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ABSTRACT: The influence of the morphology (microcrystals, nanocrystals, nanosponges and nanosheets) of MFI and 
*BEA-type zeolites on their adsorption capacities and adsorption rate of n-hexane at 25 ˚C has been investigated. The 
capacity of n-hexane adsorption sensitive to micro- and mesopore volume is enhanced by the use of zeolite nanocrystals 
or hierarchical nanoporous materials (nanosheets and nanosponges). In the case of hierarchical zeolites MFI and *BEA 
nanosponges, the n-hexane adsorption capacities reached values of about 790 and 693 mg/g, respectively, that are much 
higher than those in the corresponding microcrystals (130 and 103 mg/g, respectively). On the opposite the kinetics of n-
hexane adsorption are slower in nanocrystals and hierarchical zeolites compared to big crystals, due to the lower crystal-
linity of the zeolitic material and the nature of the probe molecule.  

KEYWORDS. Zeolites, Zeolite nanosheets, Zeolite nanosponges, Molecular decontamination, Volatile organic 
compounds. 

INTRODUCTION 

The reduction of VOCs emission is an issue of common con-
cern, because these compounds are toxic to the human 
health and some of them, such as formaldehyde or benzene, 
are confirmed carcinogens.1 Moreover, they can lead to se-
vere environmental problems such as the formation of pho-
tochemical oxidant species.2 For this reason, several meth-
ods are used to reduce the emission of VOCs such as cata-
lytically-assisted decomposition and trapping in porous 
material.  Nanoporous materials have attracted huge inter-
est among the communities of materials science, chemical 
engineering, and chemistry due to their excellent proper-
ties. Among them, zeolites have attracted increasing inter-
est because of their unique physical and chemical proper-
ties, such as high surface area, high chemical resistance, ex-
traordinary mechanical properties, good adsorption and 
catalytic properties due to specific surface chemistry. 3-5 Ze-
olites are good candidate for physisorption of small mole-
cules into their micropores. These peculiar properties have 
highlighted the potential of this material in a variety of ap-
plications. 4-10 However, despite their excellent properties, 
the use of zeolites are limited in many adsorption applica-
tions because of their low adsorption capacities and their 
relatively slow kinetics of adsorption. To overcome this is-
sue, the ideal solutions are to decrease the particle size be-
yond the nanometer scale and to create additional mesopo-
rosity inside or between zeolite crystals in order to enhance 
the diffusion and to increase the adsorption capacities of 
volatile organic compounds.  

To improve the mass transfer, the introduction of meso-
pores into zeolites has recently been achieved using differ-
ent strategies which gives zeolites with hierarchized poros-
ity. 11-35 Hierarchized porosity can bring many advantages 
for applications in adsorption, as the increase of the ad-
sorption capacity and the thermal and mechanical stability. 

10,36  

MFI and *BEA-type zeolites have been often studied for 
their high potential for VOC adsorption applications be-
cause of their large free microporous volume and their 
sorption properties. Conventional synthesis of MFI-type 
zeolites generally lead to the formation of crystals whose 
size are of the order of several microns and which is char-
acterized by a porous network formed by the interconnec-
tion of straight quasi circular channels (5.4 Å x 5.6 Å) with 
sinusoidal elliptical channels (5.1 Å x 5.4 Å). This structure 
is of particular interest for several environmental applica-
tions such as the removal and/or remediation of anions in 
water 37 and VOCs in air. 38-44 ZSM-5 and Silicalite-1 are two 
zeolites with MFI structure that differ on the silicon to alu-
minum molar ratio of the microporous framework. The lat-
ter is a pure silica form whereas zeolite ZSM-5 is an alumi-
nosilicate with Si/Al molar ratios that can vary between 10 
and 500. In ZSM-5 the electroneutrality of the framework 
is counterbalanced by the presence of sodium cations, 
which constitute specific adsorption sites. *BEA structure 
type zeolite consists of 3D interconnecting channels formed 
by 12-membered rings. The pore diameters of the structure 
are approximately 6.6 × 6.7 Å (linear channels) and 5.6 × 
5.6 Å (sinusoidal channels). As ZSM-5, *BEA contains less 
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or more sodium cations according to its Si/Al ratio. Several 
sorption tests were led on *BEA-type zeolites, showing ex-
cellent affinity for linear alkanes and aromatics such as tol-
uene.45-48 

In this paper six MFI and *BEA structure-type zeolites ex-
hibiting distinct crystal morphologies were synthesized: 
microcrystals, nanocrystals, nanosponges and nanosheets. 
Their structural and textural properties were characterized 
using XRD, SEM, TEM and nitrogen adsorption tech-
niques. The evolution of their adsorption properties (kinet-
ics and capacities) were then examined by thermogravime-
try at 25 °C using n-hexane as probing molecule. 

 

EXPERIMENTAL SECTION 

Synthesis of ZSM-5 zeolite (MFI-type structure) 

ZSM-5 zeolite large crystals with a coffin shape morphology 
(denoted as microcrystals) were synthesized in the same 
condition reported for MFI nanosheets by Dhainaut et al.. 
49 Sodium hydroxide (Riedel de Haën, 99 %) and 
Al2(SO4)3.18H2O (Rectapur, 99 %)  were dissolved in deion-
ized water in a 45 ml Teflon-lined stainless steel autoclave. 
Tetrapropylammonium hydroxide (TPAOH) aqueous solu-
tion (20 % in weight, Fluka) and sulfuric acid (Aldrich) 
were then added under stirring. After homogenization, tet-
raethoxysilane (TEOS, Aldrich, 98 %) was added dropwise 
to set the molar composition of the gel to: 100 SiO2:30 
Na2O:1 Al2O3:18 H2SO4:20 TPAOH:4000 H2O. The gel was 
stirred at 1000 rpm during 4 h at 60 °C prior to be placed 
in a tumbling oven (30 rpm) at 150 °C for 5 days. The prod-
uct was recovered by filtration, washed with deionized wa-
ter and dried overnight at 100 °C. The structuring agent 
TPAOH was finally removed by calcination in a muffle fur-
nace at 550 °C for 5 h under air. 

ZSM-5 zeolites with nanosheet morphology (denoted as 
nanosheets) were synthesized using C22H45-N+(CH3)2-
C6H12-N+(CH3)2-C6H13Br2 named (C22-6-6) as organic struc-
ture-directing agent as described by Ryoo et al..7 

A typical ZSM-5 zeolite with a nanosheet morphology (de-
noted as nanosheets) were synthesized in the same experi-
mental conditions described above for ZSM-5 microcrys-
tals.7,49 The only difference relied on the use of 0.7 g of C22-

6-6 as both structure and shape directing agent instead of the 
appropriate amount of tetrapropylammonium hydroxide 
(TPAOH). The composition of the gel was therefore 100 
SiO2:30 Na2O:1 Al2O3:18 H2SO4:10 C22-6-6:4000 H2O. After 
synthesis, the product was recovered by filtration, washed 
with deionized water and dried overnight at 100 °C. The 
C22-6-6 surfactant was removed by calcination in a muffle 
furnace at 550 °C for 5 h under air. 

ZSM-5 zeolites with nanosponge morphology (denoted 
nanosponges) were synthesized as described by Na et al.29 

using C18H37-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N+(CH3)2-
C18H37(Br-)3 named C18-6-6C18 as organic structure-directing 
agent. Sodium hydroxide (Riedel de Haën, 99 %), sodium 
aluminate (56.7 wt % Al2O3, 39.5 wt % Na2O), tetraethox-
ysilane (TEOS, Aldrich, 98 %) and ethanol (99 %) were dis-
solved in deionized water in a 45 ml Teflon-lined stainless 
steel autoclave. After homogenization, C18-6-6C18 was added 
to set the molar composition of the gel to: 100 SiO2:22 
Na2O:2.5 Al2O3:5 C18-6-6C18:800  ETOH:7100 H2O. The gel 

was stirred at 1000 rpm for 6 h at 60 °C, and then placed in 
a tumbling oven (30 rpm) at 140 °C for 4 days. After syn-
thesis, the product was recovered by filtration, washed with 
deionized water and dried overnight at 120 °C. The C18-6-

6C18  surfactant was removed by calcination at 550 °C dur-
ing 4 h in air. 

Synthesis of *BEA structure type zeolites 

Microcrystals of *BEA-type zeolite (denoted microcrystals) 
were synthesized following the protocol of Camblor et al.50 
Aluminium powder (Fluka, 99 %) was dissolved in TEAOH 
solution (Aldrich, 40 % in H2O) at room temperature under 
stirring until complete dissolution, and then tetraethox-
ysilane (TEOS, Aldrich, 98 % in H2O)  was added to the so-
lution and stirred at room temperature in order to evapo-
rate water and obtain a dry gel. Water and HF (Aldrich, 40 
% H2O) were then added to the dry gel for 4 h at room tem-
perature under stirring to obtain a white gel. This gel with 
the following molar composition 100 SiO2:6.6 Al:60.6 
TEAOH:60.68 HF:706.6 H2O was kept at 170 °C in a Tef-
lon-lined stainless steel autoclave for 14 days. After filtra-
tion the gel was washed with deionized water, dried over-
night at 100 °C and calcined at 550 °C for 5 h. 

*BEA-type zeolite nanocrystals (denoted nanocrystals) 
were synthesized using the clear solution method following 
the protocol of Lauridant et al..51 TEAOH (Aldrich, 35 % in 
H2O), sodium hydroxide (Riedel de Haën, 99 %), and alu-
minum isopropoxide (Alfa Aesar, 98 %) were dissolved in 
deionized water at room temperature under stirring until 
complete dissolution (solution A). 

TEAOH (Aldrich, 35 % in H2O), and ludox AS-40 lyophi-
lized (Aldrich) were dissolved in deionized water at room 
temperature under stirring until complete dissolution (so-
lution B). 

Solution A was added to solution B in a closed polypropyl-
ene bottle and the mixture with the following molar gel 
composition 100 SiO2:4 Na2O:20 Al2O3:18 TEAOH:1180 
H2O was stirred for 24 h at room temperature. Then the 
polypropylene bottle was kept at 95 °C for 9 days. The prod-
uct was recoved by centrifugation at high speed (18000 
rpm for 35 min), washed 4 times with deionized water, 
dried at 100 °C and calcined at 550 °C for 5 h. 

beta zeolite with nanosponge morphology (denoted nano-
sponges) was synthesized as described by Na et al.29 using 
C22H45N+(CH3)2C6H12N+(CH3)2CH2pC6H4CH2N+(CH3)2C6H
12N+(CH3)2CH2PC6H4CH2N+(CH3)2C6H12N+(CH3)2C22H45(B
r)2(Cl-)4  named N6-diPhe as organic structure-directing 
agent. 

 Sodium hydroxide (Riedel de Haën, 99 %), sodium alumi-
nate (56.7 wt % Al2O3, 39.5 wt % Na2O), tetraethoxysilane 
(TEOS, Aldrich, 98 %) and ethanol (99 %) were dissolved 
in deionized water in a 45 ml Teflon-lined stainless steel 
autoclave. After homogenization, N6-diPhe was added to 
set the molar composition of the gel to: 100 SiO2:22 
Na2O:2.5 Al2O3:5 N6-diPhe:800 ETOH:7100 H2O. The gel 
was stirred at 1000 rpm during 6 h at 60 °C, and then 
placed in a tumbling oven (30 rpm) at 140 °C for 4 days. 
After synthesis, the product was recovered by filtration, 
washed with deionized water and dried overnight at 120 °C. 
The N6-diPhe surfactant was finally removed by calcination 
at 550 °C during 4 h in air. 
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Characterizations 

X-ray diffraction patterns of the different materials were 
recorded using a PANalytical MPD X'Pert Pro diffractome-
ter operating with Cu Kα radiation (λ= 0.15418 nm) 
equipped with an X'Celerator real-time multiple strip de-
tector (active length = 2.122° 2θ). 

The morphology, homogeneity and particle sizes of the syn-
thesized materials were investigated with a scanning elec-
tron microscope (SEM) (Philips XL30 FEG) and a trans-
mission electron microscopy (TEM) using a Philips model 
CM200, under an acceleration voltage of 200 kV, with a 
point-to-point resolution of 0.3 nm. Nitrogen adsorption–
desorption isotherms were obtained at -196 °C by using a 
Micromeritics ASAP 2420 apparatus. The samples were 
out-gassed under vacuum for 1 h at 90 °C then at 300 °C 
overnight before the measurements. Surface area was cal-
culated according to the BET method using the follow-
ing areas 2.10-4 < p/p0 ≤ 8.10-2 and 4.10-3 < p/p0 ≤ 
12.10-2 for microcrystals and hierarchical materials 
(nanosheets, nanosponges, nanocrystals) respec-
tively.52,53 The microporous volumes (Vmicro) were calcu-
lated using the t-plot method. The pore size distribution 
was determined by using the Barrett–Joyner–Halenda 
(BJH) model applied on the desorption branch and the  
Density Functional Theorie (DFT) model applied on the ad-
sorption branch.52,53 The total pore volume was calculated 
at p/p0 = 0.9. 

N-hexane adsorption measurements 

N-hexane adsorption-desorption isotherms 

N-hexane adsorption and desorption isotherms were ob-
tained at 25 °C from thermogravimetric measurements by 
using a McBain balance.54 About 15 mg of the sample pre-
viously activated at 300 °C for 12 h at 10-2 Pa pressure were 
exposed to pure hexane vapor under well-controlled -cold 
point- conditions. The adsorption-desorption isotherm is 
obtained by performing successive increments and decre-
ments of pressure once an equilibrium of mass is reached, 
respectively. 

Dynamic n-hexane adsorption measurements 

Dynamic adsorption measurements were performed under 
VOC atmosphere (n-hexane) at 25 °C and controlled value 
of relative pressure p/p0 = 0.5 (p is the vapor pressure and 
p0 is the saturation vapor pressure of n-hexane at 25 °C (p0 
= 202 hPa) using a thermogravimetric Setaram TG92 in-
strument.34,44 The experiments were done under N2 flow. 

The relative pressure p/p0 = 0.5 was obtained by setting the 
pressures of auxiliary gas (N2 + n-hexane) and carrier gas 
(N2) to 1.5 bar at the inlet of the oven and controlled by 
measuring the gas flow rate at the outlet of the oven. The 
gas flow rate was stable (114 ml/min). The experiment be-
gun with an activation phase: the zeolithes were heated up 
to 350 °C under dried nitrogen for 2 h at atmospheric pres-
sure to remove all adsorbate traces. Then, the sample was 
cooled to 25 °C, and the organic compound was introduced 
to the system. The adsorbed amount was then measured 
every 20 s. 

 

RESULTS AND DISCUSSION 

Characterization of the zeolites 

The crystallinity and purity of the zeolite samples were 
checked by XRD. Figures 1 and 2 show the X-ray diffracto-
grams of ZSM-5 and beta zeolites with different morpholo-
gies: microcrystals, nanocrystals, nanosheets and nano-
sponges. According to the XRD patterns reported in figure 
1b, the conventional ZSM-5 sample synthesized in the pres-
ence of TPA+ cation is a pure and well crystallized MFI-type 
zeolite. The use of C22-6-6 as structure directing agent, gener-
ates nanosheets with mesostructuration identified by the 
presence of broad peaks at low diffraction angles as shown 
in figure 1a (1.6 ° < 2θ < 4.2 °). These peaks disappear after 
calcination, indicating that the organization of materials at 
the mesoscopic scale is due to the presence of C22-6-6 which 
acts as structure and shape directing agent. At the wide an-
gles, only the diffraction peaks relative to crystallographic 
planes (h0l) are strong enough to be properly indexed in 
the orthorhombic system of MFI, thus indicating the 
growth inhibition along the b-axis. As-made nanosponges 
obtained after changing the template nature (C18-6-6C18 in-
stead of C22-6-6) and optimizing the synthesis conditions 
show also a mesostructure characterized by a broad peak at 
low angle corresponding to 2θ = 1.3° (Figure 1a).  
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Unlike nanosheets this broad peak remains intact after cal-
cination suggesting a higher mesoporous volume for nano-
sponge sample as it will be shown below. According to Na 
et al. 29  all reflections observed in the wide angle XRD re-
gion for calcined nanosponge MFI-like zeolite suggest a 2D 
hexagonal symmetry, similar to MCM-41. The XRD resolu-
tion is not sufficient to distinguish correctly the reflection 
peaks, which may be explained by the small crystallite sizes 
as it will be shown below by SEM and TEM images (Figure 
3c, 4b). 

 

The *BEA phase was clearly observed for all beta zeolite 
samples (figure 2b). The XRD reflections of beta nanocrys-
tals and beta nanosponges are less intense and broader 
than those of the beta microcrystals. A broad peak was ob-
served at low angles for as-made beta nanosponges indicat-
ing a mesotructration due to the presence of the organic 
agent. 

 

The SEM and TEM images displayed in figures 3 and 4, re-
spectively, show the different morphologies observed for 
the ZSM-5 and beta synthesized zeolites. Micrometric crys-
tals with parallelepiped shape were obtained for the ZSM-

5 microcrystals (figure 3a), with an average size of of 5-7 

µm. The replacement of TPAOH by the bifunctional organic 
compound C22-6-6 generates the production of lamellar ma-
terials that are called nanosheets (figure 3b, 4a). The over-
all thickness of the lamellar stacking of nanosheets was 
about 20-40 nm as shown in figure 4a. The thickness of 
each nanosheet was 2 nm. The increase of the carbon length 
chain and the number of quaternary ammonium of the 
used structuring agent (C18-6-6-18) lead to nanosponge mor-
phology (Figure 3c, 4b). The morphology of nanosponges 
was spiky nanomaterials that are uniform in size and shape 
as shown from SEM image.13,29 

In the case of beta microcystals, truncated bipyramidal 
crystals with an average size of 6-10 µm are observed (fig-
ure 3d). The synthesis realized by applying the clear solu-
tion method in the presence of TEAOH has lead to the for-
mation of beta nanocrystals with pseudo spherical mor-
phology and an average size of 40 nm (figure 3e, 4c).  

In contrast, *BEA-type zeolites synthesized in the presence 
of N6-diphe surfactant exhibit a nanosponge morphology 
(figure 3f, 4d). According to the TEM (figure 4d), the nan-
osponges are constituted by randomly aggregated nanopar-
ticles delimited by mesoporous channels. Moreover, the 
presence of nano-sized beta crystals with a size close to 4 

  

Figure 1. a) Low angle XRD patterns of as-made ZSM-5 nanosheets and nanosponges and b) wide angle XRD pat-
terns of the calcined microcrystals, nanosheets and nanosponges ZSM-5 zeolites. 

  

Figure 2. a) Low angle XRD pattern of the calcined beta nanosponges and b) wide angle XRD patterns of the cal-
cined microcrystals, nanocrystals and nanosponges *BEA-type zeolites. 
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nm separated by channels of approximately 4 nm in diam-
eter were observed. 

 

 

 
Figure 3.  Scanning electronic microscopy (SEM) images of 
MFI (a,b,c) and *BEA (e,f,g) type zeolites with different 
morphologies. 

 

 

 

 
Figure 4.  Transmission electronic microscopy (TEM) im-
ages of MFI (a,b) and *BEA (c,d)  type zeolites with differ-
ent morphologies. 

 

The textural properties of the ZSM-5 and beta zeolites with 
different morphologies were investigated by adsorption-
desorption of nitrogen. Figure 5 shows the N2 adsorption-
desorption isotherms of the calcined ZSM-5 samples. The 
isotherm of microcrystals is of type I, with a micropore vol-
ume of 0.19 cm3/g. The adsorption isotherm of nanosheets 
is of type I at low p/p0, and of type II with H4 hysteresis  at 
high p/p0.52,53 The presence of an hysteresis loop in the rel-

ative pressure range 0.4 < p/p0 < 1 is typical of lamellar ma-
terials, due to the stacking of nanosheets. The nanosponges 
have a type Ib isotherm at low p/p0 with a micropore vol-
ume (0.3 cm3/g) higher than those obtained for the other 
two morphologies (see table 1). This can be explained by the 
presence of secondary micropores in the structure of the 
material. The secondary micropores are additional mi-
cropores (in addition to the channels due to MFI-type zeo-
lite framework) induced by the presence of C18-6-6C18 in the 
synthesis gel. At high p/p0 the isotherm is similar to type 
IV and II (with H4 hysteresis) indicating the presence of 
mesopores (capillary condensation step around p/p0 = 0.6) 
and textural porosity (interparticle adsorption at p/p0 > 
0.9), respectively. The BJH pore size distribution of nano-
sponge sample is monomodal, quite narrow with a mean 
pore diameter of about 3.7 nm. For nanosheet sample, the 
BJH pore size distribution is much less intense and broader 
with a maximum at 3.6 nm. For this case, the DFT method 
does not allow to determine an averagepore size whereas 
for nanosponge sample an average pore size arround 4.6 
nm could be measured. The Brunauer- Emmett- Teller 
(BET) surface area, microporous and mesoporous volumes 
are reported in table 1. The total pore volume and BET sur-
face increase from microcrystals to nanosheets and from 
nanosheets to nanosponges. 

 

 

 

 

 

 
Figure 5. a) Adsorption-desorption isotherms of nitrogen 
on the calcined MFI-type zeolites (microcrystals, 
nanosheets and nanosponges) at -196 °C [closed symbols: 
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adsorption; open symbols: desorption]. b) BJH and DFT 
pore size distributions determined from the desorption 
branch and adsorption branch, respectively. 

 

Figure 6 displays the N2 adsorption-desorption isotherms 
of the calcined *BEA zeolites with different morphologies. 
As expected for microporous solids adsorption-desorption 
isotherms are of type I in the low p/p0 range. The nanocrys-
tals present an isotherm of the type Ib and IV. The step at 
high p/p0 relative pressures (0.75-0.95) indicates the pres-
ence of external interparticle mesoporosity which is due to 
the agglomeration of the zeolite nanoparticles. According 
to the BJH and DFT methods the pore size distribution of 
the nanocrystal sample is between 12 and 42 nm and 10 and 
72 nm respectively. The isotherm of nanosponges is of type 
Ib and IV (figure 6). The mesopores revealed by the step in 
the p/p0 = 0.5-0.95 range are generated by the use of the 
N6-diphe structure and shape directing agent and are char-
acterized by a high adsorbed volume (mesoporous volume). 
The BJH pore size distributions of nanosponges is mono-
modal and quite narrow with an average pore diameter of 
4.8 nm for nanosponges. The DFT pore size distribution for 
nanosponge samples give an average pore diameter of 5 nm 
similar to the one obtained by the BJH method. The asso-
ciated Brunauer-Emmett-Teller (BET) surface area, mi-
croporous and mesoporous volume of the three morphol-
ogy of *BEA-type zeolites are reported in table 1. The pres-
ence of mesopores in hierarchized zeolites results in higher 
total pore volumes, 1 cm3/g for nanocrystals and nano-
sponges, with specific surface areas of 833 and 807 m2/g 
respectively. For both nanocrystals and nanosponges the 
type Ib indicates the presence of supermicropores that are 
due to defaults generating thus additional micropore vol-
ume. 

 

 
Figure 6. a) Adsorption-desorption isotherms of nitrogen 
on the synthesized *BEA-type zeolites (microcrystals, 
nanocrystals and nanosponges) at -196 °C [closed symbols: 
adsorption; open symbols desorption]. b) BJH and DFT 
pore size distributions determined from the desorption 
branch and adsorption branch, respectively. 

 

Table 1. Textural properties of the calcined MFI and *BEA-
type zeolites. 

Zeolite structure 
type 

SBET  

(m2.

g-1) 

Vtot  

(cm3. 

g-1) 

Vmicro   

(cm3. 

g-1) 

Vmeso   

(cm3. 

g-1) 

MFI 

Microcrys-
tals 394 0.19 0.19 - 

Nanosheets 492 0.54 0.18 0.36 

Nano-
sponges 

888 1.28 0.30 0.98 

*BEA 

Microcrys-
tals 

524 0.22 0.22 - 

Nanocrys-
tals 

833 1 0.27 0.73 

Nano-
sponges 

807 1 0.30 0.70 

 

  Adsorption-desorption isotherms of n-hexane 

 

Adsorption-desorption isotherms of n-hexane in ZSM-5 ze-
olites 

The adsorption-desorption isotherms of n-hexane in MFI-
type zeolites are shown in figure 7. The microcrystals ex-
hibit an isotherm of type I, characteristic of microporous 
solids. Sorption isotherms at 25 °C are reversible and do 
not show any hysteresis upon desorption. At low-pressure 
a sharp slope of the adsorption isotherm is observed indi-
cating a strong adsorption affinity of the MFI zeolite for n-
hexane. Moreover, the plateau of the isotherm is reached at 
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a low value of pressure, which corresponds to p/p0 = 0.1. 
We note that the maximum adsorption capacity reaches 
130 mg/g (0.198 cm3/g) which corresponds to 8.68 n-hex-
ane molecules per unit cell. This result is in good agreement 
with data reported in the literature (see table 2) and with 
the adsorbed volume of nitrogen observed above (0.19 
cm3/g) which means that all the porosity is occupied by n-
hexane.38,44,55-58 

In the case of hierarchical zeolites, the isotherms are of type 
I and II for nanosheets and of type IV for nanosponges (fig-
ure 7). The total n-hexane adsorbed amounts increases 
with the increasing of the pore volumes due to the presence 
of mesoporosity. Concerning the nanosheets, the n-hexane 
adsorption capacity reached 180 mg/g at pressure p/p0 = 
0.1 and increased with increasing relative pressure to reach 
290 mg/g (0.442 cm3/g) at p/p0 = 0.9 as a consequence of 
the filling of the mesopores. However, the adsorption-de-
sorption isotherm of n-hexane on nanosponges, show that 
the adsorption in micropores is low and occurs preferen-
tially in mesopores to reach a value of 790 mg/g (1.205 
cm3/g) at p/p0 = 0.9. Taking into account these results, the 
adsorbed amount of n-hexane was multiplied by 2.2 and 6 
in the case of ZSM-5 nanosheets and nanosponges respec-
tively compared to conventional microcrystals. 

 

 
 

Figure 7. Adsorption-desorption isotherms of n-hexane on 
MFI-type zeolites (microcrystals, nanosheets and nano-
sponges) at 25 ˚C [closed symbols: adsorption; open sym-
bols: desorption). 

 

 

 

Adsorption- desorption isotherms of n-hexane in beta zeo-
lites 

 

The adsorption-desorption isotherms of n-hexane in *BEA-
type zeolites are shown in figure 8.  

 
Figure 8. Adsorption-desorption isotherms of n-hexane on 
*BEA-type zeolites (microcrystals, nanocrystals and nano-
sponges) at 25 ˚C [closed symbols: adsorption; open sym-
bols: desorption). 

 

The shapes are similar to those of N2 adsorption-desorp-
tion. Microcrystals shows an isotherm type I which charac-
terize the microporous materials. The formation of a plat-
eau indicating the saturation of micropores is noticed in the 
p/p0 range from 0.1 to 1. At p/p0 = 0.1 all micropores are 
filled with an adsorbed amount of 103 mg/g (0.157 cm3/g) 
corresponding to 4.6 molecules per unit cell.38,44,55-58 Com-
parable profiles of the adsorption of n-hexane on the nano-
crystals and nanosponges were observed at low pressure at 
p/p0 = 0.1 with adsorption values around 140 and 130 mg/g 
respectively. At p/p0 value of 0.9, the adsorption capacities 
in nanocrystals and nanosponges reached 591 and 693 
mg/g (0.901 and 1.057 cm3/g), respectively. These values 
are in good agreement with the adsorbed volume of nitro-
gen observed above (1 cm3/g for both samples) which 
means that all the porosity is occupied by n-hexane. Taking 
into account these results, the adsorbed amount of n-hex-
ane was multiplied by 5.7 and 6.7 in the case of beta nano-
crystals and nanosponges respectively compared to con-
ventional microcrystals. 

MFI and *BEA nanosponges are promising materials be-
cause they possess higher adsorption capacities and affini-
ties of n-hexane compared to the most used mesoporous 
materials (SBA-15 and MCM-41) and activated carbon. 
These hierarchical zeolite materials possess the advantage 
to begin the adsorption of the VOCs present at low pres-
sures due to the presence of micropores which is not the 
case of mesoporous materials where the the VOCs have to 
be at high partial pressure in order to fill the pores. This is 
not the situation with most industrial applications where 
some VOCs are normally present at low pressures. 

 

 

 

 

Table 2. Adsorption capacity of n-hexane in MFI and *BEA-
type zeolites from the literature compared to the results of 
this study. 
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MFI 20 122.36 0.185 Wu et al.38 

MFI 25 116 0.176 Long et al.55 

MFI 22 115 0.174 Kirsch56 

MFI 25 110.3 0.168 
Cosseron et 

al.44 

MFI 90 80 0.135 Xu et al.57 

MFI 25 138.7 0.211 Ferreira et al.58 

MFI 25 130 0.198 Our work 

MFI 25 290 0.442 Our work 

MFI 25 790 1.205 Our work 

*BEA 25 186.5 0.284 Reddy et al.46 

*BEA 22 134 0.202 Kirsch56 

*BEA 25 108 0.164 
Cosseron et 

al.44 

*BEA 200 53.1 0.123 Bárcia et al.59 

*BEA 25 103 0.157 Our work 

*BEA 25 591 0.901 Our work 

*BEA 25 693 1.057 Our work 

SBA-
15 

25 653 0.990 
Van Bavel et 

al.60 

MCM
-41 

22 600 0.901 Zhao et al.61 

Acti-
vated 
car-
bon  

22 325 0.493 Zhao et al.61 

a the adsorbed volume of n-hexane was determined 
using the following formula : adsorbed amount of n-
hexane (mg/g).10-3/ρ(cm3/g) ; where ρ is the density 
of liquid n-hexane at the working temperature. 

 

 

 

N-hexane adsorption kinetics 

N-hexane adsorption kinetics in ZSM-5 zeolites 

Adsorption kinetics of n-hexane in the different morphol-
ogy of MFI-type zeolites at 25 °C and p/p0 = 0.5 are pre-
sented in figure 9.  

 
Figure 9. Adsorption kinetics of n-hexane in MFI-type zeo-
lites having different morphologies (at 25 ˚C and p/p0= 
0.5). 

 

The quantification of the diffusion properties in the ZSM-5 
zeolites was achieved using Fick’s second law (equation 1), 
which describes the change of the molecule concentration 
inside the zeolite crystals as a function of time.62 

In the case of 3-dimensional space, the diffusion equation 
is: 

��(�,�)
�� = 	∆�(�, )    (1) 

Where Δn (M, t) represents the Laplacian of n (M, t). 

The solvation of the second Fick law for an adsorbent par-
ticle of any arbitrary shape placed in a gas phase of constant 
concentration leads, for short times, to the relation62,63:  

�(�)
�(�) = �

√� � �
  �� √   (2) 

 

q(t) is the amount adsorbed at the time t and q(m) is the 
maximal amount adsorbed at equilibrium i.e when time 
tends to infinity. The ratio q(t)/q(m) is the extent coeffi-
cient of the reaction so-called the normalized loading. D is 
the diffusion coefficient. r is called the diffusion length and 
is defined by the ratio of particle volume to external surface 
area r = V/S. Thus the diffusion coefficient can be deter-
mined from the slope of the plot normalized loading versus 
square root of time for the initial stage of uptake. 

For all the samples the plot of the normalized loading as a 
function of the square root of time leads almost to a straight 
line, as shown in figure 10.  

Although the model does not fit very well the experimental 
data, the fitted data were used to analyze the tendencies. 
From straight lines the characteristic diffusion times (r2/D) 
of 404 s for the microcrystals, 715 s for the nanosheets and 
4567 s for the nanosponges were determined. The diffusion 
time indicates a much slower diffusion in nanosponges 
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than in nanosheets and microcrystals (r2/Dnano-

sponges<<<r2/Dnanosheets< r2/Dmicrocristals). This increase of the 
diffusion time can be attributed according to Xu et al.57 to 
the low cristallinity and edge effect, where only part of the 
molecule is confined in micropore opening or to the nature 
of the crystal surface which can highly influence the diffu-
sion time of VOCs through zeolites, as mentioned by 
Gueudré et al.64 This phenomenon is more pronounced for 
low diffusion time which is our case here, when using n-
hexane as probe molecule.This is consistent with our struc-
tural characterization which showed a decrease in the crys-
tallinity of materials when creating the mesopores.  

 
Figure 10.  Normalized uptake in short time of MFI-type 
zeolites having different morphologies (at 25 ˚C and p/p0= 
0.5). Straight lines correspond to fitted data by equation 
(2). 

 

Adsorption kinetics in beta zeolite 

 

The kinetics curves of n-hexane adsorption in beta zeolites 
are presented in figure 11. 

 
Figure 11. Adsorption kinetics of n-hexane in *BEA-type ze-
olites having different morphologies (at 25 ˚C and p/p0= 
0.5). 

The diffusion coefficients in the three morphologies are es-
tablished using the Fick law as shown in figure 12. The cor-
relation coefficients between experimental and fitted data 
are low but tendencies can be deduced from the used 
model. From straight lines the characteristic diffusion 
times (r2/D) of 812 s for the microcrystals, 2139 s for the 

nanocrystals and 1834 s for the nanosponges were deter-
mined. We can note that the diffusion time is faster in mi-
crocrystals than in nanocrystals and nanosponges. The in-
crease in the diffusion time is related to the lower crystal-
linity and to the arrangement of the mesopores inside the 
synthesized samples. We have shown above in the struc-
tural characterization part that the crystallization de-
creases while decreasing the particle size and that the nan-
osponge material presents an organized mesoporosity at 
the long range which is not the case of beta nanocrystals. 
An influence of the nature of the external crystal surface as 
mentioned by Gueudré et al.64 is not to excludes. Beta nano-
crystals and nanosponges are micro- and mesoporous with 
a large fraction of mesopores that slow down the diffusion 
of probe molecule, while microcrystals presented only mi-
cropores. 

 

 
Figure 12.  Normalized uptake in short time of *BEA-type 
zeolites having different morphologies (at 25 ˚C and p/p0= 
0.5). Straight lines correspond to fitted data by equation 
(2).  

 

Table 3. Diffusion times of n-hexane in MFI and *BEA-type 
zeolites at 25 °C and p/p0 = 0,5. 

Zeolite structure-type 

and morphology 

Diffusion times   

r2/D  (s) 

MFI 

Microcrystals 404 

Nanosheets 715 

Nanosponges 4567 

*BEA 

Microcrystals 812 

Nanocrystals 2139 

Nanosponges 1834 

 

CONCLUSIONS 

Six MFI and *BEA structure-type zeolites exhibiting dis-
tinct crystal morphologies were synthesized and fully char-
acterized: microcrystals, nanocrystals, nanosponges and 
nanosheets. The evolution of their adsorption properties 
(kinetics and capacities) were then examined by thermo-
gravimetry at 25 °C using n-hexane as probing molecule.  
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MFI and *BEA microcrystals are microporous materials 
and exhibit the lowest adsorption capacity for n-hexane 
due to their lower pore volume but the highest diffusion 
time compared to hierarchical zeolites (nanocrystals, 
nanosheets, nanosponges). The adsorbed amount of n-hex-
ane was multiplied by 2.2 and 6 in the case of ZSM-5 
nanosheets and nanosponges respectively compared to 
conventional ZSM-5 microcrystals and by 5.7 and 6.7 in the 
case of beta nanocrystals and nanosponges respectively 
compared to conventional microcrystals. The increase of 
diffusion time in hierarchical zeolites can be explained by 
the lower crystallinity of the hierarchized material and the 
nature of external crystal surface. 

These hierarchical zeolites are promising adsorbents for 
technological use in molecular decontamination. 
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