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Many countries have opted to produce biodiesel from vegetable oils for energy security
and climate change concerns. Consequently, the availability of abundant glycerol, as a
by-product in biodiesel production, is more obvious. Many institutions and companies
have explored different routes to convert glycerol to highly-added chemical products and
fuel additives. As the addition of the second reactant to glycerol may end up with worse
exergy calculation, the conversion of glycerol over solid acid catalysts without the addition
of the second reactant is preferred in this mini-review. Glycerol aromatization and glycerol
dehydration over zeolite catalysts were focused with an emphasis on recent papers in
the past 3 years. The role of acidity, hydrophilicity-hydrophobicity, zeolite frameworks
are highlighted. The presence of water in the glycerol feed affected the stability of the
catalysts. Low cost and naturally abundant zeolite and minerals are proposed. Numerous
low-cost catalysts such as natural zeolites and natural clays are potentially used for
this purpose.

Keywords: Glycerol, biodiesel, aromatics, fuels, solid acid catalysts, hierarchical zeolites

INTRODUCTION

Sustainability is one of the most important issues this century. Sustainable production of fuels and
chemicals are among the most studied topics in heterogeneous catalysis. Diesel is an important
fuel for transportation and industry. According to ExxonMobil Outlook for Energy in 2017
(Exxonmobil, 2017), the demand for diesel will grow to 30% due to the surge in diesel demand
for trucks and ships.

The worldwide production of biodiesel is continuously increasing due to the growth and
demand for transportation fuels and industry. In 2017, more than 30 billion liters of biodiesel
(FAME) were produced. Correspondingly, ~6 billion liters of glycerol was produced (Table 1).
Recently, many countries released higher blend mandates (Ren21, 2018). For instance, Indonesia
recently released regulation for B20 (Biodiesel 20%). Thailand is targeting to use 9 million liters
of biodiesel by 2020. This trend in biodiesel certainly will increase the production of glycerol, as
a by-product in biodiesel plant. Glycerol (also known as glycerin, propane-1,2,3-triol, C3HgO3) is
produced with a ratio of 1:1 with the biodiesel main product (Figure 1). The worldwide production
of glycerol increased five-fold from 2006 to 2018 to reach 36 billion liters (Quispe et al., 2013;
Monteiro et al., 2018). The abundance of glycerol as renewable chemicals should be monetized
to improve the economic feasibility of biodiesel industry. Different pathways to convert glycerol to
chemicals and fuels depend on the progress of low-cost and affordable catalysts (Atabani et al., 2012;
Zakaria et al., 2012; Bagheri et al., 2015; Galadima and Muraza, 2016a,b; Monteiro et al., 2018).
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TABLE 1 | Worldwide production of biodiesel and glycerol in 2017 (Ren21, 2018).

Country Biodiesel Glycerol HVO/Green Blend
(FAME) Diesel mandate

Unit [billion liters] [billion liters] [billion liters] % Biodiesel

USA 6.0 1.2 1.7 2t0 20

Brazil 4.3 0.86 8

Germany 3.5 0.7

Argentina 3.3 0.66 10

China 1.0 0.2

France 2.3 0.46

Thailand 1.4 0.28 7 (9 million L

by 2020)

Indonesia 2.5 0.5 20

Canada 0.5 0.1 2t04

the 0.4 0.08 1.3

Netherlands

Spain 1.3 0.26 11.3 (2020)

Poland 1.0 0.2

Singapore 0 1.3

India 0.2 0.04 15

Colombia 0.6 0.12 10

EU-28 1.8 2.36 3.5

World 30.7 6.14 6.5

Density of glycerol at 20°C is 1.26 kg/l, while the density of biodiesel is ~ 0.99 kg/I. H/O
is the abbreviation for hydrogenated vegetable oil.

This mini-review paper aims to emphasize the potential
exploration of zeolites for glycerol conversion to two promising
commercial products: acrolein and aromatics with an emphasis
on recent open literature after 2010. Many cited works
are recent papers in the past 3 years from the 2016 to
2018 period.

The conversions of glycerol to fuels and value-added
chemicals have been explored via different schemes such
as acetalization, acetylation, dehydration, oxidation, and
many others. The schemes can be classified into two main
trends: (i) with co-reactant and (ii) without co-reactant.
Different chemicals have been targeted from glycerol,
among others; aromatics, acrolein, acetal, and glycerol
carbonate were studied extensively over porous solid acid
catalysts (Galadima and Muraza, 2016a,b; Mahdi et al., 2016)
(see Figure2). Table2 presents the highlight of different
conversion pathways from glycerol to chemicals over zeolite
catalysts studied by different research groups recently. The
explored co-reactants were acetone, n-butanal, benzyl
alcohol, acetic acid, acetic anhydride, isobutylene, ketones,
formaldehyde, acetaldehyde, benzaldehyde, and many others
(Cornejo et al., 2017).

The valorization of glycerol to value-added products by
addition of co-reactant have been explored with ketones,
aldehydes, or alcohols as co-reactants (Cornejo et al., 2017). Most
of the cases, the higher the concentrations of co-reactants, the
higher yield of the products in glycerol valorization (Marimuthu
et al., 2018; Chen et al,, 2019). Unfortunately, the higher ratio
on co-reactant to glycerol, the higher the exergy destruction rate
(Gutiérrez Ortiz et al., 2012a,b; Hajjaji et al., 2014; Antonova

et al., 2015; Aghbashlo et al., 2018a,b, 2019; Gholami et al., 2018;
Presciutti et al., 2018).

Without the addition of co-reactant, acrolein and aromatics
are among the most studied chemical products over zeolite
catalysts (Galadima and Muraza, 2016a,b). Numerous catalytic
materials were evaluated for glycerol to acrolein such as
oxides, heteropoly acids, zeolites, and silicoaluminates
(Galadima and Muraza, 2016a). There are many reviews
on the conversions of glycerol to acrolein and aromatics.
This paper focused only on zeolite catalysts for dehydration
and aromatization.

GLYCEROL-TO-AROMATICS OVER
ZEOLITE CATALYSTS

Most of research groups reported that Bronsted acidity played
important roles for the conversion of glycerol to aromatics
over zeolite catalysts. Table 3 summarizes the conversion of
glycerol to aromatics reported recently. Zeolites with MFI
framework are the most studied material for the conversion
of glycerol and methanol to aromatics. Yang and coworkers
incorporated tin (Sn) into the framework of MFI with Si/Al,
of 200 (Yang et al., 2018). The Si/Al ratio plays critical role
to tune the yield of aromatics (BTX). Higher Al content
(low Si/Al) led to higher yield of aromatics (He et al,
2018). The addition of bentonite as a matrix increased the
selectivity to benzene. However, coke deposition was significant
and reduced the Brensted acidity. The coke was removed
in regeneration step at 600°C. During regeneration, some
of the bentonite structures collapsed and the acid strength
was reduced.

The effect of metal (M) modified zeolite, especially M-
ZSM-5 was reported recently (Xiao and Varma, 2016).
Without palladium (Pd), the main product was acrolein
(54%) with 11% of aromatics. The Pd was responsible
for hydrodeoxygenation (HDO) while H-ZSM-5 was in
charge for aromatization. Pd was obviously more active
than platinum (Pt) in hydrogenation. The metal improved
the scission of C-O bond. The temperature was crucial
to increase the conversion of glycerol. The optimum
temperature was found to be ca. 400°C. The pressure
has a negligible effect on the conversion of glycerol
to aromatics.

Hierarchical ZSM-5 (MFI), fabricated by nitric acid
dealumination and steam-treatment at 500°C, exhibited
stable conversion of glycerol (ca.98%) to aromatics (ca. 32% -
C-based BTX) (Wang et al., 2019). The strong acidity on the
surface of ZSM-5 affected the stability negatively, the catalyst
life-time for conventional H-ZSM-5 (Si/Al = 25) was very
short. Strong acidity favored the formation of hydrocarbon pool
species such as polymethylbenzenes inside the MFI intersection
and resulted in more coke deposition. The H-ZSM-5 contains
sinusoidal channels (0.51 x 0.5nm), which are crossed with
straight channels (0.53 x 0.56 nm) with intersection channel of
0.9 nm size (Corma et al., 2008; Lauriol-Garbay et al., 2011).

The conversion of glycerol to aromatics was increased by
the addition of appropriate amount of water to the system at
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FIGURE 1 | Biodiesel (FAMA) and glycerol from triglyceride of vegetable oil. TRL = technology readiness level.
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FIGURE 2 | Scheme of glycerol to acrolein and aromatics (Tamiyakul et al., 2015).
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440°C under atmospheric pressure as reported by Jang and
coworkers in 2014 (Jang et al., 2014). The maximum aromatic
products were obtained approximately with 25 wt.% of glycerol
in glycerol-water mixture. Mesoporosity has an important role
to control the selectivity to aromatics (Wang et al., 2017).
Hierarchical ZSM-5, fabricated by desilication with initial Si/Al
of 25 has higher Bronsted acidity than its parent. The increase
of Brensted acidity favored higher selectivity to aromatics
(benzene-toluene-xylene) with suppressed production of heavier
aromatics. Pore topology was also crucial to adjust the selectivity
to aromatics. The large pore FAU zeolite (with pore size of

0.74nm) was less selective to aromatics, as compared to MFI
(with pore size of approximately 0.55 nm (Hoang et al., 2010).

GLYCEROL-TO-ACROLEIN
OVER ZEOLITES

The catalytic activity of zeolites in glycerol to acrolein was
determined by some strong factors: (i) shape selectivity of
medium pore zeolites, (easy access of active sites in hierarchical
zeolites (i) the number of acid sites, (ii) the presence of

Frontiers in Chemistry | www.frontiersin.org

April 2019 | Volume 7 | Article 233


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Muraza

Peculiarities of Glycerol Conversion to Chemicals

TABLE 2 | Highlights on different pathways of glycerol conversions to chemicals over zeolites.

Conversion

Catalyst

Results

References

Glycerol conversion to aromatics
via pyrolysis followed by
aromatization

Glycerol to aromatics

Glycerol to acrolein

Acetalization glycerol with
acetone

Glycerol to glycerol carbonate

Glycerol to solketal with acetone
as a co-reactant

Glycerol to allyl alcohol

Glycerol etherification with
n-butanol

Glycerol etherification with benzyl
alcohol

ZSM-5 (MFI) with SiOo/AlxOg of 23.
The matrix of bentonite was varied
from 10, 20 and 40 wt.%.

H-MFI, Zn/MFI, 2.34 wt.% Sn MFI,
Ni/MFI, Mo/MFI and Ag/MFI.

Zeolite Y (FAU) was modified by La
and Pd-La.

Hierarchical zeolites from different
topologies such as MFI, MOR and
BEA.

Natural clinoptilolite (HEU) was
dealuminated by 1N of HCI for
90 min.

Zeolite Beta(Si/Alp = 25) was
compared with Y (FAU, Si/Alp = 30)
and MOR (Si/Alp = 16).

Hierarchical ZSM-5 was fabricated
from commercial ZSM-5 (Si/Al = 40).
Ag-ZSM-5 was prepared by IWI
(incipient wetness impregnation).

H-BEA was compared with H-MFI.

Starting material: NHz-ZSM-5 (MFI)
with Si/Al = 40. Hierarchical MFI was
prepared by NaOH desilication and
HCI dealumination.

Crude glycerol with 2.4 wt.% of HoO and 44.5 wt.% of
free fatty acids was used as a feedstock. The pyrolysis
(500°C) followed by aromatization (at 550°C).
Conversion of glycerol = 100°C. The selectivity of
aromatics (BTX) was 35% (Carbon) or 15 wt.%.
SBenzene = 27%, SToluene = 45 and Sxyjene = 28%.
SBenzene changed to 40% (additional 10%) when
bentonite was added as matrix.

BTX aromatics (21.1 wt.%) with 10 h stability. Parent
H-ZSM-5 only resulted 13.9 wt.% aromatics with 5.5h
stability.

The vyield of acrolein increased from 57 to 75% at 300°C
due to the increase of Bronsted and Lewis acidity.

High conversion (above 80%) and high selectivity to
solketal (nearly 100%).

Reaction parameters were studied. The conversion of
glycerol increased with a decrease of catalyst diameter.

Glycerol: acetone = 2:1. Beta was the most active
(Xglycerol = ca.74) and the most selective to solketal
(ca.98%). Nano BEA exhibited higher activity and higher
selectivity to desired product.

Gas phase reaction, glycerol to allyl alcohol was studied.
P = 0.1-4 MPa. Dehydration was followed by
hydrogenation. Lewis acidity was reduced to increase
acrolein selectivity. The 5 wt.% Ag-hierarchical ZSM-5
was the best catalyst with S gjyjaiconol = 20%, X giycerol
= 80%. Stable for 100 h reaction.

Etherification of glycerol using n-butanol at 140-180°C
and 0.5 MPa. X giycerol = 55%.

S mono—butylglycerolether(MBGE) = 98%. MBGE is an
additive to biodiesel.

Higher acid sites were not linear with glycerol conversion.
Three different acid sites resulted aimost the same
glycerol conversion in the range of 70 to 77%. Selectivity
to bulky product di-benzyl-glycerol ether (DBG,
1,3-dibenzyloxy-2-propanol plus
1,2-dibenzyloxy-3-propanol) was higher for hierarchical
MFI. Catalyst with higher Al content (Si/Al = ca 0.20) was
more selective toward mono-benzyl-glycerol ether
(MBG).

(He et al., 2018)

(Wang et al., 2016, 2017,
2019)

(Gonzalez-Arellano et al.,
2015)

(Kowalska-Kus et al., 2017)

(Mahdi et al., 2016)

(Manjunathan et al., 2015)

(Manjunathan et al., 2015)

(Nandiwale et al., 2014;
Aghbashlo et al., 2019)

(Gonzalez-Arellano et al.,
2015)

GLYCEROL CONVERSION OVER

mesopores, (iii), and (iv) the hydrophobicity of the catalyst
(as described in Figure 3). Table 4 presents selected works on
glycerol to acrolein over zeolites.

Carrico et al. reported the utilization of MWW, pillared
MWW and delaminated MWW in glycerol to acrolein at 320°C
(Carrigo et al.,, 2016). The selectivity to acrolein increased with
the increase of acid site density. ITQ-2, with the strongest
of density of acid sites exhibited the best selective solid for
acrolein. The mesopores were not linear with acrolein selectivity.
More coke depositions were observed over ITQ-2 which
had the largest mesopore pore volumes. The Brensted/Lewis
(B/L) ratio is a crucial parameter to maximize acrolein
selectivity. The higher the B/L has the higher selectivity to
acrolein. The low B/L was important if we need to maximize
acetol (hydroxyacetone).

NATURAL MINERALS

Glycerol is an abundant and low-cost feedstock. To minimize
the barrier in the valorization of glycerol, low-cost catalysts
are targeted. Despite of their low-cost benefit, there are still
limited works on the use of natural zeolites and natural
clays for glycerol conversions to chemicals. Some notable
works are cited in Table 5. The most common natural zeolites
in solid-acid catalysts are from HEU frameworks. Mahdi et
al reported clinoptilolite (HEU) in glycerol conversion to
glycerol carbonate (Mahdi et al., 2016). Furthermore, recently
our group also reported natural mordenite and hierarchical
mordenites (Nasser et al., 2016b; Kurniawan et al., 2017a,b). Mild
activation of natural zeolites and clays should be established to
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TABLE 3 | Glycerol-to-aromatics over zeolite catalysts.

Catalyst Condition Cglycerol (%) Saromatics (%) Remark References

Dealuminated H-ZSM-5 (MFI) with T = 400°C, glycerol/methanol  ca.98 ca.32 (C% BTX) The most stable catalysts was the (Wang et al.,

initial Si/Al = 25 =40 wt.%, P = 0.1 MPa, hierarchical ZSM-5 made by steam +  2019)
WHSV: 0.71 h=T. acid dealumination = 11.5h.

ZSM-5 (SiO2/Alo O3 = 30) T = 400°C. WHSV = 0.8 100 >30 (C% BTX) In the presence of water as a (Jang et al.,
h=1. contaminant, the catalyst was 2014)

deactivated rapidly.

H-ZSM-5 (Si/Aly = 200) T =400°C 100 18 Only 3h life-time. (Yang et al.,
WHSV =0.9h~1. 2018)

Hierarchical Sn-ZSM-5 T =400°C 100 32 (BTX) H-Sn-ZSM-5 was desilicated by (Yang et al.,
WHSV =0.9h~ . 0.3M NaOH. Longer catalyst lifetime. ~ 2018)

Pd-H-ZSM-5 T = 400°C. Hy/glycerol = 100 More than 50 Without Pd, the main product was (Xiao and
10:1. P =1 atm. acrolein with 11% aromatics. Pd was Varma, 2016)

Hierarchical ZSM-5. Starting
material: ZSM-5 with Si/Al of 25.
Different alkaline solutions were used
for desilication.

T =400°C.P=1atm.Feed 100
= 40 wt.% glycerol in
methanol. WHSV = 0.71 h~1.

H-Y (FAU), Si/Al = 40 T =400°C. P =2MPa. W/F  ca.95
= 0.5h. Ho/glycerol = 15:1.
H-ZSM-5 (MFI) with Si/Al = 45 T =400°C.P=2MPa. W/F  ca.95

= 0.5h. Ho/glycerol = 15:1.

responsible for hydrodeoxygenation
while H-ZSM-5 was for aromatization.

15 wt.% Desilication induced the increase of (Wang et al.,
Bronsted acidity. The BTW increased 2017)
while heavier aromatics ere
suppressed.

31 FAU was less selective to aromatics, (Hoang et al.,
as compared to MFI. 2010)

59 Maximum vyield of aromatics was ca. (Hoang et al.,
60%. 2010)

Glycerol to the second reactant ratio was presented as molar ratio. All conversions and selectivity values were rounded to the nearest whole number.

Hydrophobic Zeolites * -~~~
Zr or Hf modified with high Si/Al.

Hydrophobicity

Stability in the presence of
water 7777

Glycerol containswater impurity -

Hierarchical Zeolites for Glycerol Conversions

Hierarchical
Pores

Stability

FIGURE 3 | Crucial factors in the applications of hierarchical zeolites in glycerol conversions.

1~~~ ~~* Hierarchical Zeolites
!
Mesopores and external surface area.

Acidity : Bronsted and Lewis
Bronsted is preferred than Lewis.

achieve industrial standards for safety and economic assessments
(Pawar et al., 2015).

In addition to activation procedures, stability during chemical
reactions, and possible regeneration are expected to suppress the
catalyst cost. Ahmed and coworkers reported the decrease of
crystallinity of hierarchical MRE zeolite (i.e., ZSM-48) (Ahmed
et al., 2017). Typically, the crystallinity of zeolite-based catalysts
decreased during regeneration. Before the hierarchical zeolites
can be applied in glycerol conversions, improvements on the
stability of structure and acidity after regeneration should
be established.

The additions of boron and fluoride have been explored to
improve the stability of zeolite catalysts in the presence of hot
water or steam (Sanhoob et al., 2017). Boron has a weaker acidity
as compared to aluminum acid sites. Appropriate level of boron
content increased the stability of MFI framework (with zero
aluminum) in steam-assisted reactions. The conversion in the
presence of steam was maintained with the large external surface
area with higher acid strength and high concentration of silanols.
Proper compositions of minerals were crucial.

Considering the deactivation problems in glycerol conversion
over zeolite catalysts, several cheaper catalysts are proposed:
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TABLE 4 | Selected works on glycerol-to-acrolein over zeolites.

Catalyst Condition Xglycerol (%) Sacrolein (%) Remark References
Hierarchical and conventional T=3820°C.P=1atm. 100 78 Hierarchical AFR was more active, (Fernandes
SAPO-40 (AFR) WHSV: 0.85 h~1. more selective to acrolein. AFR was etal., 2017)
also more active as compared to
SAPO-11 and SAPO-34.
MCM-22 (MWW) with Si’/Al2 = 28 Feed: glycerol in water 99.8 ~50 Coke after 10h = ca. 25%. (Carrico et al.,
(36.6%), T =320°C. T =2h. 2016)
Delaminated MCM-22 (ITQ-2, Feed: glycerol in water 58 44 Delaminated MWW, ITQ-2 has the (Carrigo et al.,
MWW) with Si/AI2 = 37 (36.6%), T =320°C. T = 2h. largest Vmeso- 2016)
Pillared MWW (MCM-36), Si’/Al2 = Feed: glycerol in water 89 ca.7 MCM-36 has B/L = 0.9. (Carrico et al.,
51) (36.6%), T =320°C. T = 2h. 2016)
H-Na-mordenite (MOR), Si/Al = 8 T = 400°C. P = 2 MPa. W/F ca.93 27 MOR, is considered as 1D pore (Hoang et al.,
= 0.5h. Ho/glycerol = 15:1. zeolite with larger size (12 MR, 0.65 x ~ 2010)
0.7 nm) than TON zeolite.
H-ZSM-22 (TON), Si/Al = 45 T = 400°C. P = 2 MPa. W/F 100 ca. 80 TON is representing 1D pore zeolite (Hoang et al.,
= 0.5h. Ho/glycerol = 15:1. with medium pore size (10 MR, 0.46 x  2010)
0.57 nm).
ZSM-5 (SiOo/AloO3 = 30) T =400°C. WHSV = 0.8 100 >30 (C% BTX) In the presence of water as a (Jang et al.,
h=1. contaminant, the catalyst was 2014)
deactivated rapidly.
Glycerol to the second reactant ratio was presented as molar ratio. Cgjyceror= Conversion of glycerol. Sacrolein= Selectivity to acrolein.
TABLE 5 | Glycerol conversion over natural zeolites and natural minerals.
Co-reactant Catalyst T(°C) X giycerol (%) Products Remark References
No co-reactant Bentonite was added to  500°C (pyrolysis) or 100 aromatics BTX, Bentonite was selective to (He et al., 2018)

ZSM-5 with different
weight ratios: 10, 20
and 40 wt.%.

550°C (aromatization).

Benzaldehyde montmorillonite 40 83%
Sodium Hierarchical clinoptilolite ~ 60-100 28
bicarbonate

Acetone montmorillonite 30 87%

35%. benzene. Spgnzene changed to
40% (additional 10%) when
bentonite was added as matrix.

Solketal (99%) Glycerol:benzaldehyde dimethyl  (Nanda et al.,
acetal = 1:1.1 for 6 h. 2016)

N.A. The optimum conditions at molar  (Mahdi et al.,
ratio of glycerol: sodium 2016)

bicarbonate: water equal to
3:1:3.

Glycerol:acetone = 1:6, catalyst
weight: 3 wt.% of total reactant
weight, for 2 h.

Solketal (85%) (Sandesh et al.,

2015)

Glycerol to co-reactant ratio was highlighted as molar ratio.

(i) natural zeolites which need acid-base activation, (ii) OSDA-
free zeolites, (iii) amine-templated zeolites. Those materials were
considered due to cheaper production cost. OSDA-free zeolites
are synthesized without template (without organic structure
directing agent). Amines are low-cost OSDA as compared to
ammonium hydroxide OSDAs.

PERSPECTIVE ON GLYCEROL OVER
HIERARCHICAL ZEOLITES IN THE
PRESENCE OF WATER

The crude glycerol obtained as byproduct in biodiesel production
contains water (up to 10%), ash, matter organic non-glycerol
(MONG) and trimethylene glycol (Tan et al., 2013). The presence
of water, hot water or steam in glycerol conversions affects
the stability of zeolites (including hierarchical zeolites). Table 6

presents some notable research reports on the effect of water
in glycerol conversions. High Si/Al (Si/Al=16) zeolite beta
(BEA) with rich silicon content has resulted in the hydrophobic
properties for the conversion of glycerol with formaldehyde in
the presence of water (Da Silva et al., 2009). This may happen
over BEA as this topology has the internal surface area almost
similar with the external surface area. The authors claimed that
the water molecules were prevented to reach the acid sites at
the internal pore architectures. Surprisingly, zeolite FAU (USY)
exhibited negligible conversion due to hydrophilic properties of
FAU (Si/Al=28). Good stability was also observed over medium
pore zeolite, such as MFI with Si/Al of 14 with the pore opening
of ca. 0.56 nm, the formation glycerol acetals was prevented.
Bakare and co-workers reported that a one dimensional
pore zeolite, MTT framework was stable in the presence of
water vapor at 200°C under autogenous pressure of autoclave
(Bakare et al., 2016). The addition of lanthanum (La) and cerium
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TABLE 6 | Glycerol conversions over zeolites in the presence of water.

Co-reactant Catalyst T (°C) Xglycerol (%)  Selectivity to main product Remark References
No co-reactant, ZSM-5 (MFI) with 440 >99.99 The carbon yield of aromatics  Different concentrations of water ~ (Jang et al., 2014)
but different Si/Alp of 30. reached 25 wt.% after ca. 5h.  were used. Jang et al reported

solvents were the positive effect of water in

used. glycerol feed. The

glycerol/(glycerol+water) was
varied from 30 to 70 wt.%.

No co-reactant MCM-22 (MWW) with 320 99.8 S acrolein = ~50. Coke after Feed: glycerol in water (36.6%), t  (Carrico et al.,
Si/Al, =28 10h = ca. 25%. =2h. 2016)

No co-reactant Delaminated MCM-22 320 58 S acrolein = 44. Delaminated Feed: glycerol in water (36.6%), t  (Carrico et al.,
(ITQ-2, MWW) with MWW, ITQ-2 has the largest =2h. 2016)

Si/Alp = 37 Vmeso.

No co-reactant SAPO-40 (AFR) with 320 89 S acrolein =72%. P =1atm. WHSV.:0.85h-1.T = (Fernandes et al.,
12 MR (0.67 nm). 2.5h. Feed: 10 wt.%. 2017)

No co-reactant Hierarchical SAPO-40 320 100 S acrolein =78%. Hierarchical SAPO-40 was more  (Fernandes et al.,
(AFR) active and more stable. 2017)

Acetone, 20 wt.%  Zeolite Y (FAU), SI/Al 70 36 Selectivity was not clearly Conversion in the presence of (Lietal., 2012)

of water =26 reported. water decreased to 19% where

glycerol/HyO: 4:1.

Formaldehyde and  Zeolite BEA with Si/Al 70 95 after 70% of 6 MR (membered Glycerol: formadehyde = 1: 1.2 (Da Silva et al.,

water with =16 60min (0.5h)  rings) acetals and 30% of 5 2009)

formaldehyde MR.

(87%)

No co-reactant ZSM-5 (MFI) with Si/Al 350 97 S acrolein = 59%. Feed: 85 wt.% glycerol in the (Corma et al.,
= 50, Particle size: presence of water. 2008)

40-120 micron.

No co-reactant ZSM-5 (MFI) with Si/Al - 350 100 S acrolein = 59%. Feed: 50 wt.% glycerol in the (Corma et al.,
= 50. Particle size: presence of water. 2008)

40-120 micron.

No co-reactant ZSM-5 (MFI) with Si/Al 350 100 S acrolein = 62%. Feed: 20 wt.% glycerol in the (Corma et al.,
= 50. Particle size: presence of water. 2008)

40-120 micron.

No co-reactant Hierarchical ZSM-5 250-320 100 S acrolein = 81%. Selectivity to acrolein was (Zhang et al.,
with similar Si/Al relatively constant around 80%. 2015)

No co-reactant Hierarchical ZSM-5, 250-320 100 S acrolein = 86%. Hierarchical ZSM-5 with (Zhang et al.,
intercrystalline intercrystalline mesopores has 2015)
mesopores exhibited the highest selectivity

to acrolein.

No co-reactant Hierarchical ZSM-5, 250-320 100 S acrolein = 85%. Hierarchical ZSM-5 with (Zhang et al.,

intracrystalline intracrystalline mesopores 2015)

mesopores

showed lower stability than the
hierarchical ZSM-5 with
intracrystalline mesopores.

Xglycerol (%) = conversion of glycerol.

(Ce) improved the stability of MTT in hot water vapor. The
most stable catalyst was cerium modified MTT. Stability of
TON, another medium pore zeolite with one-dimensional pore
architectures was reported by (Jamil et al., 2016).

Li et al. (2012) reported the presence of water reduced the
catalytic activity of solid acid catalysts (up to 50%) in the acid-
catalyzed glycerol conversions as compared with the activity with
pure glycerol feed. They emphasized that strength and density of
Bronsted and Lewis do not have linear relationship with catalyst
activity. Hierarchical large pore zeolite (FAU) and mesoporous
silica (Al-TUD-1) with high number Brensted and Lewis acidity
were not active enough in the conversion of glycerol to solketal, a
fuel additive (Li et al., 2012). Hydrophobicity of the catalysts plays

an important role in solid-acid catalyzed reactions. In line with
hydrophobicity strategy, the addition of zirconium and hafnium
improved the stability of aluminosilicate TUD-1 and SBA-15 in
glycerol conversions (Ammaji et al., 2018).

Prinsen and co-workers reported the activity of the solid
acid catalyst is not always linear increase with acidity for the
conversions of glycerol and fatty acids to chemicals (Prinsen et al.,
2018). In the conversion of palmitic acid to methyl palmitate
over zeolites, it was reported that zeolite Y (FAU) with high a
Si/Al of 30 (SiO,/Al,O3 = 60) was more active than Al-rich FAU
(with SiO,/Al,03 of 5. FAU based catalyst was also more active
as compared with medium pore ZSM-5 (MFI). Maximum 100%
conversion was achieved at the temperature reaction of 70°C for
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3h. They concluded that the most important parameters were:
(i) porosity of zeolites (hierarchical pores), (ii) hydrophobicity,
(iif) acid strength and (iv) stability as shown in Figure 3. The
importance of hierarchical pores was also reported by Zhang et al.
(2015). Hydrophobicity of catalysts are tunable by adding metals
such as zirconium and hafnium and by removing the aluminum
from the zeolite frameworks.

The effects of types of mesopores, either intercrystalline
mesopores or intracrystalline mesopores were reported by Zhang
et al. (2015). The most suitable nanozeolites with intercrystalline
mesopores followed by hierarchical ZSM-5 with intra crystalline
mesopores. Selectivity to acrolein was slightly increased due
to intrercrystalline and intracrystalline mesopores. Fernandes
et al. (2017) reported the application of hierarchical SAPO-40
(AFR) zeolite for the conversion of glycerol to acrolein in the
presence of high water content (10 wt.% of glycerol in water). The
hierarchical SAPO-40 with higher mesopore volume promoted
larger stability and less mass-transfer limitation. The hierarchical
SAPO-40 contained less Bronsted acidity with almost similar
Lewis acid strength. The unique SAPO-40 was synthesized
using two different silica sources, including [3-(trimethoxysilyl)
propyl] octadecyl dimethyl ammonium chloride (TPOAC) and
fumed silica. In the conversion of glycerol to acrolein, SAPO-
40 was more active than SAPO-11 (AEL) and SAPO-34 (CHA).
Due to more open porosity, the coke found in hierarchical AFR
was higher (23.5%). The presence water (10 wt.% glycerol) did
not affect the stability of SAPO-40 negatively. Corma et al.
(2008) reported interested fact about glycerol conversion that
the addition of water increased the selectivity to acrolein over
commercial zeolite Y in SiO,-Al,O3 matrix and ZSM-5 in
clay matrix.

The improvement of catalytic activity of zeolites in glycerol
dehydration and aromatization by the creation of mesopores
are reported in Table 5. Nanosized zeolites are also promising
for glycerol conversions. The nanosized crystals can also form
intercrystalline hierarchical zeolites (Kowalska-Kus et al., 2017;
Possato et al., 2017; Feliczak-Guzik, 2018; Galadima and Muraza,
2018; Yang et al,, 2018; Ahmed et al., 2019). Theoretically, the
intercrystalline zeolites affect better diffusion properties to tackle
mass-transfer limitations (Yu et al., 2013; Manjunathan et al.,
2015; Huang et al., 2017). Hierarchical zeolites are fabricated by
different approaches, however, to suppress catalyst cost (as part
of variable cost in industrial scale), the templated methods are
not proposed due to the expensive price of the bulky organic
structure directing agents (OSDA). The low-cost desilication
and dealumination routes are preferred. The demetalization
processes changed the mesopore distribution, improved the
access to active sites, reduced mass transfer limitation and
acid distributions. Another route for cheap catalyst is OSDA
free (without additional OSDA). The low-cost fabrication of
hierarchical zeolites with different topologies were started with
three-dimensional (3D) medium pore ZSM-5 (MFI) (Muraza
etal.,2013,2014; Bawah et al., 2018), 3D large Beta (BEA) and 3D
large pore FAU. Later, some one-dimensional pore zeolites such
as MTW (Sanhoob et al., 2016), MTT (Muraza et al., 2013, 2014),
TON (Jamil et al., 2018), and MRE (Ahmed et al., 2017) were also
reported elsewhere.

Considering the popularity and the stability of hierarchical
zeolites for glycerol monetization in water, hot water, sub-critical
water and super critical water, it is also beneficial to explore
the applicability of low-cost zeolites with hierarchical pores. The
manufacturing of zeolites is indeed possible by using organic-
structure directing agent (OSDA) free synthesis. The absence of
template or OSDA (Khalil and Muraza, 2016; Idris et al., 2019;
Nasser et al., 2019) will suppress the catalyst cost as one of the
variable costs in glycerol biorefinery. Pure MOR, for instance, was
fabricated by using OSDA or without OSDA route. The synthesis
parameters such as alkalinity (Na/Si) and Si/Al were found to be
crucial to obtain pure mordenite (Idris et al., 2019). If higher Si/Al
is targeted, the higher Na/Si ratio should be set in the synthesis
mixture. Rapid fabrication of low-cost MOR zeolite was also
possible under microwave irradiation (Khalil and Muraza, 2016).

In addition, the natural zeolites are also potential as a low-
cost catalyst for glycerol conversions. Mostly, natural zeolites
are presence as small pore zeolites such as clinoptilolite (HEU)
and chabazite (CHA) (Aysan et al., 2016). There are more than
28 different zeolite frameworks found in nature (Stocker et al,,
2017), mordenite (MOR) is a promising natural zeolites for
industrial catalytic applications. Recently, Kurniawan and co-
workers reported to the applications of MOR and hierarchical
MOR from natural zeolites for catalytic reactions (Nasser et al.,
2016a,b; Kurniawan et al., 2017b). Hierarchical mordenite was
modified by zirconium and applied in glycerol conversion (i.e.,
esterification) (Popova et al.,, 2017). By this approach, natural
zeolites can also be converted to hierarchical MOR as low-cost
catalyst for glycerol conversions. Other medium pore natural
zeolites are expected. In addition to natural zeolites, low-
cost natural clays such as montmorillonite are expected to be
applicable in the conversion of low-cost feedstock like glycerol.
Montmorillonite, which was activated by sulfuric acid, was used
as a catalyst support (Samudrala et al,, 2018). Bentonite was
reported as good matrix for ZSM-5 for glycerol conversions to
aromatics (He et al., 2018). Bentonite contains approximately 80
wt.% of montmorillonite structured clay (Carniato et al., 2018;
Pentrak et al., 2018).

PERSPECTIVE AND CONCLUSIONS

This mini review highlights recent development glycerol
conversions to acrolein and aromatics over zeolite-based
catalysts. Crude glycerol usually contains water and other
impurities. Water is a critical factor for glycerol conversions over
solid acid catalysts. The presence of water and coke formation
affect the stability of zeolite catalysts in glycerol conversions.
Therefore, it was proposed to consider some strategies to
suppress catalyst costs by using OSDA-free zeolites or by applying
natural zeolites. Proper activations of natural zeolites were
proposed. Natural mordenite is a potential natural zeolite for
glycerol conversions. Low-cost catalysts should be found for low
cost feedstock (e.g. glycerol). Coking is one of the main problems
in the conversion of glycerol to acrolein. Coke formation can be
suppressed by selecting the appropriate pore opening, especially
medium pore zeolites with mild acidity. In addition to pore
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architectures of the catalysts, acidity is an important factor in
glycerol to acrolein or aromatics over zeolite catalysts. This
review will open plethora in designing better zeolite catalysts for
glycerol conversions to acrolein and aromatics. Medium pore
zeolite with shape selective catalysts are expected to perform
better in glycerol to acrolein. Large pore zeolite with large cavity
are expected to be ideal catalysts for glycerol to aromatics. Natural
clays such as montmorillonite and natural zeolites are potential
applied in commercial glycerol to aromatics.
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