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ABSTRACT

ZSM-5 zeolite has a great importance in hazardausstances adsorption and catalytic process. In gaper, a
borosilicate ZSM-5zeolitewas carried out using Mjltethylaniline as a novel structure-directing agemhe
synthetized material was characterized by X-rajratifion, thermal analysis (TG/dTG),,hysical adsorption,
and Fourier transform infrared spectroscopy. £@dsorption was evaluated at different temperatubgs a
volumetric method, and both Langmuir and Freundlatisorption models were applied. According to the
experimental results, B-ZSM-5 zeolite has a favieratulsorption behavior at low temperatures. Differ&inetic
models were used to describe the adsorption of @@r B-ZSM-5. A good agreement with experimerdtd dvas
found for pseudo-n order.
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INTRODUCTION

Zeolites are crystalline microporous aluminosilesatbased on an infinitely extending three-dimeraidour
connected framework of AlQCand SiQtetrahedrals linked each other by an oxygen atoraneSiQ, tetrahedron in
the framework bears a neutral charge, and every fdttahedron in the framework bears a net negatiaege that
is balanced by an extra-framework cation, whichussially an alkali or alkaline earth metal (1).Ztsdi are
classified according to the number of their openpuge,8 MR (Member of Rings) as small-pore, 10 MR a
medium-pore, 12 MR as large-pore, and extra-larges pnore than 12 MR systems(2).Their applicatidogs (
exchange, adsorption, shape selectivity or catalytitivity) are essentially determined by theiustures(3)and
aluminum content in the framework(4).Zeolites im#uthe natural type like chabazite (CHA), eriorfi#RI) and
clinoptilolite(HEU), and the synthetic types like(ATA), X and Y (FAU), and ZSM-5 (MFI) (5).

As one of the most important zeolites in this fieddZSM-5 (Zeolite Socony Mobil with sequence numfige),
from structural type MFI. Its framework structurastbi-directional intersecting channels, one ight and parallel
to [010] direction with 5.1 x 5.7 A and the othsrsinusoidal in [100] direction with 5.4 x 5.6 Ajtiwan opening of
10-membered ring (6). It is widely used in adsanpti(6)especially in catalytic process such as atigh,
aromatization, dehydration, and cracking(7-10). ®&dicate ZSM-5 (B-ZSM-5) zeolites are a class ahhsilica
MFI type where aluminum atoms are substituted bsobaatoms. This kind of synthesis was first conddcby
Taramasseet al(11). Since the physic-chemical properties behatiereolite is different from Al-zeolite, it is
expected that substitution of aluminum by boron Maunodify the acidic properties of zeolites(12).

It is well known that the template plays signifitanle in the synthesis of zeolites. The templede act as a
structure directing agent, space filling and chargmpensating species that is required for theessfal synthesis
of these materials (13,14). The structure and ite af the organic compound have a significantuiefice on the
obtained zeolite(15). The ZSM-5 can be synthesizgdg different templates such as tetra-alkyl amomonons,
amines and alcohols (16).
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On the other hand, N,N-dimethylanilineis a tertiarpine of aniline derivatives. It is consisted ahethylamino
group coordinated to a phenyl group. N,N-dimethyiia® and their derivatives are used as a reagantriethyl
furfural as a solvent for manufacturing of vanifiithlers ketones (17), and can be used also asdggn
organometallic chemistry such as 4-formyl-N,N-dimganiline (18). It can be obtained from in-situdhggenation
of nitrobenzene with hydrogen generated from methaxer Raney-Ni catalyst followed by alkylationeéently,
NNDMA is mostly produced from a two-step procesgoiming the reduction of nitroarenes into anilirezsd the
subsequent alkylation (19).N,N-dimethylaniline enets very interesting physical properties such ameier of
0.622 A and a volume of 76.7°®0), that is why it has been chosen as a volunsinnalecule to obtain a zeolite
with remarkable opening pores and high surface area

Recently, a great attention has been given to ttseration and separation of @QCarbon dioxide is the main
greenhouse gas, which causes a severe global waritsnconcentration in atmosphere is continuoirstyeasing
every year. Therefore, it is required to removdram Natural and Flue gases for environmental anergy
perception. Capture of Gy adsorption has emerged as a potential techpalog to low energy requirement and
easy application (21). Industrially, the most uaddorbents are metal-organic frameworks, activeaeoons, silica
and alumina. In the last recent years, zeolite® limen found suitable materials for this pollutyag elimination.
Their structure, high surface area and physic-cbahproperties such as hydrothermal and mechanisidtant
made of them good adsorbents. Therefore, enormifodsehave been made by Scientifics to improvelirED
capture of C@such as the work of Franét al(6), where ZSM-5 have been prepared with high sodiontent to
improve its adsorptive properties. Chang Hun &eal(22) tested the effect of pore structure on the &dXorption
capacity using three types of organic templates.

In our knowledge, the N,N-dimethylaniline is onetbé amines which have not been used as strucixgetidg
agent in MFI structure synthesis. This study pres#re first utilization of N,N-dimethylaniline asganic template
in synthesis of borosilicate ZSM-5 zeolite andaitplication for CQcapture. In the literature, the Al-ZSM-5 zeolite
has been proposed as potential candidate foa@@rption process (23)due to its high adsorptapacity and
simple regeneration. Here, we report the first witidt carry out the utilization of the B-ZSM-5 iarbon dioxide
adsorption.

MATERIALS AND METHODS

[I.I Materials
The reagents used were: N,N-dimethylaniline (Sigtazich, 99%) as organic template, porous silicapgavder
(Fluka) as silicium source, sodium hydroxide pslléGigma-aldrich, 99.998%) as alkaline cation, dacid
(99.999%, Sigma-aldrich) as boron source, and demalized water purified using Water Purificationsg&m Milli-
Q (MERCK).

[I.1l Characterization

The pH value of the homogenous hydrogel was meddayénolLab pH 730 (WTW). The crystalline structuvas

determined by X-ray diffraction (Bruker AXS D8 ADWCE diffractometer with a Cu radiation source).
Thermal analysis (TG/dTA) experiments were cardatiby a TA Micrometrics 2050 TGA apparatus. Theogay

occupied by the organic template was released dajcner (Nabertherm). Textural properties of thaterial were
measured by nitrogen physisorption (MicromeriticSA® 2020). The FTIR spectra were taken in KBr pellesing

Alpha-Bruker FTIR spectrophotometer.

IL.IIB-ZSM-5 synthesis

The hydrogel mixture was prepared by the followingnner:

3 g of silica gel powder mixed with 0.8 g of sodiunydroxide solution, then 1.815 g N,N-dimethylaméliwas
added drop wise under stirring in a known volumelemineralized water. One hour later, 1.2 g of badid was
added to the first mixture. The new mixture wageti for 24h in room temperature till formationtedmogenous
hydrogel. After stirring, pH value was taken (pHL%£.68) and the hydrogel was allowed to aging. Omer hater,

the homogeneous mixture was transferred to a Téifi@d autoclave with a volume full capacity of B0, then it

was carried out in crystallization temperature 8 4 under autogenous pressure, for 6 days. Afgstallization

had been completed the autoclave was rapidly coafetithe recovered white solid was washed with nieén

water, filtered off, and then dried at 373 K ovghti The dried zeolite sample wascalcined for 6ldeun
atmospheric air at 773 K to eliminate the orgawimpound.

II.IV CO , adsorption

The carbon dioxide adsorption performance of the3A-5 sample was evaluated in the pressure ran§e730
mmHg at different temperatures of 273 K, 288 K, @88 K using C@gas with high purity (99.999 %). The
adsorption measurement was carried out on MicrditerASAP 2020 apparatus. After every measurentést,
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adsorbed Cénolecules were desorbed by degassing graduallg&&eéfor 4 hours to reach a vacuum. In order to
investigate the adsorption behavior of the B-ZSMeéolite, two isotherm models were proposed, Langmui
(Equation (1)) and Freundlich (Equation (2))(24):

_ qmKaP
de = (14K 4P) @)
1
qe = KgpPmrF (2)

WhereP: pressure of the gas [mmHg]splid phase adsorption quantity of carbon dioxdezeolite at equilibrium
[cm® STP/g]; Ky: Langmuir isotherm constant [1/ mmHg]iKFreundlich isotherm constant;:csingle layer C@
adsorption capacity [cffg]; ng: factor of heterogeneity.

RESULTS AND DISCUSSION

1.1 XRD

X-ray diffraction (XRD) pattern of the synthesiz&dZSM-5 is illustrated on Figure 1. The reflectippaks are
represented between the anglés=2° and 45°. According to the results, the magaks are = 7.9, 8.8, 8.9, 23.2,
23.3, and 24°. Comparing to the collection of simtetl XRD MFI-type zeolite (25), our synthesized 8Mt-5 have

the same peaks with high pure crystallinity anchait any impurities.
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Figurel: XRD pattern of synthesized B-ZSM-5 zeolite

[II.I Thermal analysis
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Figure 2: TG/dTG curves of synthesized B-ZSM-5 zeite

The thermogravimetric analysis (TG/dTG) curveshaf prepared mordenite are shown in Figure 2. Théteavas

heated from room temperature to 830 °C, at 10 °&/mith 100 ml/min under air. The total mass lostswlL.8 mg.
It represents both water and organic template $oS8ee first stage of weight loss was identifietie=n 40 °C and
150 °C, that it is related to desorption of waterlenules. In the first step, weakly bound watereunales are lost,
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while some stronger ones are lost gradually. Athés stage we see a stable level until 280 °Chis tange, there
was any loss. The second stage was observed beR88etC and 640 °C, it is related to mass losseralby the
thermodegradation of the organic template. At tenajpees above 640°C, weight loss is associated with
thermofusion process of the zeolite.

.1 BET

Figure 3 shows N adsorption-desorption isotherm of the sample B-ZsMrhis isotherm provides valuable
information on the textural properties of B-ZSM{sor many microporous materials, in particular zegli the
utilization of nitrogen at liquid temperature (77 is recommended. The specific surface argar(Svas evaluated
by BET method using adsorption data in the range flative pressure from p/p 0.05 to p/p= 0.29. The t-plot
method was applied to determine the volume of mpicres (V). The adsorbed amount at relative pressuré/p
0.98 reflects the total adsorption capacityfVThe void volume () account for the volume of interstices among
zeolite particles. The values of determined textpraperties are summarized in Table 1.
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Figure 3: Nitrogen adsorption-desorption isotherm 477 K of B-ZSM-5

Table 1:Textural properties of B-ZSM-5

Seer (M9) S (MP79)  Swic (M79)  Vimic (CNP/g) Vo (CNT/G)  Viar (CNT/Q)

255.604 11.024 244.58 0.124 93.617 093.741
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Figure 4: FTIR spectrum of synthesized B-ZSM-5 zedk

FTIR spectrum of the synthesized sample is illdsttaon Figure 4. Characteristics bands of ZSM-5shoavn in the
spectrum. The bands at the regions of 1225' @nd 1085 ci, are respectively for external and internal
asymmetrical stretching. For the external symmelratretching, characteristic band is around of @8#. The
five-member ring of pentasil structure of ZSM-5 liteois confirmed by the vibrational band at 5497%26).
Absorption bands at 1367 c¢imand 629 cnl are attributed to stretching vibrations of theraeatoordinated

119



Bensafi Boumediénest al Der Pharma Chemica, 2016, 8 (16):116-123

framework boron, and Si-O-B symmetric bending (2&pectively. Finally, the band near to 450*dmattributed
to the T-O bending vibration internal tetrahednaitsiof the SiQY(28).

lIl.V CO , adsorption

As mentioned on Figure 5, the ga@dsorption over B-ZSM-5 zeolite at different tengiares 273 K, 288 K, and
298 K shows a regular variation of adsorbed amountd upper pressure limit (730 mmHg) with an opi
adsorption capacity of 2.05 mmol/g. From curvess ghown that adsorption is an inverse functioteafperature,
since; adsorption is reducing with increasing ahgerature. It is important to mention that simitehavior of
reduction in the adsorption of G@t higher temperature has been observed in lileralthough with porous
adsorbents materials and zeolites (29,30).

It is expected that borosilicate ZSM-5 zeolite hagher affinity with CQ molecules; it is due to the substitution of
aluminum atoms by boron atoms into the ZSM-5 framdwIt develops a low acidity in the zeolite la#tiwhich
can helps it in adsorption of G@s acid gas. Interactions among the pores anslutfiece of B-ZSM-5 zeolite and
the large quadruple moment of €f@ave been pointing out as the factor which is aasible for the good uptake
capacity found in this material.
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Figure5: Carbon dioxide adsorption at different tenperatures

[11.VI Langmuir and Freundlich models

The study of equilibrium is indispensable throughall adsorption process. The experimental deteatiin and
modeling adsorption capacities of an adsorbenttitatesthe initial step to any adsorption procagmg. For this,
two different isotherms models were tested, Langraond Freundlich.

The Langmuir model is based on simple assumptialnsence of interactions between adsorbed moleaites,are
energetically equivalent, and contain just one cuke adsorbed). Linearization of Langmuir equatfBquation
(1)) is written as follows:

1t 1,1 ©)

q amKa p dm

Freundlich model considers that there are diffetgoes of energy of different adsorption sites. Tihearization of
its equation (Equation (2)) is written as follows:

Inq = In(Kg) + niFZn(P) ()

The Langmuir and Freundlich isotherm models fittparameters, for the three different temperaturedyaed in
this study and calculated respectively by Equa®)rand Equation (4), are summarized in Table 2.
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Table 2:Langmuir and Freundlich constants at diffelent temperatures

Langmuir Freundlich
Temperature: - Kn (10%) 3 . 3
[K] [mmolig] [1/mmHg] R Ke (107) 1 R
273 1.9193 89.66 0.9860 437.87 1.65260.9773
288 0.9567 100.24 0.9529 150.76  1.44920.9969
298 0.9327 136.66 0.9477 237.35 1.62890.9937

According to the results shown in Table 3,Freurdlimodel is more suitable than Langmuir for the two
temperatures 288 K and 298 K. This is justifiedthg values of the regression coefficients whichhigh (R =
0.9969, 0.9937 for Freundlich model, and=R0.9529, 0.9477 for Langmuir model at both terapees 288 K and
298 K, respectively). However, at 273 K, the Langmmuodel (R = 0.9860) is more favorable than Freundlich
model (R = 0.9773), this is justified by their regressiarefficients. So we conclude that, at temperatugs 12
and 298 K adsorptions takes place on various kifidstes with different energies, while the adsmpiat 273 K is
carried out on the same sites energy and eachasiteets a single molecule of £0

[11.VIl Selection of the kinetic model

According to the literature, a large number of kimenodels [31] have been proposed to describeattsarption
process of different adsorbents. In this work, loase a suitable kinetic model, variable model®Haeen tested,
such pseudo-first order (Equations (5)), pseudossdcorder (Equations (6)), and pseudo-n order (Bamps
(7))(32,33,24).

» Pseudo-first order
S = ke (g0 — q0) (5)
dt f de q:

After integration for limit conditions,g= 0 att = 0 and¢F @ at t = t, Equation (5) can be written as follows
(Equation (57):

In(gq. —q:) = — kst +ing, ()
» Pseudo-second order
S = ko(qe — 90)? (6)

After integration for limit conditions, Equation)(6an be written as follows (Equation (6)):

t 1 t
- = + — 6’
qt ks. qg de ( )

* Pseudo-n order

dqs
@e-a0™ fen it (7)

After integration for limit conditions, Equation)(Zan be written as follows (Equation (7)):

Ge— q)"™ = qc "+ ky(n— 1)t )

Where g[mmol] and gq[mmol] are, respectively, adsorption capacitiesaqilibrium and at time t [min],;kpseudo-
first order kinetic constant [mil}, ks pseudo-second order kinetic constant [fhirand k pseudo-n order kinetic
constant [mif].

The kinetic model parameters for the La&isorption at 273 K which was consistent with fitieng results shown
on Figure6are summarized in the Table 3. It carolbgerved that pseudo-n order had better results atizer
models. The utilization of the theoretical equati@msed on Avrami's model (34) leads to a value eduml to 0.551
with minimal value of (Gexp) — Gk(heo) @Nd regression coefficient {Rsuperior to 0.99, thus attributed a good
correlation between the theoretical model and empmrtal data. From these results, it can be coedutiat the
reaction is complex or multi pathway and the psendoder model is the best for determining adsorptate.
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Table 3: Kinetic model parameters for CQ adsorption on B-ZSM-5 zeolite at 273 K

Pseudo order Kinetic order K el Qettheq) R?
pseudo-first order 1 0.0666 2.0582 245.11 0.9133
pseudo-second order 2 0.0261 2.0582 0.3038 0.2702
pseudo-n order 0.551 0.0425 2.0582 1.5308 0.9975
Pseudo-first order y =-0.0666 x + 5.5017 Pseudo-second order y = - 3.2914 x + 414.24
R2=0.9133 R2=0.2702
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Figure 6:Pseudo-first second and n order kinetic maels for CO, adsorption at 273 K
CONCLUSION

B-ZSM-5 was successfully synthesized using N,N-diwlaniline as a novel organic template. The sytiebd
sample has a high specific surface area which makdésa good adsorbent. The zeolite had favorddgbavior
during CQ adsorption especially at 273 K. This behavior weaated to condensation of G pores and external
surface of the adsorbent. It has been found thagimair adsorption model is better than Freundlideosption
model at 273 K to have the highest regression miefit value, which explains that the adsorptioa baen done on
the same sites energy and each site sets a sindgeute of CQ. The kinetic models have been applied to confirm
the experimental results of G@dsorption on B-ZSM-5. The pseudo-n order modek (A.551) validated all
experimental results as it€ Ralue is near of 1.
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