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Abstract

Faujasite (FAU), ZSM-5 (MFI), beta (BEA) and mordenite (MOR) zeolites were admitted to a
variety of chemical treatments accompanied by surfactant templating strategy, aiming to
introduce the intracrystalline mesoporosity effectively. The resulting materials were tested as
solid acid catalysts for esterification of the oleic acid as a common model impurities found in
bio-oil feedstoks. It was found that the esterification of oleic acid can be enhanced by the
presence of strong acid sites in zeolites and their improved accessibility. Overall,
mesostructured FAU zeolite demonstrated an improved catalytic performance as a result of

increasing accessibility of the zeolite active sites.
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1. Introduction

In the last years, significant attention has been focused on sustainable and green energy

applications due to oils price fluctions, environment change and cost of high quality fuels.[1, 2]
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To date, the main components being used, as renewable hydrocarbon sources are triglycerides
(TGs) and lignocellulose.[3, 4] However, technology for production of biofuels and chemicals
has been challenged by manufacturing cost, feedstock type (edible or non-edible) and catalytic
reactions.[5] The esterification reaction takes place between the free fatty acid (FFA), which
present in a mixture with TGs in plant, algal and oil feedstoks with small alcohol molecule in
the presence of an acid or base catalyst in order to form fatty acid methyl esters (FAME).
Usually, this reaction is appropriate for feedstock containing over ~ 4% of FFA, the mixture
then is converted to biodiesel via transesterification reaction using basic catalyst.[1, 6] This
reaction also, is essential, especially in cheap feedstock , because the amount of free fatty acids
can inhibit the activity of the basic catalyst. Although a considerable research has been
undertaken utilising recoverable and non-corrosive materials such as zeolites, metal oxides,
metal-organic frameworks, and metal-substituted zeotypes in these reactions,[7-25] many of
these studies are not obtained high product selectivity because of mass transport limitations of
small internal surface of the pores in zeolites.[26-28] At the same time, previous attempts to
prepare mesoporous MCM-4land SBA-15 type materials have been overcome some of
obstacles associated with zeolites. However, these materials exhibited mild acidity, lack of
hydrothermal stability and low crystallinity.[26] promptly, another often observed in the field
of the synthesis of well-defined architectures zeolites has been developed in 2000, which is
called bottom-up and top-down approaches.[26, 29-36] Among them, the surfactant-templated
zeolite mesostructuring approach has been commercialised successfully and employed in
biomass processing and bio-oil upgrading.[37-40] At this point, the long-chain alkyl quaternary
amine cationic surfactant mixed with zeolites in basic solution in order to produce larger pores,
which can be expected to reduce the diffusion limitations toward larger molecules in the

reaction mechanisum.[38]

It is now well established that from our previous work [41], the transesterification of TGs
over hierarchical faujasites possessing intracrystalline networks of mesopores, the zeolite
composition, and hence, the strength of basic sites has a greater impact on the activity of the
catalyst than their accessibility. Moreover, in our recent work [42], the surfactant-templating
mesostructuring approach has been utilised for the preparation of a number of large-pore

zeolites. The catalyst preparation involves a post-synthesis modification using surfactant in
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basic media, which results in the formation of a network of ordered mesopores within the
zeolite .The present paper is focused on these nanostructured catalysts and on the effect of their
properties on the catalytic efficiency in esterification of oleic acid as potential bio-refinery

related applications.

2. Experimental section

2.1 Synthesis of hierarchical zeolites
A detailed description for preparation of these zeolites is available in Ref [42].

Faujasite zeolite (CBV100) with Si:Al molar ratio 2.5 was purchased from Zeolyst
International and modified to obtain the hierarchical zeolite (HFAU2.5).The Na-type FAU
zeolite was treated with 6 mol L™ of ammonium nitrate solution (Sigma-Aldrich, >99 wt%) at
80°C, followed by filtering and washing , and then calcined at 450°C for 5h in static air to

convert the ammonium form to H-type FAU zeolite.

The MOR (CBV 21A) and BEA (CP814C) zeolites with Si:Al molar ratio 10 and 19
respectively, were also acquired from Zeolyst International. 2 g of parent MOR and BEA
zeolites were calcined in air at 450°C for 5h and then stirred in 50 mL of basic solution of 0.15-
0.5 mol L' Tetramethylammonium hydroxide pentahydrate (Alfa Aesar, 98%). After that 1-
1.75 g of n-cetyltrimethylammonium bromide (CTAB, Alfa Aesar, 98%) was added for this
mixture. Next, after lh, the synthesis mixtures were placed into Teflon-lined autoclaves and
heated to 150°C using CEM Mars 6 microwave (CEM Corporation) at 2.45 GH. The heating
time was varied from 15 h to 18 h. The initial ramp time was 20 minute and the power output

did not exceed 400 W. The products were filtered and washed with deionized water.

The parent MFI (CBV 8014) zeolite with Si:Al molar ratio 40, was obtained from Zeolyst
International and stirred for 30 min. at 80°C with 50 mL of basic solution containing 0.2 mol
L' from Sodium hydroxide (Fisher Scientific ,98%) and tetrapropylammonium hydroxide
(TPAOH,Alfa Aesar,1M) .This suspension was added to solution containing 1 g of CTAB and
leave it for stirring 1h. The resulting synthesis mixture was conducted under microwave

hydrothermal synthesis according to the method mentioned above for 8h to 16h.
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Finally, all above solids were dried at 60°C overnight and then were calcined first in the flow of
nitrogen at 450°C (temperature ramp of 1.5°C min™") for 1h. Then, the gas flow was switched to
oxygen, the temperature was increased to 500°C (temperature ramp of 2°C min™") and kept for

2h before cooling these samples.
2.2 Characterisation of zeolites catalysts

A comprehensive structural characterisation of all the materials utilised in this work
was carried out using powder X-ray diffraction (XRD), transmission electron microscopy
(TEM), low temperature nitrogen adsorption, N, Physisorption (BET) and FTIR spectroscopy.
A detailed description is also available in Ref [42].

All the solid materials were characterized by different techniques. Powder X-ray diffraction
(XRD) patterns of various catalysts were recorded on Brucker D8 Advance diffractometer with
CuKa radiation at 40KV/40mA at ambient temperature over the Bragg angle (2Theta) range of
5-60 for high-angle and with range of 0-5 for low-angle the crystalline phases were matching
by comparing the XRD diffraction patterns of catalysts with reported in the literature. The
morphology of mesostructuring can be shown by a transmission electron microscopy (TEM,
PHILIPS X1.30) and the Bruker EDS was used for the determination of compositional elements
in zeolites. Physisorption experiments including, the effective surface area of the catalysts;
their pore volume and the pore size distribution from NLDFT model were performed using

nitrogen adsorption on a Quantachrom Autosorb instrument.

In order to monitor the concentration , acid strength and heterogeneity of both Brensted and
Lewis acid sites independently,10 mg of zeolite disc was prepared by compacting a certain
amount of material in a metallurgical die under 1 bar and admitted to 10% of the in situ
infrared energy on a Nicolet iIS10 FTIR spectrometer from Thermo scientific in the range 6000-
1000 cm™ (resolution 4cm™) under high vacuum of 10-5 to 10-6 mbar , the disc was activated
in vacuum at 30-450°C (ramp 1°C/min.) for 5 hours.IR spectra were recorded in the scale 4000-
640 cm™ at different range of temperature and equilibrium pressure. For the quantification of
the zeolite acidic properties using FTIR spectra of adsorbed pyridine, the following values of
the molar absorption coefficients were applied: (B, MFI)=1.08, &B, BEA)=1.16, &(B,
MOR)=1.34 and &(B, FAU)=1.65 cm pmol" for Bronsted acid sites (BAS, IR peak at ~1545
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cm™) and g(L)=1.71 cm pmol™ for Lewis acid sites (LAS, IR peak at ~1455 cm™). The error

4" To gain deeper insight into

margin for the acid site quantification was estimated as +5%.
structural properties of zeolites, physic-chemical information of zeolites used in this work is

shown in Table (1).

Table (1) Physico-chemical properties of parent zeolites [45].

Internal
Zeolite  Si:Al molar ratio Ring size (A) Pore size (A) pore space
A)
FAU 2.5 12MR 7.4x7.4 11.24
BEA 19 12MR 6.6x6.7 5.6x5.6 6.68
MFI 40 10MR 5.1x5.55.3%5.6 6.36

MOR 10 12,8MR 6.5x7.0 -

2.3 Catalytic experiments

The esterification reaction of FFA removal with methanol in the presence of various zeolites
was carried out in Biotage microwave synthesiser (Biotage Initiator+). A high precision glass
vial 10-20 ml was used in order to improve durable and safe reactions at all times with highly
wide range to withstand pressures beyond 30 bar. The microwave heating provides significant
thermal impacts, which are relative importance for chemical reaction. The reaction was
comprised of adding an excess oleic acid (Sigma-Aldrich, 99%) into grapeseed oil (local
market) as 10 vol%, and then reacted with methanol (Fisher Scientific, 99.99%) as 1:30-1:50
molar ratio between them at 100°C for different run times, which varied between 10-30 min.
under 5-10 wt% as an amount of the catalyst basis on the oil with continuous automated
stirring. The percent FFA (as oleic) were obtained according to reported method in ref 46, with
oleic acid and without adding of oleic acid. To a liquid fat mixture 5 g, neutralized 25 ml of
Absolute ethanol (Fisher Scientific) and phenolphthalein indicator are added. The sample then
is titrated with 0.1 mol L™ of potassium hydroxide KOH (Fisher Scientific, 86%). The % FFA

was calculated from below equation:

% FFA = [mL of KOHxmol L™ of KOHx282 %107/ sample mass (g)] *100 (1)
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In addition, the fraction of the FFA removed after separating from methanol and glycerol was

used in this work to calculate the conversion of FFA from the oil using below equation:
% Conversion = (FFAi-FFAJ/FFA;) <100  (2)

Where FFA is the percent free fatty acid after esterification and FFA; is the same percent in

the oil mixture before the reaction.

Fatty acid composition of the oil was obtained by gas chromatography-mass spectrometry
(GC-MS) according to official methods ISO 15884 | IDF 182:2002(E) and ISO 15885 | IDF
184:2002 (E), using GC Agilent 7890A with mass detection system 5975C equipped with a
capillary column BPX90 SGE (15mx0.25mmx0.25pm). Additionally, the methyl ester content
in the organic layer was determined by GC-FID (Agilent 6890) for the transesterfication

reaction between the parent oil and methanol according to the standard test method EN-14103.

Consecutive tests were performed by separating the catalysts, rinsed with methanol and dried
overnight at 60°C. The catalysts were characterised again by XRD and FTIR. Then, the
recycled catalysts were calcined under the same conditions as prior to the initial reaction and

utilised again. The same reaction conditions were used in three recycle runs for these catalysts.

3. Results and discussion

(Figure 1) presents the XRD diffraction patterns of conventional and hierarchical zeolites
synthesised in this work. XRD analysis revealed that the treated zeolites still maintain
significant crystallinity. This suggests that the treatment of zeolites has been improved
successfully without any destruction for the zeolite structure, consistent with previous
literatures.[37,42,43] The results of low angle XRD patterns (Figure 2), also indicate that the

ordered hexagonal pore arrangement of mesostructured zeolites is observed after the treatment.
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Fig. (1) X-ray diffraction patterns of the zeolites before and after the treatment.
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Fig. (2) Low angle XRD patterns of faujasites.
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It is relevant to say further evidence in mesoporosity is investigated by the N, physisorption
isotherms (Figure 3), which shows a type IV isotherm of hysteresis loop for mesoporous
materials in this study.[42, 47] In addition; these materials exhibit a significant nitrogen uptake

at relative pressure (P/P,) higher than a pressure in the parent zeolites.
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Fig. (3) N, adsorption and desorption isotherms for parent and hierarchical zeolites.

In spite of the challenging that associated with surface properties of mesostructured zeolites,
some questions regarding the pores and the density of the active site remain answered only
inconclusively. These ideas had been put forward earlier in a more extended form by other
people in order to explain the mechanism of mesoporsity formation. It should be clearly stated
that, and from our previous work, the surfactant templated zeolite mesostructuring strategy was
quiet successful for zeolite crystal rearrangement process in one-step by the treating the zeolite
with basic solution of surfactant, which led to form mesostructured zeolitic one-phase hybrid

material without any an amorphous aluminosilicates (see the images of SEM in Figure 4). In
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contrast, the two-steps zeolite recrystallization process usually accompanied with an

amorphous phase. [26, 41, 48]

Fig. (4) TEM images for hierarchical (a) FAU, (b) MOR, (¢) BEA and (d) MFI.

The textural properties of the mesostructured zeolites depend on the amount of acid or
base that utilised in the treatment and the type of surfactant as well as the exposure times. For
instance, under the basic media, some of the Si-O-Si bonds are opened, and produce negatively
charged sites in the zeolite framework that balance with cationic surfactant. Thus, there is no
mesoporosity after the base addition without surfactant, and this combination of surfactant with
base is very essential to protect the zeolite structure from possible desilication. This
mechanism is working for low aluminium content zeolites such as CP814C (Si:Al = ~19) but
not for high aluminium content, for example, the CBV100 cannot undergo the same treatment
as in CP814C (Si:Al = ~2.5). This is can be attributed to difficulties of breakage the Si-O-Al

bonds under basic medium, and hence, the pre-treatment of acid wash is crucial. The dilute
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acid such as citric acid can dealuminate some of the O-Al bonds, which facilities the formation
of the mesoporosity in this type of zeolite. However, the surface area and total pore volume
both increase with increasing alkaline or acid concentrations in above treatment, while the

micropore volume was conserve.[49]

Zeolite acidity including both of frequencies in the Si (OH) Al bands of the Bronsted and
Lewis acid sites can be quantified comprehensively by utilising the FTIR spectroscopy. ™"
Pyridine is being used in this study in order to calculate the amount and type of acid sites
(Table 2) [42].However, it should be noted that ammonia is good candidate for the acid sited in

the narrow-pore zeolites with a diameter < 10 A .[51]

Table (2) Concentration of the acid sites of zeolites based on pyridine adsorption at

150°C.

Zeolite Cgas » umolg'1 CLas, umolg'1 C1.as/Cpas ratio

FAU2.5 862 48 0.06
HFAU2.5 689 91 0.11

BEA19 409 105 0.26
HBEA19 397 406 1.02

MFI 40 328 29 0.09
HMFI 40 281 57 0.20
MORI10 864 122 0.14
HMORI10 337 149 0.44

Most importantly, all the IR spectroscopy data reported in this work proved that the
surface defects formation upon the treatment by surfactant in a basic media is linked with the
loss of some of Brensted acid sites, but increased the Lewis:Bronsted ratio, suggesting

formation of hydroxyl nests (silanol terminal group ~ 3740cm™) see (Figure 5). [42, 52]
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Fig. (5) (a), (b) Pyridine desorption profile with different temperature for parent and

hierarchical zeolites; (c) The spectra of pyridine desorption for hierarchical BEA19.

The conversion of oleic acid on various zeolite materials using excess methanol at 100°C in
very shorter time (up to 30 min.) are illustrated in Table (3). It can see from these data, the high
conversion appeared on BEA and MFI zeolite catalysts due to a wide pore size and the a robust
strength of acid sites for these materials respectively. In accordance with catalytic performance
of FAU zeolite in this reaction, although FAU2.5 zeolite has a high amount of acid sites than

those of other zeolites, the conversion over this material was not significantly different with
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that of MOR10 zeolite. This could be attributed to the amount of acid sites and pore entrance

size on MOR 10 zeolite, which might also affect to the catalytic reaction. *>>*) But this is not

the whole story; it seems that the introduction of mesoporosity in FAU zeolite induced the high

conversion of FFA from oil because of enhancement of acid sites accessibility to oleic acid.

Nevertheless, HMOR10 zeolite exhibited similar conversion of FFA compared with parent

zeolite despite the diffusion-restricted one-dimensional channel pockets (8-MR) for bulky

5259 The catalytic activity of spent zeolite catalysts did not

molecules such as oleic acid.
change significantly after five consecutive runs, confirming that it is possible to recycle these

catalysts for several times in esterification reaction.

Table (3) Esterification of grapseed oil over zeolite catalysts.

Run ? Catalyst Conversion " (%) Selectivity (%)
1 FAU2.5 62 >99
1 HFAU2.5 84 >99
1 BEA19 > 95 >99
1 HBEA19 > 95 >99
1 MFI140 > 95 >99
1 HMFI40 > 95 >99
1 MOR10 70 >99
1 HMORI10 73 >99

“Reactions were performed in triplicate.
®1:40 oil to methanol molar ratio; 30 min reaction time at 100°C; 7 wt% of catalyst.

The information on the catalytic conditions for the HFAU2.5 zeolite catalyst is presented in

Figure 6). The catalyst amount was adjusted as 7 wt% because there is no change in the
g y ] g

conversion after 10 wt%. The reaction time and the molar ratio between oil and methanol can

affect the reaction and consolidate it forward. Therefore, we sclected three different ratios 1:30,

1:40 and 1:50 with reasonable time range from 10 to 60 minutes under mircrowave heating.

Our findings confirmed that the higher molar ratio reduces the mass transfer stage because of

the immiscibility between the methanol and oil layers and thus, the rate of esterification

increased in a shorter time.
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Fig. (6) Effect of the oil to methanol molar ratio on esterification reaction using HFAU2.5

catalyst at different reaction times.

4. Conclusions

Mesostructured zeolites with a binary pore size distribution were prepared in this work

using the surfactant-templated strategy and utilised as potential acid catalysts in the

esterification reaction of free fatty acid from bio-oil. Although the treatment has not altered the

catalytic efficiency of BEA, ZSM-5 and MOR to remove the oleic acid from grapeseed oil,

which appears to be determined by the strength of BAS, a higher conversion of oleic acid can

be achieved over the hierarchal faujasite zeolite catalyst due to the combination of improved

accessibility of stronger acid sites and lower mass transport limitations.. The increase moderate

mesoporosity development leads to enhanced the catalytic activity, and give a good

opportunity for other zeolite materials such as hierarchical mordenite zeolite catalyst to exploit

this material for different zeolite catalysis reactions.
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