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h i g h l i g h t s

� Hydrothermally treated industrial
Na-X is highly efficient for butadiene
adsorption.

� Hydrothermal treatment
dealuminates the zeolite.

� New OH-groups are formed for
adsorption of butadiene.

� Adsorption isotherms fit well the
Dubinin–Astakhov model.

� Adsorption enthalpy of �45 kJ mol�1

was calculated.
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An efficient adsorbent for butadiene was synthesized via soft hydrothermal treatment (2 h in boiling
water followed by 1 h calcination at 573 K) of industrial Na-X. The adsorption capacity of the zeolite
was studied in the low concentration range (20–300 ppmv). Whereas original Na-X presents a very small
adsorption, its treated counterpart shows a large capacity. The characterization of the zeolite suggests
that the soft hydrothermal treatment dealuminates the zeolite leaving behind new OH-groups responsi-
ble for the adsorption of butadiene on the zeolite lattice. The adsorption isotherms were determined for
the hydrothermally treated zeolites and the results were found to be consistent with the Dubinin–
Astakhov (D–A) model. The adsorption enthalpy of butadiene on the treated Na-X was obtained from
the D–A equation and from the modeling of temperature-programmed desorption profiles. Both methods
gave a value of �45 kJ mol�1 suggesting chemical interactions of butadiene with the zeolite lattice. In
summary, we report an efficient adsorbent for butadiene removal from diluted stream being valuable
material for reducing butadiene emissions.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction Therefore, their release in the atmosphere is subjected to legal lim-
Volatile organic compounds (VOC) are harmful and detrimental
for human health and the environment even at low concentration.
its [1,2] making VOC removal from industrial gas emissions of
great importance during the last decades [3]. For gas mixture con-
taining diluted VOC, adsorption is often the most efficient removal
method [4]. It does not require any energy input and it can be
applied for a wide variety of compounds. Besides zeolite and silica
[5], activated carbon is the main adsorbent used for VOC
abatement due to its large specific surface area, its network of
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micropores and its versatility to different compounds [6]. Activated
carbon is very efficient for high boiling point VOC such as benzene
or toluene due to pore filling mechanisms [7], but its adsorption
capacity towards low boiling point VOC is poor, particularly when
used with diluted mixtures [8].

Efficient adsorption of low boiling point VOC from diluted mix-
tures requires specific adsorbate–adsorbent interactions [9,10].
Hence, functionalization of activated carbon surfacebynanoparticles
[11], liquid layer deposition [12] or creation of oxygen-containing
groups [13] has been investigated. However, only a limited number
of active sites can be formed. Zeolites are other valuable adsorbents
because they can offer additional functional groups creating interac-
tionswith the adsorbate [14]. In addition, zeolites enable easy regen-
eration by calcination, which is incompatible with carbon.

Zeolites consist of crystallinemicroporous aluminosilicates with
an infinite three dimensional framework of AlO4 and SiO4 [15]. They
present an important pore volume and a large specific surface area,
as well as surface acid sites, which are active in catalysis of multiple
reactions [16,17]. In the context of adsorption, these acid sites can
serve for specific VOC. Two types of acidity are usually reported
for zeolites: Brønsted and Lewis [18]. Brønsted acid sites are formed
by aluminum atoms connected to silicon by a ‘‘bridging hydroxyl”
(Si–OH–Al) where the framework negative charge is compensated
by a proton. Lewis acid sites are composed of aluminum or silicon
atoms with low coordination [19] or of alkaline cations such as
sodium [20]. Recently, reports have demonstrated that Brønsted
sites could interact with the p bond of olefins in H-ZSM-5 [21].

The present study investigates butadiene adsorption over Na-X
and water-treated Na-X zeolites. Butadiene whose emissions can
come from gas exhaust of coal plants [22] is a low boiling point
VOC (269 K) making its adsorption from diluted gas streams partic-
ularly challenging. Transition metal exchanged zeolites [23,24] or
polycations metal exchanged zeolites [25] have been previously
reported as good adsorbents for butadiene. The authors suggested
that interactions between the d orbital of the transition metal and
the electron rich p system of butadiene were responsible for its
adsorption [26]. Although these exchanged zeolites were efficient
adsorbents, the adsorption mechanism is still unclear. Moreover,
since many transition metals are efficient for butadiene adsorption,
the role of the exchanged metal is not clear [24].

The goal of the present study is to investigate butadiene adsorp-
tion on Na-X zeolites aiming at a development of an efficient
adsorbent. Butadiene adsorption isotherms and temperature-
programmed desorption (TPD) experiments were carried out to
obtain the adsorption enthalpy. We found that a water-treated
Na-X zeolite was an efficient adsorbent for butadiene and showed
markedly superior performance as compared to its untreated form.
To the best of our knowledge this is the first report of the effect of
zeolite soft hydrothermal treatment for butadiene adsorption. The
combination of surface sites characterization by Fourier-
transformed infra-red (FTIR) and 27Al magic angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopies, pyridine
and ammonia TPD, isopropylamine temperature-programmed
decomposition as well as in situ DRIFT suggested that Brønsted acid
sites are mainly involved in the butadiene adsorption mechanism.

2. Experimental part

2.1. Material

The zeolites samples used in this study were prepared from
commercial Na-X (Sigma–Aldrich, 13�, pellets 1.6 mm, Switzer-
land). The pellets were ground in a Fritsch centrifugal ball mill
(Germany) at low rotation speed during 2 min. Milled Na-X pellets
were then sieved in Fritsch Analysette (Germany) to obtain a pellet
size fraction of 350–600 lm.
Na-X–H2O was prepared by treatment of 1 g of Na-X with
100 ml of deionized water. The treatment was performed during
120 min in a beaker maintained at 373 K. Then the Na-X was fil-
tered and dried to remove the excess of water. The adsorbent
was placed in a quartz boat and heated in a horizontal quartz tube
furnace up to 573 K at 10 K min�1 under 100 cm3 min�1 in N2

(>99.995%, Carbagas, Switzerland). It was then held at 573 K for
1 h. All chemicals mentioned below were purchased from Sigma–
Aldrich (Switzerland) unless specified otherwise.

2.2. Adsorbent characterization

The specific surface area (SSA) and pore size distribution were
determined by physical adsorption of N2 at 77 K using a Sorp-
tomatic 1990 (Carlo Erba Instruments). Prior to analysis, the sam-
ples were outgassed at 523 K for 2 h under vacuum (7 � 10�2 bar).
N2 adsorption/desorption isotherms were recorded at 77 K over
the relative pressure range of 0.0005 6 p/p0 6 0.98. The total pore
volume and specific surface area were calculated using the BET
method [27]. The BET equation was linearized in the 0.001–0.05
pressure range and the pore volume was calculated with the N2

volume adsorbed at p/p0 = 0.98.
Scanning electron microscopy (SEM) was carried out via a Carl

Zeiss MERLIN FE-SEM equipped with two annular and Everhart–
Thornley secondary-electron (SE) detectors operated at an acceler-
ating voltage of 5–30 keVwith a beam current of 1.0–3.0 nA. ZeissS-
martSEM software was used for data acquisition/manipulation.

Powder X-ray diffractograms were recorded on a Bruker/Sie-
mens D500 incident X-ray diffractometer using Cu Ka radiation.
The samples were scanned at a rate of 0.02� step�1 over the range
5–40�. Diffractograms were identified by direct comparison with
the JCPDS-ICDD reference standards, i.e. Na-X (045-0946).

The elemental composition of the zeolites was determined by
atomic absorption spectroscopy (AAS) using a Shimadzu AA-6650
spectrometer with a flame supplied by an N2O-acetylene mixture
(for Si or Al) or an air–acetylene mixture (for Na). Prior to the
measurements, the samples were dissolved in boiling aqua regia
(1:3 v/v HNO3/HCl) under reflux during 1 h followed by the addi-
tion of NH4F.

27Al MAS NMR spectroscopy was recorded on Bruker 800 MHz
spectrometer with a conventional double resonance 2.5 mm CP-
MAS probe. In all experiments, the rotation frequency was set to
15 kHz and the spectra were recorded at room temperature.

Infrared spectra were recorded on a Perkin Elmer Spectrum II
equipped with a nitrogen cooled MCT detector. Samples were
placed into the Harrick Ultra High Vacuum DRIFT cell where they
could be heated under gas flow or vacuum with temperature. Typ-
ically, 24 scans were accumulated for each spectrum at a resolu-
tion of 4 cm�1.

The adsorption of butadiene on zeolites was characterized by
DRIFT measurement. Prior to adsorption measurement, the sample
placed in a DRIFT cell described earlier was treated at 573 K in N2

to perform partial dehydroxylation. The butadiene adsorption was
carried out at room temperature.

Zeolite acid sites were characterized by pyridine adsorption–
desorption. Qualitative data were obtained by FTIR analysis of
adsorbed pyridine. The sample was placed in the DRIFT cell
described above, treated at 373 K under N2 flow for 1 h, cooled
down to room temperature and contacted with a N2 stream satu-
rated with pyridine vapor. Flowwas switched back to N2 to remove
physisorbed pyridine and the spectrum was recorded. Tempera-
ture was gradually increased and DRIFT spectra were recorded at
chosen temperatures to characterize acid strength.

Quantitative data were obtained by pyridine TPD monitored by
a thermal conductivity detector on a Micromeritics Autochem
2920 II instrument. Typically, 250 mg of sample were dried under
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He flow at 773 K (10 K min�1) for 1 h. After cooling down to 373 K,
samples were saturated with 10 successive 0.5 cm3 pulses of He
stream (50 cm3 min�1) containing 0.1 bar of pyridine vapor using
built-in vapor generator. Flow was switched to He and TPD was
recorded from 373 to 773 K.

NH3 TPD was recorded on a Micromeritics Autochem 2920 II
instrument using MKS Cirrus 2 mass spectrometer. Typically,
250 mg of sample were pretreated under H2 flow (50 cm3 min�1)
at 643 K for 60 min and saturated with a 1% NH3/He vol/vol mix-
ture (50 cm3 min�1) at 393 K for 30 min. After flushing under He
flow (50 cm3 min�1) for 60 min, mass 16 was monitored and tem-
perature was increased to 773 K (10 K min�1).

Isopropylamine TPD was performed on a Micromeritics Auto-
chem 2920 II instrument using MKS Cirrus 2 mass spectrometer.
Typically, 250 mg of sample were calcined in situ at 773 K, satu-
rated at 473 K with 20 successive pulses (0.5 cm3) of He stream
(50 cm3 min�1) containing 0.1 bar of isopropylamine vapor using
built-in vapor generator. After flushing under He flow (50 cm3 -
min�1) for 30 min, mass 41 was monitored and temperature was
increased to 773 K (10 K min�1).

2.3. Dynamic adsorption measurement

Before any measurements, the zeolite samples (40 ± 0.1 mg)
were placed in the central part of a glass tubular reactor described
elsewhere [10]. The samples were then outgassed at 298 K in a He
flow (40 cm3 min�1). Standard adsorption experimentswere carried
out at 298 ± 1 K in a Carbolite MTF oven with a gas flow rate of
300 cm3 min�1 (linear velocity – 0.5 m s�1) regulated by mass flow
controllers (EL-FLOW, Bronkhorst). The gaseous mixture used for
adsorption experiments was obtained by diluting a 0.1% v/v butadi-
ene mixture in He (Carbagas, Switzerland) 10 times with pure He
(Carbagas). The diluted butadienemixture (100 ppmv)was injected
within the adsorbent bed. The outlet of the adsorbent bed was con-
tinuouslymonitored by amass spectrometer (HPR20,HidenAnalyt-
ical). The absence of channeling or of preferential path formation in
the adsorbent bedwas ensured by comparison to an argon (Ar 2% v/v
in He) breakthrough signal measured in a separate experiment, for
which a piston-type flow pattern was confirmed [10].

A standard adsorption capacity measurement consisted of the
following steps:

1. Stabilization of butadiene mixture flow through the bypass for
15 min to measure the inlet butadiene concentration.

2. After switching the flow from the bypass to the reactor, the
butadiene mixture flowed through the adsorbent bed until the
continuously measured outlet butadiene concentration reached
its inlet value, which was measured during the stabilization
step.

This sequence allowed the recording of a breakthrough curve.
The breakthrough curves were numerically integrated to calculate
the adsorption capacities. Each experiment was carried out three
times and mean values are reported herein.

Butadiene adsorption isotherms were obtained by varying the
butadiene partial pressure (25–300 ppmv) and the adsorption tem-
perature. Similarly to standard adsorption experiments, break-
through curves were numerically integrated. Butadiene isotherms
were numerically simulated using a theoretical model of adsorp-
tion. The parameters of the model were adjusted to get the best
fit of the experimental data using the ‘‘fittype” function in Matlab.

2.4. Temperature-programmed desorption (TPD)

The TPD of butadiene was carried out in the same setup with
the samples (40 ± 0.1 mg) saturated by butadiene (100 ppmv) at
298 K. The adsorbents were then heated in a He flow (100 cm3 -
min�1) at different temperature ramps (3–30 K min�1). The outlet
concentration of desorbed butadiene was continuously monitored
by the mass spectrometer (mass 54) and plotted as a function of
temperature to obtain a TPD pattern.
3. Results and discussion

3.1. Zeolite characterization

3.1.1. Morphology
The pellet size of about ca. 500 lm, which was selected to avoid

the pressure drop encountered with small particles and mass
transfer limitations appearing with large particles, was confirmed
by SEM imaging (Fig. 1A). The pellets are constituted of elementary
microcrystals of around 4–5 lm linked together (Fig. 1B). The
appearance of the zeolite microcrystal was preserved after soft
hydrothermal treatment as shown in Fig. 1C.

The N2 adsorption isotherms of the Na-X before and after water
treatment display similar features implying that the water treat-
ment does not affect the porosity of the zeolite (Fig. 2). Both iso-
therms shows an increase of the N2 adsorption capacity a low p/
p0 similarly to type I isotherm according to the IUPAC classification
indicating a microporous material (pore diameter < 2 nm) [28]. The
increase in adsorption capacity at p/p0 > 0.8 likely corresponds to
N2 adsorption on the external surface of the zeolite due to its small
crystals size (Fig. 1B and C). Hence the outer surface of zeolite crys-
tals is of importance only at high adsorbate partial pressure. Since
the adsorption of butadiene is studied at low partial pressure (p/
p0 < 2 � 10�4) this surface is not important for the total amount of
butadiene removed. The adsorption and desorption branches of
N2 are overlapping insuring the absence of mesoporosity. Hence
the zeolite surface is characterized by microporosity and macrop-
orosity. The SSA and the pore volume are presented in Table 1.
As can be seen the soft hydrothermal treatment does not modify
the porosity of the zeolite since both pore volume and the SSA
remain almost constant (within the experimental error). The val-
ues reported are in the same range as already published values
[29]. The ‘‘C” value of the BET equation is a qualitative representa-
tion of the first layer adsorption energy. The high value measured
here (�50,000) is indicative of a microporous structure with a nar-
row pore size corresponding to the theoretical faujasite channel
size of 7.4 Å [15].
3.1.2. Bulk composition
XRD patterns of both Na-X and Na-X–H2O display sharp peaks

and match the faujasite pattern, confirming the original crystalline
structure of the zeolite after water treatment (Fig. S.1).

The Si/Al and Na/Al ratios of both samples were measured by
AAS elemental analysis (Table 1). A Na/Al ratio of 0.92 and 0.95
is obtained for Na-X and Na-X–H2O, respectively, attesting that
the majority of the framework counterions are sodium. The Si/Al
ratio of the zeolite is slightly increased upon water treatment
(1.3 for Na-X–H2O vs 0.96 for Na-X). This partial zeolite dealumina-
tion that occurred during the water treatment could be attributed
either to the removal of aluminum from the zeolite lattice or to the
removal of extraframework aluminum cations.

27Al MAS NMR spectra of Na-X and Na-X–H2O displayed a sharp
band at 64 ppm, consistent with the presence of tetrahedrally
coordinated aluminum in the zeolite framework as charge was
compensated by a Na cation (Fig. S.2). No additional peak was
observed for the water modified zeolite, most likely because the
low abundance and broadness of the modified aluminum sites.



Fig. 1. SEM picture of original zeolite at different magnification, 150� (A) and
2000� (B) and after soft hydrothermal treatment (C).
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Fig. 2. N2 adsorption isotherm of Na-X adsorption (s) and desorption (d) and Na-
X–H2O adsorption (j) and desorption (h).

Table 1
Elemental analysis of Na-X and Na-X–H2O.

Pore volume
[cm3 g�1]

SSA
[m2 g�1]

Si/Al Na/Al

Na-X 0.31 ± 0.05 705 ± 50 0.96 ± 0.05 0.92 ± 0.05
Na-X–H2O 0.34 ± 0.05 750 ± 50 1.3 ± 0.05 0.95 ± 0.05
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Fig. 3. OH region of FTIR spectra for Na-X and Na-X–H2O (573 K).
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3.1.3. Surface chemistry
The surface chemistry of the original and water treated zeolites

was characterized by FTIR spectroscopy. Since zeolite surfaces are
generally covered by chemi- and physi-sorbed water, samples
were partially dehydroxylated under N2 flow at 573 K in order to
observe hydroxyl surface groups. Na-X displayed three distinct
bands in the OH region (Fig. 3) at 3637 cm�1 (Si–OH–Al located
in a large cavity) [30], 3700–3680 (–OH on extraframework/defect
sites) [31,32] and 3734 cm�1 (silanols) [33]. A wide contribution is
observed for Na-X between 3300 and 3500 cm�1, attributed to the
bonded OH partially located in small cavities.

Na-X–H2O presents mainly bands at 3637 and 3734 cm�1

whereas the band at 3680 cm�1 observed for Na-X has a much
lower intensity. Therefore, the water treatment most likely
resulted in the removal of Al (extraframework or Al within defect
sites), leaving behind a big amount of Si–OH–Al located in large
cavities (3637 cm�1). This conclusion is in agreement with the
increase of the Si/Al ratio from 0.96 to 1.3 measured by AAS.

Further FTIR analysis was carried out to probe the nature of sur-
face acid sites using pyridine adsorption, the most common
method for zeolite acid site characterization [34,35]. FTIR was
recorded after contacting pyridine with zeolites at 323 K followed
by treatment under vacuum at the same temperature for 30 min.
The FTIR spectrum of Na-X only displayed the bands characteristic
of pyridine bonded to Lewis acid sites at 1590, 1490 and
1443 cm�1 whereas H-bonded pyridine was not detected as shown
by the absence of the band characteristic of Brønsted acid sites at
1541 cm�1 (Fig. 4) [36]. For Na-X–H2O, Brønsted acid sites were
detected with the characteristic band at 1541 cm�1 in addition to
the 3 bands attributed to Lewis acid sites. The presence of Brønsted
sites on Na-X–H2O is due to a partial replacement of the
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extraframework Al3+ cations by H+ cations upon water treatment.
However, their content remains relatively low as compared to
Lewis acid sites.

Quantitative analysis of zeolites surface acidity was carried out
by pyridine temperature programmed desorption with a calibrated
TCD. TPD profile of Na-X shows two types of acid sites: weak ones,
identified by desorption peak at around 600 K and a strong one
with a desorption peak at 740 K (Fig. 5). As shown by comparison
of desorption signal areas, the quantity of weak acid sites was
lower than the strong ones.

In contrast, the TPD profile of Na-X–H2O did not display desorp-
tion peak at 600 K, indicating a disappearance of the weak acid
sites upon water treatment. This type of weak acid sites was attrib-
uted to unsaturated atom in a defective zeolite framework [37], or
extra framework Al(OH)3 and Al(OH)2+ [38,39]. However, since the
TCD profile of Na-X–H2O started to rise at around 650 K, one can
suppose that a small amount of these sites still existed on the zeo-
lite surface. These results confirm the hypothesis of the removal of
extra-framework aluminum concomitant with the formation Si–
OH–Al being consistent with the results of FTIR (Fig. 4) and ele-
mental analysis (Table 1).

The numerical integration of the second desorption peak of pyr-
idine (740 K) allows the calculation of total amount of strong acid
sites. For Na-X and Na-X–H2O similar value has been found with
0.16 and 0.15 mmol g�1, respectively. Such value, far below the
theoretical maximum value of acid sites reported for H-USY
(3 mmol g�1) [40], is explained by the Na+ form of the zeolite.

Since the Brønsted acid sites seems to play an important role in
the butadiene adsorption mechanism, the relative abundance of
Brønsted acid sites for both materials was determined by
temperature-programmed decomposition of isopropylamine
(Fig. 6) monitored by a mass spectrometer. Isopropylamine reacts
selectively with Brønsted acid sites to produce propylene and
ammonia via a mechanism similar to the Hofmann elimination
[41]. Propylene production profiles showed that Brønsted acid sites
were more abundant on Na-X–H2O surface as compared to Na-X.
The creation of Brønsted acid sites is likely occurring via an
exchange of Na+ ions with H+ ions during the soft hydrothermal
treatment. Hence strong acidity is constant in both zeolites as
shown by pyridine TPD (Fig. 5). In the case of Na-X we suggest that
Lewis sites and Brønsted acid sites are contributing to the strong
acidity since both type of sites were detected. The soft hydrother-
mal treatment is suggested to create Brønsted acid sites from Lewis
acid sites explaining the larger amount of Brønsted acid sites in Na-
X–H2O (Fig. 6).

Finally, ammonia TPD was performed giving identical total
amounts of acid sites for both materials (0.8 mmol g�1). Since
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Fig. 4. FTIR spectra of pyridine adsorption on Na-X and Na-X-H2O.
ammonia is a strong base and a small molecule, the measured
number of acid sites included both weak acid sites as well as sites
located in cavities, which might not play a role in butadiene
adsorption (Fig. S.3). The higher amount of acid sites measured
using ammonia as compared to pyridine is attributed to a weaker
basicity of the latter (pKb of 9 and 5 for pyridine and ammonia,
respectively) [42]. Hence, while both basic probes react with
strong acid sites, weak acid sites are only titrated using ammonia.
In addition, the smaller sterical hindrance of ammonia as com-
pared to pyridine can allow access of ammonia to acid sites located
onto cavities, whereas such sites are not accessible to pyridine.

In summary, the main characteristics caused by the soft
hydrothermal treatment of Na-X were: (i) partial zeolite dealumi-
nation with the removal of extraframework Al species; (ii) increase
of the amount of Brønsted acid sites; (iii) conservation of the zeo-
lite framework crystallinity with a small increase of pore volume
and preservation of the mean pore diameter.
3.2. Butadiene adsorption

Adsorption of butadiene (100 ppmv) was performed over Na-X
and Na-X–H2O. Adsorption capacity was calculated by integration
of the area defined by the butadiene and the argon breakthrough
curves (Fig. 7). Adsorption capacity of the original Na-X was close
to zero whereas it reached 7.2 wt.% for Na-X–H2O. The butadiene
outlet concentration remained zero for around 20 min with Na-
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X–H2O indicating total butadiene removal. Hence, the material
obtained after water treatment was an efficient adsorbent for
butadiene.

In order to gain insight into the butadiene adsorption mecha-
nism, adsorption was monitored by in situ FTIR spectroscopy
(Figs. 8 and 9). Upon cooling down to room temperature, the
recorded spectrum displayed an increase of the 3000–3500 cm�1

broad bands for both Na-X and Na-X–H2O due to the partial rehy-
droxylation by the traces of moisture present in the N2 gas flow.
The sharp band appearing at 3693 cm�1 upon cooling the sample
was attributed to the rehydroxylation of the remaining
extraframework Al sites.

After exposure of Na-X–H2O to butadiene at 298 K, the latter
band at 3693 cm�1 suddenly decreased. Simultaneously, C–H
bands appeared around 3000 cm�1, indicating butadiene adsorp-
tion and revealing an interaction of butadiene with the zeolite sur-
face (Fig. 8). In contrast, exposure of Na-X to butadiene led to a
very slight adsorption (Fig. 9) without a decrease of the
3693 cm�1 band. Instead, a constant rehydroxylation due to mois-
ture present in the butadiene flow was observed with the increase
in intensity of the 3693 cm�1 band and the 3400 cm�1 shoulder.
Such observation indicates that the OH band at 3693 cm�1 (charac-
teristic of extraframework Al sites) was not involved in the butadi-
ene adsorption. This is in line with previous reports which had
suggested that interactions of olefin bonds with Brønsted acid sites
(Si–OH–Al) are the only responsible for adsorption [21,43,44]. It
seems to be a reason for low adsorption of butadiene in Na-X since
only a very small amount of Brønsted sites were detected.

Therefore, we suggest that a high amount of extraframework Al
prevented interactions between butadiene and the zeolite surface.
Consequently, the removal of these Al species leaving behind a big
amount of Si-OH-Al located in a large cavity considerably increased
(25-fold) the zeolite adsorption capacity. However, a slight dealu-
mination of the zeolite framework may also take place during soft
hydrothermal treatment of zeolites.

In summary, dealumination is forming a favorable zeolite mor-
phology and surface chemistry allowing efficient butadiene
adsorption. Such behavior is observed for Na-X–H2O where
extra-framework Al have been removed leaving a favorable surface
for butadiene. On the contrary the presence of a large amount of
extra-framework Al in Na-X prevents the adsorption of butadiene.

3.3. Butadiene isotherms

Butadiene adsorption isotherms over Na-X–H2O were measured
to gain a deeper insight into the adsorption mechanism. By varying
butadiene concentration (25–300 ppmv) and temperature of
adsorption (298–333 K), a set of adsorption isotherms was
obtained for Na-X–H2O. Since it is particularly adapted for microp-
orous material, the Dubinin–Astakhov (D–A) model, which is a
generalization of the Dubinin–Radushkevich model, was used to
fit the experimental data [45,46]. The D–A equation takes the fol-
lowing form:

W ¼ W0 exp � A
bE0

� �n� �
ð1Þ

The model variables are: the adsorbed volume (W), the maxi-
mum adsorbed volume (W0) expressed in cm3 g�1 and the charac-
teristic adsorption energy (E0) expressed in kJ mol�1. The
parameter n represents the heterogeneity of the adsorbent surface
and is linked to the pore size distribution. The parameter b is a con-
stant that depends on the nature of the adsorbate called the affinity
coefficient. A value of 0.97 was obtained for butadiene using the
molar volume prediction [47]. The parameter A represents the
Polanyi adsorption potential and is equal to the difference between
the chemical potential of the adsorbate in the liquid state and in
the adsorbed state at the same temperature.

A ¼ RT ln
p0

p

� �
ð2Þ

where p0 is the vapor pressure, p is the adsorbate partial pressure
and T is the temperature at which the adsorption experiment took
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place. In this model the adsorbed phase is supposed to be liquid. For
sake of simplicity, the maximum adsorbed volume (cm3 g�1) is
expressed as the saturation capacity (mol kg�1) using the liquid
molar volume. The variation of the liquid molar volume with tem-
perature is taken into account by using the thermal expansion coef-
ficient of the saturation capacity (d). This parameter has been fixed
to 0.001 [K�1] [48].

The isosteric heat of adsorption can be calculated by combining
the D–A model with the Van’t Hoff and the Clausius–Clapeyron
equations [48].

�DH ¼ DHvap þ bE0 ln
1
h

� �� �1=n

þ bE0dT
n

ln
1
h

� �� ��1=n

ð3Þ

with

h ¼ q
qmax

ð4Þ

where DHvap is the heat of vaporization, which for butadiene has
been reported as �22.7 kJ mol�1 [49] and q is the adsorbed
quantity.

The isosteric adsorption enthalpy depends on the characteristic
adsorption energy (E0) and on the adsorbent loading (h). The max-
imum adsorption capacity and the characteristic adsorption energy
were obtained by fitting the experimental data to Eq. (1) for all the
isotherms as shown in Fig. 10.

We systematically obtained a good fit of the experimental data
with the D–A equation as the curve determination coefficient (R2)
was always larger than 0.97. The parameters (E0, W0 and n) used to
fit the experimental points are presented in Table 2. The model
predicted a maximum adsorption capacity of 2.05 mol kg�1 at
298 K. Therefore, already at 300 ppmv a theoretical fractional load-
ing close to 0.8 was obtained, which is indicative of the efficiency
of Na-X–H2O zeolite for butadiene adsorption from diluted stream.
Adsorption of 2.05 mol of butadiene per kilo of adsorbent repre-
sents a volume of 0.17 cm3 g�1 whereas the total pore volume cal-
culated from the BET equation was around 0.28 cm3 g�1. The
difference between the maximum adsorption capacity calculated
with butadiene adsorption and the N2 adsorption isotherm can
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Fig. 10. Butadiene adsorption isotherm on Na-X–H2O fitted with the D-A model at
different temperature: 298 K (j), 308 K (d), 318 K (N), 333 K (.).

Table 2
Parameters of the D–A equation for butadiene adsorption on Na-X–H2O.

W0 [cm3 g�1] E0 [kJ mol�1] n

Na-X–H2O 0.17 ± 0.05 22 ± 4 6 ± 0.05
be explained by the nature of the D–A equation. Since this equation
considers only the filling of micropores, the potential adsorption of
butadiene on the zeolite outer surface is not taken into account,
whereas it volume was accounted in the volume calculated from
the N2 adsorption isotherm. A zeolite microporous volume of
0.19 cm3 g�1 was calculated at p/p0 = 0.2. At saturation, butadiene
was thus almost entirely filling the zeolite cavities.

Therefore, the modification of Na-X by soft hydrothermal treat-
ment likely occurred uniformly through the whole zeolite frame-
work allowing an almost complete micropore filling by butadiene
in Na-X–H2O under saturation conditions. We propose that this
pore filling was enabled in Na-X–H2O due to a more favorable sur-
face chemistry obtained by the partial dealumination of the zeolite.

The relatively large n value obtained for the fitting of the D–A
equation to the experimental data (Table 2) indicates homogeneity
of the micropore sizes. Indeed, the exponent of the D–A equation is
qualitatively indicative of the pore size heterogeneity. Low n values
(1), (2) are generally obtained when fitting non-homogeneous
microporous adsorbents [45,50] whereas n values comprised
between 4 and 6 are commonly found for small and homogenous
micropores such as zeolites [51].

The energetic parameter of the D–A equation (E0) was esti-
mated to be 22 ± 4 kJ mol�1 indicating a moderate adsorption
strength due to the high volatility of butadiene. For comparison
hexane has a characteristic adsorption energy of 30 kJ mol�1 on
carbon molecular sieve whereas it is only 17 kJ mol�1 for ethane
on the same adsorbent [52].

The isosteric enthalpy of adsorption was calculated using Eq. (3)
and the parameters obtained from Eq. (1). The adsorption enthalpy
was obtained by a summation of the vaporization enthalpy, the
energetic parameter (E0) and the change of the maximum capacity
variation with temperature. An adsorption enthalpy value of
�45 ± 4 kJ mol�1 was obtained for a fractional loading of 0.63.
Since the zeolite pores are homogeneous in size, the influence of
the fractional loading on the enthalpy of adsorption was extremely
small (�5 kJ mol�1). For comparison, Eder and Lercher reported a
slightly lower value for butane adsorption on Na-X (�34 kJ mol�1)
[53] whereas �50 kJ mol�1 was reported on silicalite [54]. The
enthalpy of adsorption of 1-butene was determined by numerical
simulation being �48 kJ mol�1 [44], which was in the same range
as the adsorption enthalpy for butadiene on Na-X–H2O validating
the adsorption model applied.

3.4. Temperature-programmed desorption

The interaction between butadiene and the active adsorption
sites was characterized by TPD, allowing quantifying the adsorp-
tion energy. It can be considered as a complementary method to
the adsorption isotherm. Desorption of butadiene from Na-X–
H2O was studied at different temperature ramps.

The experiment was carried out by monitoring mass 54 corre-
sponding to the molecular ion of butadiene at the reactor outlet.
TPD profiles showed only one desorption peak signifying that
one type of adsorption site is present in the zeolite network
(Fig. 11). The integration of the butadiene desorption curve
revealed that not all the adsorbed butadiene could be desorbed.
The mass balance was systematically smaller than 1. The incom-
plete desorption of butadiene was confirmed by a set of adsorp-
tion–desorption cycles where a systematic decrease of the
adsorption capacity was observed. Since zeolite is known to act
as a cracking catalyst at high temperature we screened for other
desorbed species by varying the detected mass with the mass spec-
trometer however only butadiene could be detected. This phe-
nomenon suggested that a heavy compound such as an oligomer
or polymer was formed in the zeolite either during the adsorption
process or at higher temperature during the TPD.
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The increase of the temperature ramps shifted the maximum
desorption rate to higher temperatures. The kinetic desorption
parameters – the activation energy of desorption (Ed) and the
kinetic constant (k) – were obtained by parameter estimation of
butadiene desorption. These two parameters were varied to obtain
the best fit to the experimental points. The simulations were per-
formed at different temperature ramps. Since in TPD experiment
the temperature increases linearly, the desorption rate changes
throughout the experiment. By solving the mass balance and the
temperature variation equations simultaneously, a desorption
curve was obtained. The development of the equation used to sim-
ulate desorption curves is presented elsewhere [55]. The gas phase
concentration of desorbed species as a function of temperature was
then obtained. An example is shown in Fig. 12.

The activation energy of desorption (Ed) obtained for the
butadiene-zeolite system was constant for all the simulations per-
formed. Since the model applied assumed a 1st order desorption
kinetic, we suggest that the desorption kinetic of butadiene on
Na-X–H2O zeolites are indeed at the 1st order. The model gives
an activation energy of desorption of 47.5 ± 2 kJ mol�1, which,
given that the activation energy of adsorption is negligible, can
be used as a first approximation for the heat of adsorption (DHad)
[56].
Mass transfer effects that have been reported in certain cases
for large adsorbate quantities [55] are apparently avoided since a
good fitting of the desorption model to the experimental data
was observed. The value of the adsorption enthalpy was very close
to the value determined by modeling of adsorption isotherms.
Moreover, they were very close to the adsorption enthalpy
reported for 1-butene, a very similar molecule [44]. The interac-
tions created between the zeolite active site and butadiene
together with the narrow microporosity of the zeolite network
was likely to be responsible for strong butadiene adsorption. The
porosity itself was not sufficient to have a large adsorption capac-
ity since the original Na-X showed extremely limited butadiene
removal from diluted streams.

4. Conclusions

We report that a simple soft hydrothermal treatment (2 h in
boiling water followed by 1 h calcination at 573 K) of industrial
Na-X zeolite considerably increases (25-fold) its adsorption capac-
ity towards butadiene. In fact, while the original Na-X zeolite
almost did not adsorb butadiene, Na-X–H2O was highly efficient
(7.2 wt.%) which is of great interest in view of VOC emission
control.

The two zeolite materials were characterized in detail to gain
insight into the adsorption mechanism. Bulk characterization
revealed dealumination upon soft hydrothermal treatment of Na-
X whereas surface characterization by FTIR and pyridine TPD
showed the removal of extraframework Al species with concomi-
tant formation of big amount of Si–OH–Al. The study by in situ FTIR
spectroscopy further suggested that the presence of extraframe-
work Al species on the zeolite surface prevented butadiene adsorp-
tion. The partial dealumination forming a favorable zeolite
morphology and surface chemistry allowed efficient butadiene
adsorption from diluted stream.

A set of butadiene adsorption isotherms was recorded and mod-
eled with the Dubinin–Astakhov equation allowing to calculate the
adsorption enthalpy. The value (�45 kJ mol�1) was in the range
reported for 1-butene adsorption on zeolites. To further confirm
these results, butadiene TPD experiments were performed and fit-
ted with TPD simulations providing a second independent adsorp-
tion enthalpy calculation. A similar value of the adsorption
enthalpy was found confirming the consistency of the results.

In summary, soft hydrothermal treatment of industrial Na-X
zeolite renders an efficient adsorbent for the removal of butadiene
(low-boiling point VOC), which is of prime interest for atmospheric
pollution control.
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