogen
Energy 38 (2013) 16710–16715.

http://refhub.elsevier.com/S1385-8947(16)30082-1/h0120
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0120
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0120
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0125
http://www.hansen-solubility.com
http://www.hansen-solubility.com
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0135
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0135
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0140
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0140
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0140
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0145
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0145
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0145
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0145
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0145
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0150
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0150
http://refhub.elsevier.com/S1385-8947(16)30082-1/h0150

	Encapsulation of essential oils in porous silica and MOFs for trichloroisocyanuric acid tablets used for water treatment in swimming pools
	1 Introduction
	2 Experimental section
	2.1 Silica encapsulation
	2.2 Synthesis of MOFs
	2.3 Encapsulation in MIL-53(Al) and MIL-88A(Al)
	2.4 In situ or one step encapsulation (OSE) in MIL-88A(Al)
	2.5 Citronellic acid release
	2.6 Tablet preparation
	2.7 Cl2 outgassing
	2.8 Characterization

	3 Results and discussion
	3.1 First screening of host materials
	3.2 Impregnation of silica with insect repellents
	3.3 Encapsulation of repellents in MOFs MIL-53(Al) and MIL-88A(Al)
	3.4 Cl2 outgassing of modified tablets

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


