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Preface

Biodiesel commodities have been the main driving forces of the sustainable
economy. Their production is mainly obtained through transesterification of
triglycerides using small chain alcohols, such as methanol or ethanol, leading

to the massive production of crude glycerol as a by-product. Purification of
crude glycerol to a chemically pure substance is costly and the glycerol market

is already saturated. Consequently, the price of crude glycerol continues to
decline and directly affect biodiesel production cost. In this scenario, glycerol
has become an attractive molecule without a well-known industrial destiny but
with an impressive yearly industrial surplus. Nonetheless, glycerol is one of the
most polyhedral bioderived molecules for enforcing chemical and biochemical
conversion platforms. The three hydroxylic functionalities on three different
carbon atoms represent an astonishing scaffold for a wide range of chemical
transformations in the intermediates and fine chemical production. Glycerol is
the starting material for the synthesis of fuel additives (i.e. acetins) for multi-
functionality acetals and compounds like 1,3-dihydroxypropanone or acroleic
acid. Furthermore, neat glycerol is currently used for a number of applications
ranging from the manufacturing of drugs (i.e. drug solvents, carriers for anti-
biotics and antiseptics, plasticizers for capsules) and medicine preparations
(cough syrups, ear infection preparations). Moreover, glycerol has found several
uses in the food and beverage industry as a solvent, sweetener, and preservative
agent. Another principal glycerol use is related to energy production. In this
field, great interest has been harvested in the production of hydrogen through

a variety of different processes (i.e. steam reforming, partial oxidation, auto-
thermal reforming). The current specialistic literature lacks a comprehensive
approach to the world of glycerol use. Plenty of published works have reported
a very narrow aspect of complex glycerol use and conversion reality. In this
book, we decided to report a multidisciplinary approach that takes into account
chemistry, engineering, and biological sciences. We are deeply persuaded that
only an expanded point of view could clarify all the challenges and possibilities
related to this exciting research field. Consequently, we promote the realiza-
tion of a specialist book by different researchers. Through its chapters, this
monographic work presents an overview of whether glycerol-based processes are
convenient and economically sound considering both traditional and unconven-
tional approaches. We are pleased to say that a number of specialists in different
disciplines collaborated with us to provide the most exhaustive points of view on
glycerol uses to all readers.

Ranging from more traditional to unconventional conversion routes, a wide range
of studies has been collected to enlighten in a very clear way the realm of glycerine.



We hope that this book will be the future reference for all enthusiastic researchers
who are contributing to the further development of glycerol valorization.
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Sesto Fiorentino, Italy
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Chapter1

Introductory Chapter: A Brief
Insight about Glycerol

Mattia Bartoli, Luca Rosi and Mavco Frediani

1. Toward sustainability: glycerol and integrated conversions

Over the last century, oil-based economy drove the mankind on the edge
of environmental collapse [1, 2]. Moreover, the continuous increment of oil
consumption has rapidly decreased the worldwide reserves [3]. During the last
decades, the increased accountability of companies with regards to environmental
issues has represented a formidable driving force for the development of sustain-
able industrial processes together with innovative products. As a consequence,
the production of fuels and chemicals has started to use recycled or renewable
feedstocks in place of oil-based raw materials attempting to improve process
sustainability [4]. Biodiesel commodities have been of the main driving forces of
the sustainable economy simultaneously decreasing the emission of carbon dioxide
and producing affordable biofuels for worldwide market. Actually, biodiesel
production is mainly performed through transesterification of triglycerides using
small chains alcohols (i.e., methanol, ethanol, etc.) leading to the massive produc-
tion of glycerol as byproduct. A general estimation based on the actual production
evaluate for 2020 an annual surplus of glycerol around to 4.2 x 10° ton/year [5].

Glyeerol carbonate

0
Complex acetals O
v I "}“‘-/L\’D 1,3-Dihydroxypropan-2-one
a0 0
HO._JL_oOH
HO
OH OAc
f\n,oH HO._ A _OH AcO._A_OAc
0 Acetilation Triacets
Acroleic acid KECETI,
JLL OH
H™ OH )\n,UH
Formic acid HO._~._-OH 0
Propane-1,3-diol Lactic acid

Figure 1.
Glycerol as sound candidate for multiconversion platform for chemicals production.
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Despite its large availability, producing refined glycerol from those recovered in
the biodiesel stream is far more expensive than common production cause the costs
of purification process. Thus, glycerol becomes an attractive molecule without
a well-known industrial destiny [6]. Many authors have recognized its value as
feedstock for a lot of conversions (i.e., oxidation, hydrogenolysis, etherification,
esterification, etc.) without proposing a breakthrough technology for its valoriza-
tion. Despite this, glycerol processing is one of the most polyhedral bio-derived
molecules for enforcing chemical and biochemical conversions platforms [7]. The
great versatility of glycerol led to its incorporation in multi approach bio-based
processes dedicated on obtaining several chemicals (i.e., glycerol carbonate, drugs
synthones, etc.), Figure 1.

The astonishing possibilities of glycerol are still unexploited. Nonetheless,
it could become the resource for further development in the field of both green
chemistry and blue economy.

2. Approaching the readers

The simultaneous glycerol conversion requires multidisciplinary approach that
takes into account chemistry, engineering, and biological sciences.

Available literature generally lacks in a comprehensive point of view, focusing
more on one single aspect of the problem. In this book, we collected contributes
that tries to paint a complete and multidisciplinary picture on the great possibilities
related to glycerol.

Through the chapters, we reported the use of glycerine as solvent, food addi-
tive, monomer for textiles polymers, and drugs. We discuss a lot about successful
achievements of converting glycerol into value-added products, using a lot of
approaches to enlighten the technical and scientific issues and solutions of each
of them.

Furthermore, we would like to give readers a handy and effective tool to easily
understand how this field is interesting and diverse.

Through its chapters, this monographic opera presents an overview on whether
glycerol-based processes are convenient and economically sound considering both
traditional and unconventional approaches.

This book could be easily used by any reader with a strong scientific background
ranging from scientific company advisors to academia members. Nonetheless,
students enrolled in scientific undergraduate and graduate programs could be
consulted to this text for any further and deeper investigation.

In the end, we proposed a very high scientific content book that could represent
the reference text for any consideration and future study about glycerol for the
next years.
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Chapter2

Catalytic Dehydration of
Glycerine to Acrolein

Isvael Pala Rosas, Jose Luis Contreras Larios, Beatriz Zeifert

and José Salmones Bldsquez

Abstract

The biodiesel production yields glycerine as a by-product in quantities around
10 vol% of produced biodiesel. Acrolein can be obtained from glycerine by a
dehydration reaction. Catalytic processes in gas phase have been developed to
obtain acrolein from a renewable feedstock using heterogeneous catalysts. The
main process variables are the reaction temperature, the concentration of glycerol
in water, and the space velocity in fixed-bed reactors. A thermodynamic study
of the equilibrium has been made to estimate the conversion to equilibrium as a
function of temperature. The reactors have been heated usually between 523 and
603 K. Generally, an aqueous glycerol solution is preheated in a preheating zone at
a temperature enough to vaporize the feedstock, between 473 and 533 K, depend-
ing on the concentration of reactant required in the feed. Some of the most active
catalysts in the gas-phase reaction (yield >70%) were NHy-La-p zeolite, Pd/LaY
zeolite, hierarchical ZSM-5, WOs/ZrO,, WO;/TiO,, ZrOx-NbOx, WOx-NbOx, WOs-
SiOZ/ZrOZ, NbOX—WOX/A1203, H3PO4—MCM—41, SAPO—40, NbPSl, Pd—H3PW12040/
ZI'—MCM—41, H3PW12040/CS—SBA—15, H3PW12040/Nb205, Cs—doped H4SiW12040/
Aleg, H4SiW12040/Ti02, and H4SiW12040/SiOz.

Keywords: glycerine dehydration, acrolein, renewable production, acid catalyst

1. Introduction

During the last decades, the growing demand of energy and the depletion
of fossil resources have resulted in the research and development of sustainable
technologies for the production of valuable chemical compounds and fuels, and
biomass conversion through catalytic processes is a potential alternative. One of
the most viable choices for the partial replacement of petroleum diesel is the use of
biodiesel as fuel in internal combustion engines. The biodiesel production yields
glycerine (glycerol or 1,2,3-propanetriol) as by-product in quantities around 10% of
the volume of produced biodiesel, and, as a result of the development of biodiesel
industry, the global production of glycerine has increased while its market price has
consequently declined [1].

From this perspective, intensive research has been carried out in recent years
to develop biotechnological and catalytic processes that allow the change of the
current status of glycerine as a by-product into a raw material for the production of
compounds of industrial and technological interests [1, 2]. The catalytic dehydra-
tion of glycerine has become important because it may yield acrolein (2-propenal)

9 IntechOpen
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as the main reaction product and represents a route for its renewable production,
in contrast with the current process based on the partial oxidation of propylene
derived from the petrochemical industry [3].

Acrolein is the simplest unsaturated aldehyde and exhibits high reactivity due
to the presence of a C=C double bond conjugated with the carbonyl group. The
acrolein has been used as herbicide in irrigation systems and as antimicrobial
in liquid fuels, process lines, and in water recirculation systems and is a crucial
intermediary in the industrial production of a wide range of compounds such as
methionine, acrylic acid, acrylic acid esters, polymers, propanol, propionalde-
hyde, allyl alcohol, 1,3-propanediol, acrolein acetals, alkoxy-propionaldehydes,
and pyridine bases [4].

The glycerol dehydration is mainly carried out in gaseous phase in the presence
of an acid catalyst such as protonated or metal-promoted zeolites, mixed metallic
oxides, functionalized oxides, or supported heteropolyacids [5], at atmospheric
pressure and reaction temperatures between 453 and 773 K [6]. Depending on
the reaction conditions and the physicochemical properties of the catalyst, acetol
(1-hydroxy-2-propanone) and acetaldehyde (ethanal) may be produced by parallel
dehydration routes, while small amounts of aldehydes, carboxylic acids, and/or
alcohols in the range of C;—C; are results of subsequent reactions of the dehydration
products [7].

This chapter highlights the advances in the gas-phase catalytic dehydration of
glycerine to acrolein.

2. Thermodynamics of the glycerol dehydration

The thermodynamic analysis of a chemical system provides valuable informa-
tion for the design of chemical reactors such as the heat released or absorbed by
the reaction, the behavior of simultaneous and consecutive reactions regarding the
temperature, and the equilibrium concentration of each compound involved in the
system at a determined temperature. In this sense, the glycerol dehydration reaction
proceeds through three parallel routes as shown in Figure 1, from which acetol and
acrolein are the main products (reactions 1 and 2), while acetaldehyde and formal-
dehyde may be produced in minor proportions (reaction 3) [7, 8].

The reaction enthalpies (AH,°) of the three parallel routes at the gas phase evi-
dence that the production of acetol (reaction 1) is an exothermic process releasing
34 kJ-mol ™" at 298.15 K, while the system becomes endothermic to obtain acrolein
(reaction 2) and acetaldehyde (reaction 3), requiring 28.8 and 56.8 kJ-mol ™}, respec-
tively (Table 1). The theoretical values of the equilibrium constants (K,) indicate

||u\)l\ + HO Y

wa s 2HO i

J ¢ HC=O + HO 3)

HO OH

Figure 1.
Parallel reactions involved in the glycerol dehydration.
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that the three reactions are thermodynamically feasible from 300 to 900 K [7].
From experimental results, Talebian et al. [9] performed calculations of equilibrium
constants for the conversion of glycerol to acrolein (reaction 2) between 553 and
613 K. The trend of the equilibrium constants (from 7.6 to 7.95) is in agreement with
the direction of the theoretical estimations; however, the values are smaller than
the theoretical ones. The difference may be attributed to the fact that the authors
considered the effect of water as solvent besides that the experimental system did
not reach the chemical equilibrium, resulting in glycerol conversions smaller than
the theoretical and concentrations of reactants and products that lead to different
values of the thermodynamic equilibrium constant [7].

Presented in Figure 2, the equilibrium molar fractions (y;) of each compound
indicate that production of acetol prevails at mild temperatures, mainly from 300
to 480 K, attaining ¥, = 0.50-0.47 as its highest concentration between 300 and
400 K, while its molar fraction decreases approximately 97% from 400 to 600 K.

Contrary, the acrolein concentration increases along the reaction temperature
range reaching its maximum and staying around at y,ein = 0.31 between 600
and 800 K. For reaction 3, below 500 K, the degree of advancement estimated is
neglectable, increasing and remaining between 500 and 800 K, which results in low
molar fractions of formaldehyde and acetaldehyde, reaching a maximum value of
yi = 0.034 for each product at 900 K.

Reaction AH,° In (Kp)
(kJ-mol™)
298 300 400 500 600 700 800 900
K K K K K K K K
1 -33.99 29.39 29.30 2591 23.85 22.43 21.36 20.53 19.86
2 28.84 1911 19.18 22.15 23.96 25.09 25.82 26.28 26.57
3 56.77 6.93 7.07 12.77 16.11 18.24 19.68 20.71 2148
Table 1.

Standard enthalpies and equilibrium constants of glycerol dehydration reactions.

28.86 0,15 29,03

o312

27 A8

Maolar fraction, i
i
1

/I:I—' —0 o o
\ o
024 4
0.1 < ]
] Y
ﬂ'u'_’?"‘:—"r_:r'? — l-_'_ l-_:-_‘|I v flL_ v 'rl‘_
300 BT 5K (L] J00 BN N
Temperature (K)
=0 =Glyoerol =O= Water =0= Acrolein =8= Acctol =X=Formaldchyde Acctaldehyde

Figure 2.
Equilibrium molar fractions of products as function of temperature of glycerol dehydration [7].
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On the other hand, as was expected, the molar fraction of water in the whole
system shows a higher value than the rest of the compounds all over the tempera-
ture range over ¥, = 0.50 and increases to 0.64 simultaneously with the forma-
tion of acrolein. In this reaction two molecules of water are released per molecule
of glycerol. The numerical values over the molar fraction curve of water indicate
the heat of reaction (in kj-mol™?) of the overall system after an enthalpy balance,
pondering the degree of advancement of each independent reaction [7].

3. Reactors for the glycerine dehydration in gaseous phase

Performing of the gas-phase catalytic dehydration of glycerine is usually accom-
plished in continuous fixed-bed and fluidized-bed reactors. These types of reactors
are described in the following.

3.1 Fixed-bed reactors

As shown in Figure 3(a), the fixed-bed reactor consists mainly on a steel alloy
tube provided with an inner mesh on which the catalyst particles are deposited
occupying the internal volume. A distributor tray is placed below the reactor
entrance, to offer a uniform feedstock flow, as well as a layer of a nonporous
and inert material such as fused ceramic on top of the catalytic bed [10]. For the
catalytic dehydration of glycerine, the reactor is heated usually between 523 and
603 K. Moreover, an aqueous glycerol solution is preheated in a preheating zone at
a temperature enough to vaporize the feedstock, between 473 and 533 K depending
on the concentration of reactant required in the feed, and is carried by a pure inert
gas flow, usually nitrogen (N,), or in mixture with reactive gases like hydrogen (H,)
or oxygen (O,) to diminish the catalyst deactivation [7, 11, 12].

The gaseous mixture of glycerine, water, and the carrier gas is continuously fed
downward the reactor in nearly plug flow at a known molar or volumetric flow,
regarding the reactant or the carrier gas, respectively. The output stream from the
reactor may consist of a mixture of the carrier gas, water, unconverted glycerine,
acrolein, and condensable and noncondensable by-products. The condensable
compounds may be separated and purified by distillation, while the noncondens-
able products may be treated in absorption units [13].

[al Ciover of - '!'h—ml.:m:up'h- {b]
Thermocoaple e
’ Cataly st swsir
diboend
Feed =P - - =
Flange r \
. Feeals catabpst W "
Ineert Material— 4 y
FIATCT X |
Sampling - Catalywt
Parts Tegierabor
Heater =
.
Catalyss
— Spwnt catalyst exd
o the regenerator
.
Liquan] divmlseok o s
Q.“Pul“f Lapitr et g

|5= - Products

Figure 3.
Schematic diagrams of reactors used in the gas-phase catalytic dehydration of glycerol to acrolein: (a) fixed-bed
reactor and (b) fluidized-bed reactor.
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One of the first processes to convert glycerol into acrolein in gaseous phase using
a fixed-bed reactor was patented by Schwenk et al. [14]. The authors reported the
use of tubes to contain and heat bulk of supported phosphates through which pure
or water-diluted glycerol vapors were passed at temperatures between 573 and
873 K. Glycerine was converted to acrolein with yields between 75 and 80% depend-
ing on the reactant concentration in the feedstock. Similarly, the patent of Neher
et al. [15] reported the use of a-Al;0, spheres impregnated with phosphoric acid
deposited in a 15-mm diameter steel tube to convert vaporized aqueous glycerol
solutions to acrolein at 573 K, resulting in acrolein yields between 75 and 65%
depending on the glycerol concentration in the feedstock. It is noteworthy that the
catalytic activity was maintained after 60 h of operation.

3.2 Fluidized-bed reactors

The fluidized-bed reaction systems consist of two coupled units: the reactor
itself and the catalyst regenerator as presented in Figure 3(b). In the reactor, a bed
of solid catalyst (with particle sizes between 7.5 and 130 pm) is initially deposited
on a screen. Subsequently, a fluid (a mixture of the feedstock and a carrier gas) is
fed at the bottom of the vessel passing through the catalyst at a velocity high enough
to suspend and distribute the solid particles along the reactor, causing the catalyst
to behave as a fluid. This process is known as fluidization. When the steady state has
been reached, the catalyst is continuously fed at the top of the reactor and moved
downward against the fluid stream to be removed from the fluidized bed subse-
quently. Once discharged from the reactor, the spent catalyst is sent directly to the
regenerator where the coke is burned off with air at temperatures between 823 and
925 K. The regenerated catalyst is promptly sent back to the reactor providing the
necessary heat for performing the reaction. The rate of circulation of the solids is
dictated by the heat balance and the catalyst activity [16, 17].

Corma et al. [18] carried out the catalytic dehydration of glycerol in a fluidized-
bed reactor in the presence of a ZSM-5-based catalyst, finding that the best opera-
tion conditions were 623 K, a catalyst/feed ratio of 11.5, residence time equal to
0.9 s, weigh hourly space velocity (WHSV) of 335 h7, and a concentration of 20 wt
% of glycerol in the aqueous feedstock, reaching 100% of conversion and 62.1% of
acrolein yield. The authors also compared the performance of this system against a
fixed-bed reactor at the operating conditions. While the glycerol conversions and
the product distributions were quite similar, the main difference between both pro-
cesses was the higher amount of coke deposited on the catalyst used in the fixed-bed
reactor (1%) than that deposited during the fluidized-bed operation (0.2%).

In other studies [19], the catalytic dehydration of a 28 wt % aqueous glycerol
solution was performed at 553 K using phosphotungstic acid supported on titania
(HsPW1,040/Ti0,) as catalyst in a fluidized-bed reactor of 52 mm in height and 8 mm
in internal diameter. The authors used a mixture of argon and oxygen to fluidize 1.5 g
of catalyst and determined that the minimum velocity of fluidization was 1.4 cm-s™;
however, the catalytic tests were carried out at a velocity three times higher than this
value. Under these conditions, the glycerol conversion was complete, and the acrolein
yield reached 48.3%. It was found that as much as 85% of the glycerol was converted
to coke in the first hour and less than 20% to acrolein. However, the acrolein selectiv-
ity increased and the coke selectivity decreased with time-on-stream (TOS).

3.3 Process variables

There are three process variables reported in the literature to be the most
important for the catalytic dehydration of glycerine: the composition of the aqueous
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glycerol solution, the reaction temperature, and the space velocity. In the next
sections, the effects of these variables on the catalytic dehydration of glycerol are
presented.

3.3.1 Composition of the aqueous glycerol solution

Since pure glycerol is highly viscous (1.5 Pa-s at 293 K) and presents a very low
vapor pressure (0.05 MPa at 533.6 K) [20, 21], the use of aqueous solutions has
been a strategy to overcome these drawbacks allowing the vaporization of glycerol
and its use as feedstock in catalytic processes. However, the composition of the
glycerine solution affects the performance of the reaction. Figure 4 presents the
results of glycerol conversion and product yields regarding the concentration of
glycerol in the feedstock when using phosphotungstic acid supported on niobium
pentoxide (H;PW3,040/Nb,Os) as catalyst [22]. The conversion of glycerol declined
from 99.8 to 94%, while the acrolein yield decreased from 91.8 to 67.7% with the
increment in glycerol concentration from 10 to 40%. Similar results were observed
for acetol, while for acetaldehyde there was not a clear trend. It is important to
notice the enhancement in the yield of by-products (allyl alcohol, acetic acid, and
unknown compounds) with the increase of glycerol in the feedstock, indicating
the occurrence of side reactions. The use of other catalysts such as H-ZSM-5, H-§,
H-ferrierite, silica-alumina mixtures, and supported heteropolyacids gave similar
behaviors of the glycerol conversion and acrolein yield with the increase of glycerol
concentration [23-26].

These results suggest that at low glycerol concentrations (large amounts of
water), the water molecules may modulate side reactions of glycerol and acrolein
such as etherification, oxidation, hydrogenolysis, condensation, and polymeriza-
tion, thus enhancing the acrolein selectivity [23, 27]. On the contrary, with high
glycerol concentrations, the diminishment in conversion and acrolein yield is
attributed to the decline of the dehydration activity caused by the decrease of avail-
able active sites on the catalyst surface by glycerol condensation, promoting side
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Figure 4.
Effect of the glycerol concentration in the feedstock on the glycerol conversion and product yield. Data from [22].
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reactions and carbon deposition [27]. Consequently, the catalyst stability with the
time-on-stream (TOS) is adversely affected when increasing glycerol content in the
feed. Table 2 summarizes this behavior, considering the effect of the water content
(from 15.7 to 91.7 mol %) on the glycerol dehydration over H-ZSM-5 (150) with
time-on-stream [23].

3.3.2 Reaction temperature

The reactor temperature determines the products present in the glycerine
dehydration reaction mixture, and according to thermodynamics, the acrolein
production would be predominant from 480 K reaching its maximum at 600 K [7].
Experimentally, the increase in reaction temperature increases the glycerine conver-
sion and therefore the acrolein yield.

Figure 5 presents the influence of temperature on the glycerol conversion and
acrolein yield for the gas-phase reaction over catalysts of 20 wt % of phosphomolybdic
acid (H3PMo;,0.49, HPMo), phosphotungstic acid (HsPW1,049, HPW), and silico-
tungstic acid (HsSiW,049, HSiW) supported on commercial alumina (ALO;, A5) ina
fixed-bed reactor [28]. Above 548 K, the acrolein yield declined because the decompo-
sition reaction toward acetaldehyde and formaldehyde is favored at high temperatures;
however, the temperature at which this reaction begins to be prominent also depends
on the acidity of the catalyst employed, varying from 548 to 598 K.

Table 3 shows the effect of reaction temperature, between 553 and 593 K, and
TOS on the glycerine dehydration in the presence of MCM-22 (molar ratio SiO,/
AlLOs = 30) as catalyst [29]. As previously stated, at initial stages of the process,
the glycerol conversion enhances with the temperature increase. However, severe
catalyst deactivation with TOS occurs at higher temperatures. An improvement
of the acrolein selectivity was also observed with the rise of temperature at
initial activities, maintaining the trends along the TOS and resulting in a higher
acrolein yield at 593 K even after 10 h. Similar behavior has been reported for
the glycerol dehydration performed over several catalysts such as H-ZSM-5
(150), H-p (25) and H-ferrierite (55), La-NH,-modified H-f (13) zeolite, and
aluminosilicophosphate nanospheres (ASPN-40) [23, 24, 30, 31]. The influence
of the reaction temperature on the catalyst deactivation is related to coking of the
catalyst as a result of subsequent reactions between acrolein, acetol, acetaldehyde,
and glycerol. At low temperature, the compounds involved in coking are glycerol
and acrolein oligomers and aldol condensation products, while the increment in
temperature may promote more secondary reactions of the dehydration products
resulting in the formation of unsaturated, heterocyclic, and aromatic compounds
of high molecular weight [27].

Water content (mol %) Glycerol conversion (%) Acroleinyield (%)
2 h 6 h 12 h 2 h 6 h 12 h
15.7 68 27 19 10 6 3
519 66 27 18 24 11 8
763 75 38 28 49 22 12
91.7 71 41 29 53 35 26
Table 2.

Effect of the water content in the feedstock on the glycerol conversion and the acrolein yield with time-on-
stream. Data from [24].
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Temperature (K) Glycerol conversion (%) Acrolein selectivity (%)
1h 5h 10 h 1h 5h 10 h

553 80 44 33 22 15 8

573 85 46 9 49 28 30

593 100 48 22 54 42 22
Table 3.
Effect of the reaction temperature on the glycerol conversion and acrolein selectivity with time-on-stream. Data
from [29].
3.3.3 Space velocity

When working with continuous reactors, the space velocity is useful to relate the
feed rate to the amount of catalyst. The feed rate may be expressed as the volumet-
ric flow rate of liquid (Q ;), the total gas volumetric flow (Q,, involving reactive
and inert species), or the mass flow rate of reactant (), while the catalyst amount
may be the volume (V,,;) or the weight of catalyst (W,,) loaded into the reactor. The
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resulting terms are known as liquid hourly space velocity (LHSV), gas hourly space
velocity (GHSV), and weight hourly space velocity (WHSV) which have units of
reciprocal time and are defined in Egs. 4-6. Care should be taken concerning the

choice of the reference conditions, since the three ways of expressing space velocity
find extensive use.

_Q
LHSV = e 4)
GHSYV - f}gt ©)
",
WHSV = 77 (6)

Figure 6 shows the effect of the WHSV on the glycerol conversion and yield of
products of the glycerine dehydration over a Pd-HPW/Zr-MCM-41 catalyst [26].
It was evidenced that the WHSV has significant influence on the catalytic activ-
ity. The glycerol conversion increased from 90-94% with increasing WHSV from
0.17 to 0.35 h™". However, a further increase in WHSV led to a decrease in glycerol
conversion up to 73% at 1.04 h™". According to the authors, this behavior was
explained by the fact that increasing space velocity implies shortening the residence
time for glycerol. Regarding the acrolein yield, it also presents a maximum value
of 80% at 0.35 h™* and decreased with the increase of WHSV because the formed
acrolein may further react with unconverted glycerol. This was supported by the
opposite trend shown for the yield of other products (including acetic acid, allyl
alcohol, and unknown products) reaching together a maximum yield of 13.9%
at 1.05 h™". Similar results have been reported for the reaction in the presence of
NH,-La-modified H-p zeolite, hierarchical mesoporous H-ZSM-5 zeolites, and
phosphotungstic acid supported on Cs-modified SBA-15 [30, 32-34]. Regarding the
effect of space velocity on the glycerol dehydration with TOS, no marked trend was

found during 20 h periods resulting in neglectable change in the glycerol conversion
and acrolein yield [34].
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Figure 6.
Effect of the weight hourly space velocity on the glycerol conversion and product selectivity. Data from [26].
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4. Catalysts used for the glycerine dehydration

As briefly pointed out in Section 3.1, the first attempts to perform the catalytic
dehydration of glycerine were using supported mineral acids. However, the use
of these catalysts involved some disadvantages, mainly the corrosive effect in
pipes and vessels as well as healthy risks during their handling and rapid catalyst
deactivation. On the other hand, the development of new heterogeneous catalysts
during the last decades has led to an improvement of chemical processes, either
in the technical, environmental, and health aspects. In this sense, during the last
years, several heterogeneous acid catalysts such as protonated, metal-promoted,
and hierarchical zeolites, mixed metallic oxides, functionalized oxides, and sup-
ported heteropolyacids have been evaluated to perform the catalytic dehydration to
acrolein in gaseous phase. Table 4 summarizes some relevant catalysts used in the
gas-phase conversion of glycerine to acrolein, as well as the reaction conditions and
their catalytic performance.

Protonated zeolites were studied by Kim et al. [23, 24] as catalysts for the
glycerine dehydration in a fixed-bed reactor, taking into account several param-
eters such as the composition of the catalyst (SiO,/Al,0; molar ratio), the reaction
temperature, and the amount of water in the feed. Among the tested zeolites,
H-ZSM-5 (150), H-B (25), and H-ferrierite (55) showed high catalytic activities with
conversions of 93.7, 95.2, and 70.9%, respectively, and acrolein yields around 53.8,
44.7 and 54.6% in the same order, at 614 K.

In other studies, Corma et al. [18] evaluated the activity of a ZSM-5-based
catalyst on the conversion of glycerol/water mixtures to acrolein in a fluidized-bed
reactor. The highest yield of acrolein (55-61% molar carbon yield) was obtained
at 623 K with complete glycerol conversion, while the use of high temperatures
(>773 K) resulted in the decrease of acrolein selectivity and the increment of
several other compounds, mainly acetaldehyde, C;—C, alkanes, ethylene, propylene,
butenes, acetone, and organic acids.

Zeolites modified by ion-exchange have also been tested in the glycerol dehydra-
tion. Dalla et al. [30] studied the dehydration activity of the protonic (H-p) and the
ammonium-lanthanum-modified beta zeolites (NH,-La-B). Both zeolites reached
similar initial glycerol conversions (98% and 95%, respectively, at TOS = 0.5 h) at
548 K. However, the NH,-La-p zeolite was more selective toward acrolein than the
protonic form, reaching 82.9% and 76.4% of acrolein yields. Additionally, the modi-
fied catalyst showed lower deactivation at 7 h of TOS than the H-p zeolite.

The activity of the Y zeolite in its protonic form (HY), with La (LaY) and Pd
with La (Pd/LaY), was evaluated by Pala et al. [7] at temperatures between 473 and
573 K. The three catalysts were active in the conversion of glycerine in the tempera-
ture range. The highest conversions were 61.6, 84.1, and 93% in the order HY, Lay,
and Pd/LaY at 573 K. For the three catalysts, the acrolein selectivities increased
with the increase in temperature and also followed the trend LaY > HY > Pd/LaY,
regarding the composition. However, the highest acrolein yields were 57.3, 75.2, and
87.6% at 573 K, for the HY, LaY, and Pd/LaY, respectively, as a result of the increase
of the glycerol conversion.

The production of acrolein from glycerine in the presence of hierarchical
H-ZSM-5 zeolites has proven to be feasible. Decolatti et al. [32] reported the use
of the parent (Si/Al = 15) and desilicated H-ZSM-5 zeolite attaining a glycerol
conversion of 62.1% and acrolein yield of 30.6% for the former at 548 Kand 1 h of
TOS, while the modified zeolite reached 89.6% of glycerol conversion and 72.1% of
acrolein yield. Additionally, the untreated zeolite showed high deactivation result-
ing in 4.5% of acrolein yield after 5 h of TOS, against 58.6% reached by the desili-
cated zeolite. Further work of Lago et al. [33] showed that desilicated samples of
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Catalyst Reaction conditions® Performance” Reactor Reference
type
H-ZSM-5 8.3 mol% glycerol, 91.7 mol% Xg=937 Fixed bed [23]
H,0 in He, F, = 23.4 mmol-h~’, Yaero = 53.8
T=613K,W,=030g
H-Ferrierite 8.3 mol% glycerol, 91.7 mol% X, =709 Fixed bed [24]
H,0 in He, F, = 234 mmol-h~", Yacro = 54.6
T=613K,W,=030g
ZSM-5 mixed with 20 wt % glycerol aqueous X, =100 Fluidized [18]
clay binder solution, T = 623 K, Yoo = 62.1 bed
WHSV =335h7}, catalyst to
feed ratio = 11.5
NH,-La- zeolite 20 wt % glycerol aqueous Xg=95.0 Fixed bed [30]
solution, T = 548 K, Yacro = 829
WHSV =0.75h7",
W= 040g
Pd/LaY zeolite 10 wt % glycerol aqueous Xg=93.0 Fixed bed [7]
solution, T = 573 K, Yacro = 87.6
GHSV =5933h7",
We=030g
Modified H-ZSM-5 20 wt % glycerol aqueous Xg =100 Fixed bed [33]
by alkaline solution, T = 548 K, Yacro = 74
treatment WHSV =0.75h7,
W= 040g
WO;/Zr0O, 30 wt % glycerol aqueous X, =100 Fixed bed [35]
solution, T = 553 K, Yacro =72
Vi = 4.5 ml,
GHSV = 4400 h™*
WO,/TiO, 28 wt % glycerol aqueous X, =100 Fluidized [36]
solution, Q; = 0.5 ml-min~" Yacro =73 bed
plusa200 ml-min~! Ar flow,
T=553K, Wee=100 g
ZrOx-NbOx 20 wt % glycerol aqueous Xg=99 Fixed bed [37]
solution, T = 573 K, Yaero = 71.3
GHSV=1930 h™, W, =75¢g
WOx-NbOx Glycerol-water 1:5 (mol/mol) X, =989 Fixed bed [38]
solution, T = 558 K, Yoo = 744
We=020g
WO;-Si0,/Zr0, 20 wt % glycerol aqueous X, =100 Fixed bed [39]
solution, T = 573 K, Y.cro = 80
GHSV =2900 h™*
H;PO,-MCM-41 20 wt % glycerol aqueous Xy =97 Fixed bed [40]
solution, T = 593 K, Y.cro = 81.5
We=030g
SAPO-40 10 wt % glycerol aqueous X =100 Fixed bed [41]
solution, T = 593 K, Yaero = 80.6
WHSV = 0.85h™,
Wee=030g
H3PW1,040/TiO, 28 wt % glycerol aqueous X, =100 Fluidized [19]
solution, Q = 0.5 ml-min~ Yaero = 48.3 bed
plus an additional Ar flow,
T=553K,W,=15g
H3PW;,0,0/Nb,Os 10 wt % glycerol aqueous Xy =998 Fixed bed [22]
solution, T = 598 K, Yaero = 91.8

GHSV =420h™", W, =030g
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Catalyst Reaction conditions® Performance” Reactor Reference
type
H3PW;,040/ 20 wt % glycerol aqueous X =100 Fixed bed [34]
Cs-SBA-15 solution, T = 573 K, Yacro = 86
WHSV =072h7,
W= 050g
H,SiW1,0,40/Si0, 10 wt % glycerol aqueous X, =983 Fixed bed [42]
solution, T = 548 K, Yacro = 86.2
Q = 0.028 ml'min~},
F,=18 mmolh7},
Wee=030g
Cs_doped 20 wt % glycerol aqueous X, =100 Fixed bed [43]
H,4SiW1,040/AL,0;5 solution, T = 573 K, Yacro = 88

GHSV = 6000 h™!

“T = reaction temperature, WHSV = weight hourly space velocity, GHSV = gas hourly space velocity, W, = weight of
catalyst, Q; = liquid flow vate, V., = volume of catalyst, F, = glycerol molar feed rate.
ng = glycerol conversion (%), Yc,, = acrolein yield (%).

Table 4.
Catalysts, reaction conditions, and performance of the catalytic dehydration of glycerol in gaseous phase.

H-ZSM-5 zeolite resulted in an improvement of the glycerol conversion (100%) and
the acrolein yield (66-74%) regarding the parent zeolite (Si/Al = 40) which reached
95% of conversion and an acrolein yield of 53% at 548 K. The desilicated zeolites
maintained the glycerol conversion around 70% up to 7 h of TOS, while the acrolein
yield decreased to 20% at the same time.

Catalysts of tungsten, zirconium, and niobium oxides have also shown activity
in the glycerol dehydration reaction. Dalil et al. [36] investigated a catalyst of tung-
sten oxide supported on titania (WO;/TiO,) in a fluidized-bed reactor. Complete
glycerol conversion and acrolein selectivity of 73% were reached after 6 h of TOS
at 553 K. Besides the high activity of the catalyst, the authors find that the acrolein
selectivity increased from 55 to 73% with the increase in TOS from 1 to 6 h, related
to the increase of coke formation over the catalyst.

Lauriol-Garbay et al. [37] produced acrolein from glycerine using mixed
oxides of zirconium and niobium (ZrNbO). The catalysts exhibit a selectiv-
ity to acrolein of approximately 72%, at nearly total glycerol conversion at
573 K. ZrNbO catalysts still exhibited 82% conversion efficiency after 177 h on
stream, while its acrolein selectivity remains unimpaired. The catalyst calcined
at 673 K achieved 98.9% of glycerol conversion and an acrolein yield of 74.4%
at 558 K. The acrolein yield and the deactivation were found to be higher and
slower, respectively, than those of WO;/ZrO, and H-ZSM-5 which are typical acid
catalysts [38]. In another study, Znaiguia et al. [39] got 80% of acrolein yield with
complete conversion of glycerol at 573 K using a catalyst of tungstated zirconia
promoted with silica (WSi/Zr). The authors confirmed that the incorporation of
silicon improved the dehydration activity and the catalyst stability.

The catalytic dehydration of glycerol may also occur on oxides promoted with
phosphate. Ma et al. [40] evaluated phosphorus-containing MCM-41 mesoporous
molecular sieves (H;PO4,-MCM-41). The catalyst with 25 mass % of supported
H;PO, resulted in 84% of acrolein selectivity with glycerol conversion of 97% at
593 K. The conversion of glycerol and selectivity to acrolein greatly depended on
the calcination temperature, reaction temperature, and glycerol concentrations.
Tests of the catalyst activity with TOS indicated that the HP-MCM-41 exhibited
stable activity with high acrolein selectivity up to 12 h. Recently, Fernandes et al.
[41] reported the use of hierarchical silicoaluminophosphate 40 (SAPO-40). When
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compared with the conventional SAPO-40, this catalyst showed higher acrolein
selectivity (80%) at complete conversion and a catalytic lifetime up to 120 h, reach-
ing acrolein yields between 80% and 68% during this period.

Supported heteropolyacids, mainly phosphotungstic (H;PW;,0.¢) and silico-
tungstic acid (HsSiW1,040), and their alkali-substituted salts present high activity
to convert glycerine into acrolein. Viswanadham et al. [22] studied the activity of
phosphotungstic acid supported on niobium pentoxide (H;PW;,040/Nb,Os) which
was highly active and selective toward acrolein (glycerol conversion 98.8% and
acrolein selectivity 92% at 598 K). The catalytic activity depended on the amount of
heteropolyacid supported, the calcination temperature, and the reaction tempera-
ture. Tests of catalyst lifetime indicated that the solid was stable with high acrolein
selectivity up to 10 h on TOS.

Liu et al. [34] used a mesoporous molecular sieve modified (SBA-15) with
cesium as support for HsPW;,040 and used the resulting solid (HsPW;,040/
Cs-SBA-15) as catalyst for the glycerol dehydration. The catalyst with 50 wt % of
supported heteropolyacid reached the maximum acrolein yield (86%) and com-
plete glycerol conversion at 573 K. Compared with the catalyst prepared with the
conventional support (pure SiO,), the modification of SBA-15 with Cs improved the
stability of the catalyst up to 170 h of reaction, and the acrolein yield was the same
as before regeneration at 773 K in air.

According to Tsukuda et al. [42], heteropolyacids supported on silica also
present high activity in this reaction. The authors found that the catalytic activity
depended on the type of heteropolyacid as well as the size of mesopores in the silica
support. The highest activity was performed by silicotungstic acid supported on
silica with mesopores of 10 nm, reaching 98.3% of glycerol conversion and 86.2%
of acrolein yield at 548 K. The activity of silicotungstic acid, doped with rubidium
and cesium, supported on a mixture of § and 6 Al,Os, was reported by Haider et al.
[43]. The Cs-doped catalyst reached a maximum acrolein selectivity of 91% at 100%
glycerol conversion for 90 h of TOS at 573 K, with a 10 wt % glycerol solution.
When the glycerol concentration in the feed was increased to 20 wt %, the acrolein
yield slightly decreased, and the catalyst was stable during a shorter TOS regarding
the reaction with 10 wt % of glycerol in the feedstock.

The main features of these catalysts that affect the acrolein selectivity are the
strength and type of the surface acid sites, which are known to promote the dehydra-
tion reactions of alcohols [44-46]. Regarding the strength of the acid sites measured
in terms of the Hammett acidity (HA), the catalysts have been classified into four
groups. The first group is comprised by basic catalysts with HA higher than +7 and
shows no selectivity toward acrolein. Catalysts, such as zirconium oxide, with HA
between —3 and + 7, belong to the second group. These solids show acrolein selectivi-
ties not greater than 30% but remain stable for 10 h on stream. Group 3 includes cata-
lysts such as alumina impregnated with phosphoric acid, heteropolyacids supported
on alumina, niobium oxide calcined at 773 K, HZSM zeolite, and pure alumina.

Their HA values are between —8 and —3 and result in acrolein selectivities up to 70%;
however, these catalysts show low stability and rapid deactivation. The fourth group
comprehends solids with HA less than —8, such as Hp} zeolite, niobium oxide calcined
at 623 K, aluminassilicate, and sulfonated zirconium oxide. These catalysts are less
selective to acrolein but more stable with TOS than those of group 3 [47].

Additionally, the type of acid sites present at the catalyst surface has an effect
on the products’ distribution. It is generally accepted that the Brensted acidity
promotes the glycerol dehydration reaction to proceed through the acrolein route
(reaction 2). Some experimental studies have demonstrated the positive influence
of the concentration of Brgnsted acid sites on the acrolein yield, as well as the
relationship of Lewis sites on the production of acetol.
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In the study of Pala et al. [7], the distribution of acid sites of HY zeolite was
modified by ion-exchange with La and with La and Pd. An increase in the total
amount of acid sites was observed after the exchange with La cations, increasing
around 1.5 and 2.1 times the concentration of Lewis and Brensted sites in the LaY
catalyst regarding the HY zeolite, at 573 K. A subsequent raise of the total acidity
occurred after the impregnation of the LaY solid with Pd, leading to concentrations
2.5 and 3.5 times higher than the acidity of HY zeolite. At any temperature, the
introduction of La into the HY zeolite improved the glycerol conversion, attributed
to the increase of total acidity. At 573 K and GHSV = 5933 h7%, the acrolein yield
raised from 57.3% to 75.2% with the increase in the concentration of Brensted acid
sites after the modification with La. Besides, the incorporation of Pd to the LaY
catalyst resulted in an acrolein yield of 87.6% at the same temperature. Since the
concentration of Lewis acid sites was also increased after the ion-exchange proce-
dures, the acetol yield followed the order Pd/LaY > HY > LaY with values of 0.07,
0.5, and 2.5%, respectively.

Kim et al. [25] reported the correlation between the acrolein and acetol yields
with the concentration of Brensted and Lewis acid sites, respectively, of a series of
silica-alumina and alumina (n-Al,O;) catalysts. The acrolein yield enhanced from
3.6% to 17.2% with the increase in the concentration of Brensted acid sites from 0 to
188 pmol g, while the acetol raised from 2.2 to 5% with the change of Lewis acid
sites from 28 to 192 pmol g~ at 588 K, WHSV = 62 h™", and 2 h of TOS.

Similarly, Massa et al. [48] performed the glycerol dehydration reaction
over catalysts of Nb and W oxides supported on Al,O;, SiO,, and TiO, at 578 K,
WHSV = 0.94 h™, and collection of products between 1 and 3 h of TOS. The
acrolein selectivity increased from 0 to 70%, presenting a sigmoidal trend regard-
ing the increase in the concentration of Brensted acid sites from 0 to 1 pmol m ™
The promoting effect of Lewis acidity on the acetol production was also evidenced
since the change from 0.41 to 2.95 pmol m™? resulted in the enhancement of the
acetol selectivity from 5 to 18%, independent of the dispersed phase and the
catalytic support.

5. Conclusions

Acrolein can be obtained from glycerine by a dehydration reaction. The main
process variables in the gas phase are the reaction temperature, the concentration
of glycerol in water, and the space velocity in fixed-bed reactors. A thermodynamic
study of the equilibrium has been made to estimate the conversion to equilibrium
as a function of temperature. The reactors are usually heated between 523 and
603 K. Some of the most active catalysts in the gas-phase reaction (yield >70%)
were NH,-La-p zeolite, Pd/LaY zeolite, hierarchical ZSM-5, WO,/ZrO,, WO;/TiO,,
ZrOx-NbOx, WOx-NbOx, WO;-Si0,/Zr0,, NbOx-WOx/AL0;, H;PO,-MCM-41,
SAPO-40, NbPSi, Pd-H3PW1,04¢/Zr-MCM-41, HsPW1,0.4/Cs-SBA-15, HsPW1,0,0/
szOs, Cs—doped H4SiW12040/A1203, H4SiW12040/Ti02, and H4SiW12040/Si02. In
general, total conversion has been achieved at temperatures from 573 to 598 K. The
catalytic process in the gas phase seems more appropriate than the liquid-phase
process due to high acrolein yields and direct separation of the product effluent
from the catalyst.
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Chapter 3

Production of Solketal Using Acid
Zeolites as Catalysts

Vinicius Rossa, Gisel Chenavd Diaz, Germildo Juvenal Muchave,
Donato Alexandre Gomes Avanda
and Sibele Berenice Castelld Pergher

Abstract

Commercial solketal is known as Augeo™ SL 191 and is produced by Rhodia
(a member of the Solvay Group), which stands out as a slow evaporation solvent
derived from glycerin which is considered a renewable source. It has low toxicity
to human health and the environment. It is a good solvent for resins and polymers,
replacing solvents derived from petroleum, and can be used as an additive of
(bio) fuels. This work aimed to study acidy zeolites (H-BEA, H-MOR, H-MFI,
and H-FER) as new heterogeneous catalysts of solketal production, through
the ketalization reaction of glycerol with acetone. The catalytic activity showed
H-BEA > H-MOR = H-MFI > H-FER after 180 min, in kinetics study. The major con-
version was 85% for H-BEA. It was also verified that all the catalysts can be reused
four times without washing or pretreatment among reactions in batch reactor. The
solketal produced in this work was characterized by comparing it with its commer-
cial standard, obtaining very similar characteristics.

Keywords: glycerol, zeolites, ketalization, solketal, catalysis

1. Introduction

The main goal of the Paris Treaty is to reduce the emission of harmful gases to
the planet (COy, NOy, and SOy), which contribute to the increase of the greenhouse
effect, leading to global warming and the increase of natural disasters, among
others. For this reason, the use of biodiesel has been gaining more and more space
in the world market. In addition to being a renewable fuel, it plays an excellent role
for the environment, reducing emissions of harmful gases to the planet, compared
to fossil fuels [1].

With the success of the global biodiesel industry, the production of glycerol also
had a high growth rate. For each liter of biodiesel produced, 100 mL of crude glyc-
erol, i.e., 10%, is obtained (Figure 1). Even if several industrialized products use
glycerol in their formulation, the amount used in these products is not yet sufficient
to meet the large production [2, 3].

The development of new technologies for the processing of the high availability
of glycerol has been reported in the literature as one of the most promising goals of
the present day regarding the transformation of glycerol into higher added value
products. In turn, in industrial processes, this transformation of glycerol into higher
added value products, such as solketal, is called glycerochemistry (Figure 2). The
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Figure 1.
Reaction of biodiesel formation by triglyceride transesterification.
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Figure 2.
Transformation voutes of glycerol into higher added value products.

conversion of glycerol into other products can be accomplished by ketalization
reactions, acetalization, carbonation, dehydration, esterification, etherification,
hydrogenolysis, oxidation, and others [4].

In this work the focus is on the transformation of glycerol into solketal (isopro-
pylidene glycerol or 2,2-dimethyl-1,3-dioxolan-4-yl methanol) (green solvent)
through the ketalization reaction of glycerol with acetone. The reaction for solketal
production is facilitated by major homogeneous and heterogeneous acid catalysts
(Figure 3). The ketalization of glycerol with ketones generates branched oxygen-
ates, solketal (2,2-dimethyl-[1,3] dioxan-4-yl methanol), and 2,2-dimethyl-[1,3]
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Figure 3.
Solketal route production by ketalization of glycerol with acetone.

dioxane-5-ol; however, when the reaction is carried out with acetone, the selectivity
is higher for the solketal molecule, which has a five-membered ring [5].

Solketal is an excellent component for the formulation of gasoline, diesel,
and biodiesel. The mixture of this compound in biofuels improves its properties,
decreases viscosity, and helps to achieve the preestablished requirements for the
flash point and oxidation stability of biodiesel. In addition, glycerol ketals are
used as solvents, plasticizers, surfactants, disinfectants, and flavoring agents,
among others. They can be used both in the pharmaceutical industry and in the
food industry [5-7].

The commercial solketal is known as Augeo™ SL 191 and is produced by Rhodia
(a member of the Solvay Group) and stands out as a slow evaporation solvent
derived from glycerol which is considered a renewable source. Low toxicity to
human health and the environment. It is a good solvent for resins and polymers,
replacing solvents derived from petroleum and can be used as a (bio) fuel additive.

The synthesis of the solketal is catalyzed by p-toluenesulfonic acid (PTSA),
Bronsted’s acid used in homogeneous catalysis for 12 h at 100°C [8].

However, homogeneous Bronsted acid-type catalysts (hydrochloric, sulfuric,
and p-toluenesulfonic acids, among others) have several disadvantages which
reduce their usefulness, such as the difficulty of separation, inability to reuse, and
corrosion of the reactor. The Menezes group (2013) proposed the use of homoge-
neous Lewis acid-type catalysts (SnCl,, SnF,, Sn(OAc);) that are easily recovered.
The results showed that SnCl, was the most efficient and selective catalyst for
solketal synthesis at room temperature. In addition to being easily recovered in the
process of distillation of the reaction mixture, the catalyst can be reused for up to
six times. The catalysts SnF, and Sn (OAc), were not totally homogenized in the
reaction mixture and therefore discarded. The use of SnCl, as a catalyst gave better
and more economical results (at 25°C) than the conventional process, which uses
PTSA as a catalyst [9].

Ferreira studied the reaction using a heteropolyacid based on phosphorus and
tungsten immobilized on silica (PW-S), obtaining conversion and selectivity of 94
and 97%, respectively [10]. Silva and his group carried out tests using p-zeolite and
Amberlyst™-15 polymer resin, resulting in conversions and selectivities of 90-95%
and 90-95%, respectively [11]. Researchers Li et al. performed tests using MCM-41
mesoporous solid impregnated with tin (Sn-MCM-41) and USY zeolite, as catalysts,
achieving conversions of 42 and 36%, respectively [12].

Khayoon [13] used activated mesoporous charcoal (AC) as a catalyst in the ketal-
ization reaction of glycerol with acetone. The AC was impregnated with Ni and Zr,
and the best result occurred when the carbon was impregnated with only 5% of metal
and reached 98 and 86% selectivity, respectively. Using only active carbon as catalyst,
they obtained 33% conversion and 81% selectivity. The results suggested that the
improvement of these results was due to the addition of Lewis sites from nickel [13].
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Figure 4.
Structure and pove size of H-BEA, H-MOR, H-MFI, and H-FER zeolites.

In this work, catalysts investigated for the transformation process of glycerol
into solketal were acidic zeolites H-BEA, H-MOR, H-MFI, and H-FER (Figure 4)
that can be easily recovered and reused in order to find new technological alterna-
tives to improve the transformation routes of glycerol, a coproduct of the biodiesel
industry, into products with higher added value.

2. Experimental
2.1 Reactants

The glycerol (?9.5%) and acetone (99.5%) were purchased by the Brazilian
industry PROQUIMIOS.

2.2 Catalysts and characterizations

In this work, they used mordenite (MOR), MFI (H-ZSM-5), BEA (beta), and
ferrierite (FER) acid zeolites. The zeolites were acquired in ammoniacal form, and
then they were calcined at 500°C/4 h using a heating ramp of 10°C/min. After this
process, the solids acquired acidic characteristics, and it is possible to use them
as catalysts (H-BEA, H-MOR, H-MFI, and H-FER) in the ketalization reaction of
glycerol with acetone. The catalysts were previously stored at a temperature of
100°C until the moment of reaction.

The X-ray diffraction analysis was performed to confirm the crystalline struc-
ture of the zeolites H-BEA, H-MOR, H-MFI, and H-FER before and after the calci-
nation. The materials were characterized by X-ray diffraction in a Bruker D2 Phaser
apparatus using CuKa radiation (A = 1.54 A) with a Ni filter, 0.02° pitch, 0.6 mm
convergent slit, 10 mA current, and voltage of 30 kV, using a Lynxeye detector.

X-ray fluorescence analysis was used to verify the chemical composition of
the H-BEA, H-MOR, H-MFI, and H-FER zeolites, which made the SAR calcula-
tion (silica:alumina ratio) possible. The pastille preparation was performed using
approximately 500 mg of the sample and analyzed on a Bruker XRF-S2 Ranger
spectrometer.

The textural analysis was used to calculate the specific areas, volumes, and
pore sizes of the H-BEA, H-MOR, H-MFI, and H-FER zeolites by the Tristar 3000
Surface Area and Porosimetry Analyzer (Micromeritics) equipment. The specific
area was obtained using the BET method (Brunauer, Emmet, and Teller); the spe-
cific volume and pore diameter were obtained by the BJH method from the adsorp-
tion/desorption isotherms. The samples, after weighing, were subjected to a drying
heat treatment at 300°C under a vacuum of 5 x 10~ torr for a period of 24 h, then

32



Production of Solketal Using Acid Zeolites as Catalysts
DOI: http://dx.doi.org/10.5772/intechopen.85817

cooled to room temperature, and again weighed to start the analysis at a tempera-
ture of —196°C, thus obtaining the sorption (adsorption/desorption) isotherms of
N, at different partial pressures of N,.

The SEM analysis was performed on a Hitachi Tabletop Microscope TM-3000
using a high-sensitivity semiconductor backscattered electron detector.

The analysis of thermoprogrammed ammonia desorption was performed to
calculate the total acidic strength and to classify and to quantify the type of strength
(strong/weak) of the acid sites of the zeolites. The measures TPD-NH; of ammonia
were performed on a Micrometrics 2910 equipment. The procedure took place in
various steps. Firstly, the catalysts are subjected to a heat treatment in order to
remove impurities physically adsorbed at the acid sites of the catalyst; for this a
heating rate of 10°C/min up to 550°C/30 min was used in the presence of helium
gas. After, the sample was cooled to 180°C with a stream of NH; (33 mL/min) for
30 min. Then, a helium flow was passed for 90 min in order to eliminate all the
ammonia adsorbed physically in the catalyst. The analysis was terminated with the
thermoprogrammed desorption of the ammonia which was chemically adsorbed at
the acid sites of the catalyst; at this stage a heating rate of 15°C/min was used under
the helium flow (30 mL/min) at temperature range between 180 and 550°C, after
remaining for 30 min at 550°C. The ammonia desorbed at different temperatures
was dragged by the current of helium gas that passed through a mass spectrometer
(MS), thus making it possible to calculate TPD-NHj values of the acidity sites.

2.3 Catalytic tests

The catalytic tests for the ketalization reaction of glycerol with acetone were
conducted in a batch reactor (V = 300 mL) which was fed with 40 g of glycerol
(0.43 mol), 500 rpm, 60°C, and 5% of catalyst (in relation to mass of the limiting
reactant), and molar ratio glycerol:acetone was 1:4. The conversion of the glycerol
and the solketal selectivity were studied. The reaction time was 180 min, and
aliquots were collected to monitor reaction kinetics. All reactions of this work were
performed in triplicate. The reactor has thermocouple, transducer, temperature
controller external heating mantle, and agitation system. At the end of the reac-
tions, each reaction aliquot or suspension was filtered to separate the reaction/cata-
lyst mixture. For the partial removal of water, 2 g of anhydrous sodium sulfate was
added to the obtained mixture which was again filtered. All samples were stored at
15°C until analysis by GC-FID.

2.4 Reuse tests

Reused reactions of the catalysts and product analysis were carried out under the
same conditions as the kinetic study with a reaction time of 60 min. Each catalyst
(H-BEA, H-MOR, H-MFI, and H-FER) was used in five consecutive reactions. The
product was filtered, and the catalyst returned to the reactor for the next reaction
without pretreatments or washes, and so on.

2.5 Product analysis

The products of the glycerol ketalization reaction were analyzed quantitatively
by means of a Shimadzu gas chromatograph with a flame ionization detector
(CG-FID), using internal standardization methodology. The column employed was
Carbowax (30 x 0.25 x 0.25 pm polyethylene glycol).

The internal calibration method was applied to glycerol (99.5%) and solketal
(98%) chromatographic standards using 1,4-dioxane (99.8%) as the internal
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standard. Moreover, a response factor was introduced to correct the GC area and
obtain quantitative results.

Calculations of conversion of glycerol (Xg;,) and selectivity to solketal (Sg), in
percentage, were obtained by the following equations:

* Conversion of glycerol (Xg0):

Cap. - C
KXoy = G’ycﬂTyOGMoo (1)

where Cgyy is the molar concentration (mol/L) of glycerol at the beginning of
the reaction and Cgy, is the molar concentration (mol/L) of glycerol at the end of
the reaction.

* Selectivity (Sski):

Ssiuh = 22—100 @

Products

where Agy, is the area of the desired product and Ap,ygyq; is the sum of the
area of the solketal with the area of the unwanted products, obtained in the
chromatograms.

2.6 Solketal characterization

At the end of the kinetic and/or catalytic tests in the GreenTec laboratory for
the ketalization reaction of glycerol with acetone, the suspension remaining in the
reactor composed of the glycerol-acetone/solketal-water/zeolites mixture H-BEA,
H-MOR, H-MFI, and H-FER was filtered, and the liquid phase (reaction mixture)
was stored in amber glass bottle. This reaction mixture was processed by rotoevapo-
ration and fractional distillation. First, the reaction mixture was rotoevaporated
to remove the remaining acetone. After the pH was adjusted between 5.5 and 6.5
with the addition of NaOH solution, 1 mol/L, to avoid the formation of other gases
during the distillation process, store in a round-bottom flask containing pearls of
glass, from the fractional distillation equipment (Figure 5a). The distillation was
carried out in the Laboratory of Reactivity of Hydrocarbons, Biomass and Catalysis
(LARHCO/UFR]). Subsequently, the fractional distillation of the reaction mixture
was performed (Figure 5b); the entire distillation process lasted for 4 h. After
the distillation process, the fraction corresponding to Solketal was stored at 15°C,
analyzed by FTIR, density, viscosity and water content for comparison with the
analyzes of the commercial standard by the same analyzes.

The infrared spectra were obtained in a Fourier-transform infrared spectro-
photometer, Nicolet model Magna-IR 760. Samples were analyzed on KBr pellets
(400-4000 cm ™). Number of scans: 16. Resolution: 4 cm ™. The analyses were car-
ried out in the Laboratory of Analyses of the Department of Inorganic Chemistry of
IQ/UFR].

The specific density or mass of a sample is the ratio of the mass of a sample
amount to the corresponding volume. This was determined by the Anton Paar
Digital Density Meter, Model DMA 5000. The methodology for the analysis was
performed according to ASTM D 4052.

Kinematic viscosity measures the flow time of a given volume of liquid flowing
under the action of gravity by using a calibrated glass capillary viscometer. The
method for determining this parameter was that presented in ASTM D 445.
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Figures.
(a) Fractional distillation equipment and (b) reaction mixture to be distilled.

For the water or moisture content test, the Karl Fischer coulometric method
was used according to ASTM D 6304. The equipment used was the Karl Fischer
METROHM titrator (model 756 KF) with the help of the Mettler XP-205 analyti-
cal balance.

3. Results and discussions
3.1 Catalysts characterization

Figure 6 shows the X-ray diffractograms of the zeolites employed. When
comparing them with those of literature [14, 15], the structure of the starting
zeolites is confirmed, and that they have high crystallinity. The H-BEA, H-MOR,
H-MFI, AND H-FER zeolite showed diffractograms similar to the standards of the
International Zeolite Association (IZA) (www.iza-structure.org) [16].

The chemical composition of the zeolites was also studied by FRX, and the
results are given in terms of oxides. The zeolites H-BEA, H-MOR, H-MFI, and
H-FER are formed by oxides of silica and aluminum and also have small amounts of
impurities. Through FRX analysis, it was also possible to determine the SARs (SiO,/
Al O; ratio) for each sample (Table1).

Through SAR results, it is possible to have a slight notion about the Bronsted
acidity of the zeolites used in this work, that is, the smaller the ratio, the greater the
amount of aluminum in the structure and the greater the amount of compensation
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Figure 6.
Diffractograms of zeolites H-BEA, H-MOR, H-MFI, and H-FER.

Composition (%) Catalysts
H-BEA H-MOR H-MFI H-FER
Si0, 93.18 86.37 90.42 89.94
ALO; 5.58 12.38 711 9.15
MgO 0.50 0.60 0.50 0.50
Na,0 0.30 0.20 0.70 —
Cl 0.13 0.16 0.52 0.13
SO 0.11 0.13 0.22 0.16
Fe, 05 0.08 0.08 0.18 0.08
P05 0.08 — — _
Zr0, 0.04 — — —
TiO, — 0.02 0.21 0.04
ZrO, — 0.03 0.05 —
ZnO — 0.03 — —
K0 — — 0.09 —
SARs 28 12 21 17
Table 1.

Chemical composition and SARs of H-BEA, H-MOR, H-MF]I, and H-FER zeolites by X-ray fluorescence.

cations, providing a greater number of acidic sites in the zeolite [16, 17]. This acid-
ity can be better studied by the analyses of TPD-NH3.

Scanning electron micrographs of the materials are shown in Figure 7, all on the
same scale.

36



Production of Solketal Using Acid Zeolites as Catalysts
DOI: http://dx.doi.org/10.5772/intechopen.85817

a) H-BEA b) H-MOR

e — e CEMmUFRMOY  TM00Y (i34 RL DAE 2
¢} H-MFI d) H-FER

DEM=-UFRNMTY A W

Figure7.
Micrographs of H-BEA (a), H-MOR (b), H-MFI (c), and H-FER (d) zeolites by X-ray fluorescence.

Characteristics H-BEA H-MOR H-MFI H-FER
Areaggr [m%/g] 589 406 325 324
Areayicroporos [m*/g] 439 367 229 291
Areagxrernar [m*/g] 133 39 88 32
Volumerorar, [cm*/g] 0.30 021 0.14 0.17
Volumepycroporos [cm’/g] 0.20 0.17 0.10 0.14
Volumegs/pis [cm*/g] 0.05 0.03 0.04 0.03
Pore sizeggr [nm] 2 2 2 2
Pore sizegyy/pes [nm] 5 5 4 7
Table 2.

Textural characteristics of H-BEA, H-MOR, H-MFI, and H-FER zeolites.

It is observed that the H-BEA patches are smaller and appear to have a more
homogeneous morphology. This is in agreement with the greater specific external
area that this material has in relation to the others. The other materials have a more
heterogeneous particle size distribution, and no definite shape is observed for the
crystals. This may be due to the scale used in the micrograph or because they are
commercial materials, which usually have a more heterogeneous morphology than
those synthesized in the laboratory (on a lower-scale production).

By the adsorption analysis of N, (Table 2), it was observed that the materials
are essentially microporous, characteristic of zeolitic materials. The H-BEA has the
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Acidity (mmolNH;/gc..)
Catalyst Weak sites Strong sites Total acidity F/f*
H-BEA 142 234 376 1.65
H-MOR 1.67 2.32 393 142
H-MFI 1.51 2.10 361 1.39
H-FER 1.60 1.83 343 114

*Ratio strong site: weak site.

Table 3.
Quantification of weak, strong, and total acidity sites.

higher specific area due to its higher contribution of micropores and external area
(due to smaller particle sizes).

Ammonia is often used as a probe molecule in acidity analyses because it has
small molecular size, is stable, and possesses strong basic strength. The NH;
thermoprogrammed desorption results of the H-BEA, H-MOR, H-MFI, and H-FER
zeolites are shown in Table 3.

The zeolite H-BEA had the superior acid strength (2.34 mmolNH;/g.,.) and
bigger ratio of the strong:weak sites (1.65) than the other zeolites since this charac-
teristic contributes to a higher catalytic activity for this reaction.

3.2 Kinetics and catalytic tests

The kinetic study, using the H-BEA, H-MOR, H-MFI, and H-FER catalysts, was
carried out under the conditions chosen from the catalytic tests: 60° C, 550 rpm, 5%
catalyst, and molar ratio glycerol:acetone 1:4. In this step, the results of conversion
to glycerol and selectivity to the solketal were followed (Figures 8 and 9).

In analyzing Figures 8 and 9, it is noted that the H-BEA catalyst gave the higher
glycerol conversion, reaching 85% at 180 min. However, the H-FER catalyst ends
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Figure 8.
Glycerol conversion (%) using H-BEA, H-MOR, H-MFI, and H-FER zeolites as catalysts at 60° C, 550 rpm,
5% catalyst, and molar ratio glycerol:acetone 1:4.
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Figure 9.
Solketal selectivity (%) using H-BEA, H-MOR, H-MFI, and H-FE zeolites as catalysts at 60° C, 550 rpm, 5%
catalyst, and molar ratio glycevol:acetone 1:4.

the reaction with 75% of glycerol conversion, while H-MOR and H-MFTI had the
same conversion, practically, at the end of the reaction, 180 min.

Figure 8 shows that the most selective catalysts to solketal were H-BEA and
H-MFI catalysts presenting values practically constant, on average 98 and 96%,
respectively.

3.3 Catalytic activity

Many researchers have attempted to explain the activity and catalytic deactiva-
tion of the heterogeneous catalysts used in the ketalization reaction of glycerol with
acetone using heterogeneous catalysts [17-25].

One factor that determines the activity of H-BEA zeolites is the size of the
catalyst particle size and the presence of strong acid sites. The higher the SAR of the
zeolite, the higher its acid strength and the lower the number of acid sites [17].

It is not only the acid sites of the catalyst that play an important role in the
catalytic activity for this reaction but also the porosity of the catalyst [18]. Frisch
(2003) concluded that the kinetic diameter of the reactants and the products of this
reaction are in the range of 0.43-0.51 nm [19].

According to the literature, both Lewis acid and Bronsted acid sites are active for
the ketalization reaction of glycerol with acetone [18-24].

Therefore, all the results obtained in this work can be based on the characteris-
tics of the catalysts previously discussed in the literature. They can also help explain
the data obtained in this work with zeolites H-BEA, H-MOR, H-MFI, and H-FER
as catalysts. The characteristics of H-BEA contributed to it being the most active
catalyst in the ketalization reaction of glycerol with acetone, when compared with
the characteristics of H-FER. The zeolites H-MOR and H-MFI showed catalytic
intermediate activity.

Even though acid catalysts have high activity, they can be deactivated by block-
ing the active sites by water molecules formed during the reaction. The higher
the hydrophobicity of the catalyst, the lower the number of acid sites. However,
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hydrophobic groups act at the glycerol/acetone interface, reducing the interference
of water molecules on the surface of the catalyst [20, 25].

Another approach, in terms of turnover frequency (TOF), the number of
glycerol moles converted by moles of acidic site catalysts per hour, was performed at
60°C and 180 min, according to Eq. (3), [19]:

(NAO - NA )
TOF = N/ 3)
where NA, is amount of matter of glycerol at the initiation of the reaction, NA is
the amount of matter of glycerol in x time (x = 1, 2, and 3 h.), N, is the amount of
matter of the acidic site catalyst, and t is the time in hours (h). The TOF values at 1,
2, and 3 h are presented in Figure 10.

The value of TOF tends to decrease with the passage of time. This observa-
tion is explained by the loss of catalytic activity or by the reaction reaching an
equilibrium for reversible reactions. TOF values were practically the same, 47 h™!
for H-BEA, H-MFI, and H-FER catalysts. However, the H-MOR catalyst presented
TOF a little inferior, 44 h™, when compared to the other catalysts, in all times of
reaction. This means that from this perspective, all catalysts have basically the
same activity.

3.4 Reuse testing

The reuse experiments were done for all catalysts under the same conditions
used in the kinetic study. To perform these experiments, at the end of the reaction,
the catalyst was only separated from the reaction solution by filtration and then
reused four more times in the same manner. The reason why we chose to perform
the reuse tests without the need for pretreatments (washing and calcination) for the
catalysts between the reactions was to avoid the loss of time in the reuse tests and
loss of material by manipulation. Because, industrially, it is not feasible to stop the
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Figure 10.
Results of catalytic activity by TOF using H-BEA, H-MOR, H-MF]I, and H-FER zeolites as catalysts at 60°C,
550 rpm, 5% catalyst, and molar ratio glycerol:acetone 1:4, for 1, 2, and 3 h.
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Figure 11.
Solketal conversion (%) in reuse tests using H-BEA, H-MOR, H-MFI, and H-FER zeolites as catalysts at 60°C,
550 rpm, 5% catalyst, and molar ratio glycevol:acetone 1:4, 60 min.

production to wash and calcine the catalyst every 60 min, the study was carried out
in a batch reactor.

Figure 11 shows the glycerol conversion results after each reuse experiment of
the H-BEA, H-MOR, H-MFI, and H-FER catalysts.

According to Figure 11, the H-BEA catalyst in its first use shows an excellent
conversion of glycerol to the ketalization reaction of glycerol with acetone, reaching
85% conversion of glycerol and selectivity 98%. In the fourth reuse, the conver-
sion of glycerol reaches 55% on average. The solketal selectivity remains constant
throughout the process #98%. For the H-MOR catalyst, the conversion of glycerol
drops gradually, after each reuse, and varies between 80 and 35%, and solketal
selectivity remains constant, 96%. For the H-MFI catalyst, the conversion of glyc-
erol drops gradually, after each reuse, and varies between 80 and 45%, and selectiv-
ity to solketal varies between 95 and 90%. For the H-FER catalyst, the conversion of
glycerol drops gradually, after each reuse, and varies between 75 and 30%. And its
selectivity to solketal varies between 90 and 85%.

It is known that some of the water produced during the reaction and/or impu-
rities of the reactants such as sodium residues in the glycerol together with the
catalyst friction on the reactor walls have destabilized the structure of the H-BEA,
H-MOR, H-MFI, and H-FER catalysts, altering their crystallinity and assisting in
deactivation [4].

3.5 Product characterization

During the distillation process of the reaction products mixture, it was observed
that when the distillation is carried out under vacuum between the temperatures 30
and 69°C, it occurs that the output of the remaining acetone and water between 70
and 120°C plus a fraction containing solketal is distilled. Glycerol is only removed
when the system reaches 200°C. The yield of the distillation was 60% by mass
of solketal over the initial blend (solketal-water-glycerol-traces of acetone). The
solketal fraction is colorless but with a lower viscosity than glycerol.
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Figure 12.
Appearance of the GreenTec solketal fraction.
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Figure 13.
Infraved spectra of solketal GreenTec (a) and solketal sigma-Aldrich (b).

Figure 12 shows the appearance of the solketal GreenTec fraction after distilla-
tion of the initial blend.

FTIR analysis was used to confirm the presence of solketal in the distilled
product and to compare it with its Sigma-Aldrich standard. The FTIR spectrum of
the solketal GreenTec and solketal Sigma-Aldrich samples is shown in Figure 13.

Figure 13 shows a strong band at 3435 cm ™" which is attributed to the axial
deformation of the ==O ==H bonds originating from the hydroxyls and hydrogen
bonds between solketal molecules. The region comprising the wave numbers
between 2992 and 2883 cm ™ refers to the symmetrical axial deformation bands and
asymmetric axial deformation of the ==C ==H bonds of the methyls.
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Solketal Density Viscosity
[g/cm3] + DP [mm?*/s] + DP
Sigma-Aldrich 1.0666 + 0.0006 5.2030 + 0.0008
GreenTec 1.0584 + 0.0148 51650 + 0.0123
Table 4.

Results of density or specific gravity analysis and kinematic viscosity for solketal.

Solketal Water content
[ppm] [%] [g/L] [mol/L]
Sigma-Aldrich 390 0.0390 0.3900 0.0217
GreenTec 610 0.0610 0.6100 0.0334
Table 5.

Results of water content analysis for Solketal.

The angular deformation of the water was attributed in the localized band
appearing at 1650 cm™". The band located at 1369 cm™" refers to the movement of
“umbrella” referring to the methyls of the ketone group. The bands observed at 1212
and 1077 cm ™! refer to the ==C ==O bonds of the five-membered ring (dioxolanes),
bands of greater importance.

The bands at 1157 and 1114 cm ™ refer to the asymmetric vibrational motion of
the ==C == ==C == ==C == bonds of solketal. However, bands between 905 and
800 cm™" are attributed to the symmetrical vibrational movement of these same
bonds. To finalize, the band located at 1047 cm™, the ==C ==C ==OH bond of the
alcoholic group 4 was assigned.

Tables 4 and 5 present the results of density, viscosity, and water or moisture
content for the solketal Sigma-Aldrich standard and the solketal produced by
GreenTec.

When analyzing Table 4, it is observed that both solketal Sigma-Aldrich and
solketal GreenTec present very close densities and viscosities.

Table 5 shows that only in the analysis of humidity a significant difference
between the solketal samples was noticed.

Solketal GreenTec presents 56.41% more humidity than solketal Sigma-Aldrich.
To remove this moisture, anhydrous sodium sulfate may be added among other
drying agents, and/or the solketal GreenTec fraction is withdrawn from 75°C.

4, Conclusions

Glycerol to solketal transformation is possible to carry out using zeolite acidic
catalysts, such as H-BEA, H-MOR, H-MFI, and H-FER, showing a very good activity
(conversion 85%) and selectivity (98%). H-BEA presented a larger area, major SAR,
and a bigger ratio of the strong:weak sites than the other zeolites. This characteristic
contributes to a higher catalytic activity for H-BEA catalyst. All the catalysts can be
reused for four times without washing or pretreatment among reactions in batch
reactor, but the best catalyst is still the H-BEA zeolite for being more active and show-
ing constant solketal selectivity. The solketal produced in this work was characterized
by comparing it with its commercial standard, obtaining very similar characteristics.
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H-BEA acid beta zeolite

H-MOR acid mordenite zeolite

H-MFI acid ZSM-5 zeolite

H-FER acid ferrierite zeolite

TPD-NH3 temperature-programmed desorption of ammonia
FTIR Fourier-transform infrared spectroscopy

TOF turnover frequency
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Chapter 4

Enzymatic Synthesis of
Functional Structured Lipids from
Glycerol and Naturally Phenolic
Antioxidants

Jun Wang, Linlin Zhu, Jinzheng Wang, Yan Hu
and Shulin Chen

Abstract

Glycerol is a valuable by-product in biodiesel production by transesterification,
hydrolysis reaction, and soap manufacturing by saponification. The conversion
of glycerol into value-added products has attracted growing interest due to the
dramatic growth of the biodiesel industry in recent years. Especially, phenolic
structured lipids have been widely studied due to their influence on food quality,
which have antioxidant properties for the lipid food preservation. Actually, they
are triacylglycerols that have been modified with phenolic acids to change their
positional distribution in glycerol backbone by enzymatically catalyzed reactions.
Due to lipases’ fatty acid selectivity and regiospecificity, lipase-catalyzed reactions
have been promoted for offering the advantage of greater control over the positional
distribution of fatty acids in glycerol backbone. Moreover, microreactors were
applied in a wide range of enzymatic applications. Nowadays, phenolic structured
lipids have attracted attention for their applications in cosmetic, pharmaceutical,
and food industries, which definitely provide attributes that consumers will find
valuable. Therefore, it is important that further research be conducted that will
allow for better understanding and more control over the various esterification/
transesterification processes and reduction in costs associated with large-scale
production of the bioconversion of glycerol. The investigated approach is a promis-
ing and environmentally safe route for value-added products from glycerol.

Keywords: glycerol, phenolic antioxidant, phenolic structured lipids,
microreactors, lipase

1. Introduction

Glycerol, also known as glycerin or propane-1,2,3-triol, is a chemical which has
a multitude of uses in pharmaceutical, cosmetic, and food industries [1]. Currently
the modifications of glycerol such as mono-, di-, and triglycerides are representing
valuable products, as they have numerous applications such as modifying agents
in food and pharmaceutical industries [2]. Especially, the triglycerides, which are
also called structured lipids, have been widely concerned by researchers. Structured
lipids are tailor-made fats and oils with special metabolic methods by incorporating
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new fatty acids or changing the position of existing fatty acids on the glycerol
backbone. By adding a special functional group to the glycerol skeleton, a certain
functionality of the triglyceride can be imparted which is effective in delivering the
desired fatty acids for maintaining healthy nutrition or treating specific diseases [3].
Lipid modification strategies for the production of functional fats and oils include
chemically or lipase-catalyzed interesterification, acidolysis reactions, and genetic
engineering of oilseed crops. Interesterification is used to produce fats with desir-
able functional and physical properties for food applications [4]. Since a physical
blend of medium-chain triacylglycerols and long-chain triacylglycerols was used,
with the medium-chain triacylglycerols being readily metabolized for quick energy
[5], structured lipids were designed to provide simultaneous delivery of beneficial
long-chain fatty acids at a slower rate and medium-chain fatty acids at a quicker rate
[6]. Further, SL synthesis yields novel triacylglycerol (TAG) molecules and its deri-
vates, such as human milk fat substitutes (HMFS), which is used in infant formula
to mimic the human milk fat. Although fat accounts for only 3-5% of human milk
(TAGs > 98%), it provides more than half of the energy for the growth and develop-
ment of infants [7]. In addition, adding 1,3-dioleoyl-2-palmitoylglycerol (OPO)
into infant formula could improve the calcium deficiency, constipation, and even
bowel infarction [8]. Moreover, many phenolic lipids have also been produced, such
as cocoa butter equivalents, low calorie oil, acute energy supply, and structured
phospholipids. Thus, numerous structured lipids were generated from glycerol
which provided important environmental benefits to the new platform products.

Phenolic acids are natural antioxidants accounting for approximately one third
of the phenolic compounds in our daily diet which are widely distributed in some
agricultural products, beverages, and Chinese medicinal herbs [9]. Phenolic acids
and its derivatives are used in several applications in food, pharmaceutical, and
cosmetic industries due to their antioxidant effects [10]. Many synthetic phenolic
acids have been used as antioxidants to control lipid oxidation in lipid-based
foods, and synthetic phenolics such as butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), and tertiary butyl hydroquinone (TBHQ) are the commer-
cially available antioxidants for many years. However, they have potential carci-
nogenic effects and toxicity. This has increased the utilization of natural phenolic
acids to reduce the oxidation and render the health benefits [11, 12]. Nevertheless,
the hydrophilic character of phenolic acids limits their effectiveness in stabilizing
fats and oils as well as the applicability in food, cosmetics, and other fields. Asa
result of the hydrophilic nature, natural phenolic acids have been lipophilized to
obtain modified amphiphilic molecules to increase their potential as antioxidants
in oil-based products [13, 14]. Several reports employing chemical and enzymatic
methods have been published where a number of phenolics were incorporated into
different oils to lipophilize the phenolics [12, 15, 16]. With the increased interest in
the phenolic lipid research, a novel phenolic lipid produced from glycerol is being
pursued with improved antioxidant and biological activities.

Glycerol is a nontoxic, edible, and biodegradable compound and has over 2000
different applications [17], especially in pharmaceuticals, personal care, foods, and
cosmetics. With a focus on recent developments in the conversion of glycerol into
value-added chemicals, phenolic compounds conjugated with structured lipids
would be interesting to study, which can expand the application of the phenolic
acids and make full use of glycerol. Effective methods have been applied to produce
modified phenolic acid compounds presently by lipase-catalyzed transesterification
reactions in batch reactors. However, high enzyme amount, high reaction tempera-
ture, long reaction times, and low conversions often occurred. Furthermore, high
vacuum was usually indispensable to remove the by-product including ethanol or
water during the whole reaction course [18]. Recently, the concept of “miniaturizing
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biocatalysis” (i.e., microfluidic biocatalysis) was proposed and recognized as one
of the priority development directions in the field of chemical engineering. Due to
its excellent mass transfer characteristic, the reaction process has been accelerated,
which has attracted extensive attention. Therefore, new reaction systems as well as
novel lipases with better catalytic properties should be explored.

This chapter covers a broad range of information concerning the production and
applications of phenolic structured lipids produced from glycerol, including natural
phenolic acids, production strategies, food and medical applications, and future
prospects for research and development in this field.

2. Phenolic acid and its derivatives

In the traditional Chinese medicine industry, phenolic compounds have been
used as antimicrobials, thickeners, and flavoring agents [19] or to maintain the color
of red meats. In addition, they constitute potent preservatives as of their antioxi-
dant activity [20]. In this regard, the structured lipids integrated with phenolics can
help enhance their biological properties. Thus, the source and biological activities
of phenolic acids will be covered in this sector.

2.1 Chemical structure

Natural phenolic acids are widely found in many medicinal plants, such as
honeysuckle, pallet root, dandelion, angelica, and breviscapine of the honeysuckle
family. Figure 1 shows the structures of the reported phenolic lipids. Table 1 shows
the various phenolic structured lipids with mono-and bis-phenacyl groups.

Phenolic acid compounds are mainly composed of derivatives with benzoic acid
(C¢-Cy), phenylacetic acid (C4-C;), and cinnamic acid (Ce-Cs) as the parent nucleus
and can be divided into two categories: simple phenolic acid compounds and
polyphenols, including vanillic acid, p-hydroxybenzoic acid, salicylic acid, gallic
acid, cinnamic acid, p-coumaric acid, ferulic acid, 3,4-dihydroxyphenylacetic acid,
and protocatechuic acid [21]. Phenolic acids are resistant to oxidation mainly due to
the conjugated action of the phenolic core structure and the side chain, which can
easily form a stable conjugated structure [22]. Low-molecular-weight phenolic acid
antioxidants mainly include (1) Cs-C;-type of protocatechuic acid and ferulic acid,
(2) C¢-C, 3-hydroxyphenylacetic acid, and (3) Ce-C; tanshinsu, caffeic acid, ferulic
acid, p-coumaric acid, and erucic acid. Phenolic acid derivatives are also potential
resources of natural medicines, which served as lead compounds for drug synthesis.
Because the most important active site is o-hydroxyl group on the benzene ring,
the structural modification of phenolic acids mainly focuses on the reaction of
carboxyl groups, including the synthesis of amides, amine salts, and various ester
compounds [23].

2.2 Prepare methods

Phenolic acids are abundant in the biomass feedstock that can be derived from
the processing of lignin or other by-products from agro-industrial waste. Phenolic
acid can be used directly in various applications, and their value can be signifi-
cantly increased when they are further modified to high value-added compounds.
Enzymatic reactions including esterification and decarboxylation are important
for conversion of phenolic acids, which are stable and clean without toxic waste
compared to the chemical methods. The products are useful for the pharmaceutical,
cosmetic, food, fragrance, and polymer industries.

49



Glycerine Production and Transformation - An Innovative Platform for Sustainable Biovefinery...

D e e I s &

Ry-Ry=H 22-O-caffeoyl-22-hydroxydocesanscic

W acid glycorol ester Rz=Ry=H 1-feruloyl-sn-glycerol
c CH
o \?/ : m ¢ W e OH
ﬂ;__,._,k": ﬁ_\c'__,lig R"/I\"\O'GH Rq/'\/\G—BH
Re~Ry=H 1=cathecyighycarcl Ry;=Ry=H Mono-DHCA acylglycerol
v o o i © o Vil H
R1)\f\<_$ OH Rq/J\/‘\O_OH m/?\/\d] oM
o] ] l;.l o
“l-"l“‘-"'“‘- Ry=H Rz <™ Ry o™ Ry Ao, Ry
1{3Heruloy-monobutytryl- 1{3)-feruloyl-dibutyryl- Manc-DHCA monccaprylin
glycerol glyceral
o OH . 9 OH
Vil O IX )\/0_0 : )\/\Q_
Ry H Ry OH
Ry )\r\O o iwm
iN\/\/\/\N\ Rz _.J\-\..,"‘ R:
Rt [+] H
o —
A /IV‘\(-;
Ry LWW\/\/\ Ry B OH
Cinnamayl dioleyl glyceral Mono-DHCA dicaprylin Di-DHCA monocaprylin
a— —_
X g X ol j X1 1 i ZFE
1 1 OH
R H
|)\/~\Q Rg= Ry=H RyH
o [e] o— —_
R!MW R,M_m Ry OH
Cinnamoyl monooalayl glycerol 1, 3-diferuloyl-sn-glycerol Di-DHCA acylglycerol
Figure 1.

The structures of the reported phenolic lipids.

2.2.1 Extraction and separation

Phenolic acids are compounds that can be derived from plant biomass materi-
als. They are the major components of lignin in lignocellulose. Depolymerization
of kraft lignin using chemical, physicochemical, and biological processes can
liberate substantial amounts of phenolic lipids [21, 24]. In addition to kraft lignin,
depolymerization of organosolv lignin (lignin derived from environmentally
friendly organic solvent-pretreated plant biomass) and extraction of lignin by
aqueous formic acid can also generate many types of high-value phenolic acids [25].
By-products, residues, and wastes from fruit and vegetable industries such as from
the fruit-based wine industry have significant amounts of bioactive phenolic acids
which exhibit potent antioxidant activities [26]. Recently, it has been shown that
derivatives of p-coumaric acid can be detected and isolated from palm oil waste and
further processed to generate products of higher value [27].

2.2.2 Chemical and engymatic synthesis

Many phenolic acid derivatives can be potentially used as bioactive ingredients
in food, cosmetic, pharmaceutical, and perfumery industries, which are from plants
such as benzoic acid, salicylic acid, gallic acid, cinnamic acid, p-coumaric acid,
caffeic acid, and ferulic acid. However, the high polarity of these compounds limits
their cellular uptake, which poses a challenge for their applications. The cellular
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permeability of these compounds can be increased by the esterification in order to
enhance their lipophilicity. Enzymatic synthesis is the priority for esterifying phe-
nolic lipids compared to the chemical methods using base or acid catalysts with the
disadvantages of high production costs. For instance, efficient esterification of BA
with heptanol to form heptyl benzoate was conducted with immobilized Novozym
435 [35]. Esterification of salicylic acid with acetic acid can be catalyzed by lipase

to synthesize aspirin [36]. Decarboxylation of plant-derived phenolic lipids such as
hydroxycinnamic acids is a means for generating vinylic phenol, which can be modi-
fied for use in the synthesis of food-grade flavors [37]. Thus, the efficient enzymatic
method provides an efficient and sustainable way to prepare specialty chemicals and
precursors for the pharmaceutical, food, fragrance, and polymer industries.

2.3 Biological activities

Phenolic acids in food industry have received considerable attention as powerful
antioxidants to protect against the oxidative deterioration of such food components
as polyunsaturated fatty acids (PUFAs) [38]. It has been proved that synthetic
antioxidants have certain safety risks; the research on safe and efficient natural
antioxidants has become a hot topic [39]. Additionally, phenolic acid and its deriva-
tives have antiviral, anticancer, antioxidant, anti-inflammatory, antiaging, and
other biological activities. This sector will cover the oxidation resistance, anticancer
activity, and ultraviolet (UV) damage repair performance.

2.3.1 Oxidation resistance

At present, the most widely natural antioxidants studied are ferulic acid,
cinnamic acid, coffee-acyl quinic acid, p-coumaric acid, and caffeoylquinic acid,
mainly due to synthetic antioxidants such as butylated hydroxyanisole and butyl-
ated hydroxytoluene which may have potential carcinogenicity [40]. With the
development of synthesis of novel structural lipids, phenolic compounds have
been modified to the triglyceride backbone by chemical or enzymatic methods
to improve its solubility in hydrophobic media. The phenolic acid derivative has
a dihydroxyphenyl structure and an ortho-phenolic hydroxyl group (1-3) in its
molecular structure. The former is a common free radical scavenging structure, and
the latter is easily oxidized.

2.3.2 Anticancer activity

It is found that cinnamic acid derivatives have certain inhibitory effect on
the proliferation of cancer cells and have certain application value in the field of
anticancer. Cinnamic acid can effectively inhibit the proliferation of A-59 human
lung adenocarcinoma cells [41]. Its derivatives play a significant role in inducing
apoptosis of human hepatoma cells [42].

2.3.3 Ultraviolet damage vepair performance

In recent years, with the development of industrial production, air pollution
is becoming more and more serious, leading to serious damage to the ozone layer,
which makes the intensity of ultraviolet radiation gradually increased, threating the
formation of skin diseases. Chemical sunscreens have problems such as poor light
stability and oxidative deterioration, which can lead to skin allergies. Therefore, a
new safe and efficient UV sunscreen with durable UV damage repair time and mild
effect should be developed. It has been reported that ferulic acid protects against
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oxidative damage and apoptosis of human keratinocytes (HaCaT cells) induced by
UVB, and its mechanism may be involved in the enhancement of the antioxidant
activity and reduction of oxygen free radicals [43].

3. Enzymatic production

The enzymatic reaction is mild and highly selective, and the process route is
simplified, which is the priority for the production of phenolic structured lipids.
Phenolic acid can readily be esterified with glycerol skeletons to form different
structured lipids via enzymatic reaction, which greatly enhance their antioxidant
and functional properties. The specific selectivity of lipase makes it possible to
control the position of structural lipid fatty acids. Further, solvent-free bioprocess
is the priority for the efficient and environment-friendly synthesis of phenolic
structured lipids [44]. This sector will cover the role of lipase, the enzymatic reac-
tion, and the separation and characterization of phenolic structured lipids.

3.1Lipase

Lipase (EC 3.1.1.3) is a general term for a class of enzymes that catalyze the hydro-
lysis of glycerides, which is a group of important multifunctional enzymes in the
field of lipid biotechnology [45]. The most commonly used lipases in the production
of phenolic structured lipids possess position or region specificity; they specifically
hydrolyze the ester bonds of the triglyceride sn-1 and sz-3 and have no effect on the
sn-2 ester bond due to steric hindrance effects. The specificity of lipase may be due
to the source of lipase, the characteristic structure of the substrate, physicochemi-
cal factors at the surface, and differences in binding sites of the enzyme [46]. The
transesterification of sn-1,3-specific lipase-catalyzed oil and triglyceride with high
content of sn-2 unsaturated fatty acids can reduce oil saturation and increase the level
of unsaturated fatty acids [47]. These kinds of lipase are mostly found in microor-
ganisms, such as Aspergillus niger, Rhizopus delemar, Mucor miehei, and Humicola
lanuginosa [48]. Lipases can be used to catalyze the resolution of optical isomers and
the synthesis of chiral compounds due to their stereospecificity, which is a research
hotspot in the field of enzyme engineering [49]. In addition to their high specific-
ity and selectivity, they can remain stable under relatively high temperatures and
conditions with organic solvents and no coenzymes involved, which would minimize
the formation of side products and thus facilitate the subsequent separation and
processing of the products [44] (Table 2). Thus, the use of lipases for specific lipid
production is a technique that is used for many years with promising results, which
allows the industry to meet the changing dietary requirement of consumers [44].

3.2 Reaction type

Glycerol serves as the feedstock for the production of phenolic lipids mediated
by lipases through transesterification, acidolysis, alcoholysis, and interesterification
[49]. Enzymatic esterification is an efficient, green and clean method for esterify-
ing phenolic acid. The esterification of a phenolic acid compound is usually carried
out by acylating a carboxyl or a hydroxyl group other than a phenolic hydroxyl one
to retain its strong antioxidant capacity and enable the newly formed derivative to
have good properties of fat solubility. The method for the production of structured
triacylglycerols includes lipase-catalyzed esterification of fatty alcohols and phenolic
acids and the transesterification of phenolic acids with acylglycerol models [44].
Figure 2 shows the transesterification of phenolic acids with acylglycerol. It has been
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The transesterification of phenolic acids with acylglycerol (R,, R,, R;, and R stand for the different fatty acids,
respectively. E, and E, present the condition of the transesterification including the enzyme, temperature, and
other reactions).

reported that ethyl ferulate can be transesterified with soybean oil to synthesize
mono-ferulic acid triglyceride and di-ferulic acid triglyceride [54]. Kunduru et al.
performed the chemo-enzymatic synthesis of four structured triacylglycerol bearing
ferulic acids as a phenolic acid atsn-1,3 position and found the antioxidant potency
of the phenolic structured lipids measured by the Rancimat method improved com-
pared to ferulic acid [14]. Eliza et al. incorporated ascorbic into canola acylglycerols
by enzymatic transesterification, significantly improving storage and frying perfor-
mance compared to the control canola oil, which offered nutraceutical ingredients
for food formulation [55]. Because of the extensive activities of phenolic acid, their
incorporation into triacylglycerols could potentially result in novel structured phe-
nolic lipids having the benefits of both functional and antioxidative properties [28].

3.3 Reaction conditions

The organic solvent system was commonly used for the enzymatic production
of phenolic lipids. Nevertheless, the use of some organic solvents may limit the
acceptability of nutraceuticals and food ingredients as well as the low volumetric
productivity [56]. One of the most promising novel approaches consists of using
solvent-free system (SFS), which may allow the use of a smaller reaction volume
and higher substrate concentrations and avoid the process of solvent recovery [57].
Feruloylated structured lipids were produced by enzymatic transesterification in
solvent-free system, which achieved relatively high conversion of ethyl ferulate,
reaching 98.3 + 1.1% [15, 58]. To further improve the biological activity of phenolic
lipids, ionic liquids (ILs) was also used in the enzymatic transesterification of ethyl
ferulate with castor oil [59]. Castor oil-based caffeoyl structured lipids was success-
fully prepared which combined beneficial properties of both castor oil and caffeic
acid [52]. Some other novel phenolic lipids were also produced with potential
nutritional and functional benefits. Selected phenolic structured lipid synthesis
was catalyzed by lipase via transesterification of 3,4-dihydroxyphenylacetic acid
(DHPA) with flaxseed oil in solvent-free system. The reaction led to a significant
increase in the relative proportion of linolenic acid (Cyg:3 w-3) that is good for
human health [60]. An efficient and solvent-free bioprocess for the synthesis of a
phenolic ester of docosahexaenoic acid (DHA) was developed to expand its stability
as the functional food ingredient [61].

Some other reaction variables such as reaction temperature and substrate ratio
also play a crucial role in the phenolic lipid production. Temperature mainly affects
the activity of lipase and the mass transfer rate in the enzymatic esterification.

For instance, in the synthesis of caffeoyl structured lipids by enzymatic trans-
esterification using monooleate as caffeoyl acceptors, with the increase of reaction
temperature from 50 to 70°C, ethyl caffeate conversion reached 97.5 + 1.9% at
70°C. Moreover, high temperatures resulted in the decrease of the reaction system
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viscosity, which favored the enzymatic synthesis [62]. However, temperatures above
100°C usually cause the enzyme deactivation. Similar effects of higher reaction
temperature on enzyme activity were also found in other reports [15, 52]. Substrate
ratio also has an impact on the enzyme activity of lipase. The high molar ratio of
castor oil to ethyl ferulate from 1:1 to 1:5 led to the concomitant decrease of ethyl
ferulate conversion. The reason was probably that excessive ethyl ferulate inhibits
the enzyme by acidifying microaqueous phase surrounding the lipase [15, 63]. The
production of such structured triacylglycerols, possessing various enrichment levels
of selected fatty acids, has become an area of great interest because of their poten-
tial nutritional and functional benefits [64]; the enhancement of the solubility and
miscibility properties of these novel biomolecules could increase their usefulness
compared to their corresponding hydrophilic phenolic acids.

3.4 Separation and characterization

The separation and purification of phenolic lipids are commonly conducted by
HPLC and thin-layer chromatography (TLC), further identified by FT-IR, GC-MS,
atmospheric pressure chemical ionization-mass spectrometry (APCI-MS), and NMR
quantitative analysis. In the lipase-catalyzed acidolysis of flaxseed oil with selected
phenolic acids, the reaction components were monitored by HPLC. Cinnamic,
3,4-dihydroxyphenylacetic, and p-coumaric acids were monitored at 235 and 280 nm,
which showed a UV-spectral scanning profile different from other phenolic acid
components [65]. The transesterification reaction mixture of fish liver oil with
dihydrocaffeic acid (DHCA) was analyzed qualitatively by TLC on silica gel 60 plates.
The bands corresponding to the phenolic mono- and diacylglycerols visible under UV
(265 nm) were recovered and separated. APCI-MS in the positive-ion mode was used
to characterize the molecular structure of phenolic lipids for further analyses of the
eluting peaks by HPLC [13]. The selectivity of Candida antarctica lipase B (CALB)
was verified by elucidating the structure of the purified ester by NMR, indicating
that the polyunsaturated chain was grafted on the vanillyl alcohol primary hydroxyl
group, whereas the phenolic hydroxyl group remained unaffected [61].

4, Microreactor

Structured phenolic lipids were usually achieved through enzymatic derivatiza-
tion by esterifying the carboxylic acid group with long-chain alcohols or glycerol,
which could obtain an amphiphilic molecule without losing its original functional
properties. Traditional methods for transesterification are simple and convenient to
operate and widely used for industrial production. However, violent shaking of the
mixture in the batch reactor may lead to the crack and collapse of lipase which could
obviously reduce activity of lipase [66]. In addition, it is time-consuming which
leads to oxidative deterioration of oil and limits the commercialization of products.
Considering the violent collapse of enormous bubbles simultaneously, tremendous
generation of heat and pressure occurs, which could be helpful to remove the by-
product like ethanol without vacuum [67]. Thus, microreactor technology has been
proposed to be beneficial for the effective production of phenolic structured lipids.

Microreactors are recognized as powerful tools for chemical synthesis. The
specific surface area of microreactor is much larger than that of conventional
reactor, which possesses strong heat exchange capacity and fast mass transfer rate.
Moreover, the reaction time was greatly reduced, and the products and substrates
can be easily separated. Therefore, microreactors are suitable for reactions with a
severe reaction process or a high-temperature requirement.
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4.1 Reactor type and characteristics

Propyl caffeate was achieved in the microreactor with 1-heptyl-methylimidazo-
lium bis(trifluoromethylsulfonyl)imide [C;mim] [Tf,N] as a cosolvent. The yield
of 99.50% was achieved, while the yield in the conventional reactor was 98.50%,
and the reaction time was 9/10 shorter than that of the conventional reactor (24 h)
[68]. Moreover, human milk fat-style structured triacylglycerols were produced
from microalgal oil in a continuous microfluidic reactor packed with immobilized
lipase, which obtained high conversion efficiency with reaction time being reduced
by eight times [63]. The packed bed reactor was built in a stainless steel plate with
lipozyme RM IM used as a biocatalyst, and #-hexane was employed as the medium
(Figure 3). Further, the packed bed reactor was designed with polydimethylsi-
loxane which has a good chemical inertness with dimension 10 x 0.9 x 75 mm
(W x H x L), respectively. One inlet and one outlet were set in both ends of the
microreactor to ensure the substrate was fed from one inlet and flow out of the
reactor from an outlet which was on the other side of the reactor. The bottom of
the groove was packed with Novozym 435; the homogeneous solutions of methyl
caffeate, glycerin, and cosolvent were pumped into the reactor for the synthesis
of 1-caffeoylglycerol (1-CG) [32]. Due to the advantages of strong heat exchange
capacity and fast mass transfer rate in microreactors, the high yield of the 1-
caffeoylglycerol was achieved with high reaction rate, low energy consumption, and
short time and continuous production. Thus, microreactors represent a convenient
and cost-saving method to produce phenolic lipids using microfluidic biocatalysis.

4.2 Reaction conditions

The reaction in microreactors is commonly affected by flow rate, temperature, and
substrate concentration. With lower flow rate, the substrate will be fully mixed and
collided with the enzyme which makes the substrate contact with the active site of the
lipase sufficient, and a high yield of 1-caffeoylglycerol (1-CG) was achieved [32]. The
viscosity at a low temperature is very high, due to the high boiling point of glycerin. It
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Figure 3.
Synthesis of human milk fat-style structured lipids in a continuous microfluidic reactor.
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is important to reduce the viscosity of the system and increase the mass transfer rate by
raising the temperature in microreactors. Substrate concentration is expected to effect
the incorporation of glycerol ester with fatty acid. Even though higher substrate con-
centrations can promote more incorporation of polyunsaturated fatty acids (PUFAs)
to triacylglycerols at the initial reaction, the high level molar ratios of substrate may
inhibit lipase activity and also complicate the downstream purification [69].

4.3 Kinetic analysis

Enzyme kinetics is an important means to evaluate different reactor perfor-
mances. Kinetic modeling plays a role as an engineering practice in accelerating
enzymatic reactions which indicates the behavior of substrate and enzyme [70]. In
addition, enzyme kinetic modeling can explore pathways and reaction mechanisms
of complex macromolecular substrates using many parameters prior to develop-
ing innovative process to ensure stability and desired efficiency [71]. Herein, the
enzyme kinetic modeling was used to evaluate catalytic efficiency of enzyme and
mass transfer in microreactors. In our previous study, the value of kinetic parameters
(Kin(app)) Which is relative to the flow rate was calculated for the aim of kinetic study
in continuous-flow microreactors [72]. The effect of flow rate on enzyme kinetics is
usually investigated using the Lilly-Hornby model [73]. In the production of human
milk fat-style structured triglycerides, at the lower flow rate, a lower Kp(app) value
was obtained, which shows that the acyl donors and enzyme were in sufficient con-
tact with one another [63]. In the enzymatic synthesis of 1-caffeoylglycerol (1-CG),
ping-pong bi-bi model was used for the kinetic analysis. To further reveal the effect
of internal mass on the reaction, the modeling of fluid flow in microchannels can
be achieved by using a formulation in which a common flow field is shared by all of
the phases. Numerical simulation liquid flow was applied in the microreactor with
the COMSOL Reaction Engineering Lab 3.5a [32]. In summary, kinetic approach can
analyze reaction parameters and explain the high efficiency of microreactor.

Thus, the microfluidic technology is promising for modified functional lipid
production. However, there are still few reports about microfluidic bioconversion
technology employed in the phenolic structured lipid production. More research
on phenolic structured lipid production involving microfluidic technology stays
explored to provide a cost-effective approach for producing high-value coproducts.

5. Applications

Glycerol is emerging as a versatile bio-feedstock for the production of a variety
of chemicals, polymers, and fuels. New catalytic conversions of glycerol have been
applied for the synthesis of products whose use ranges from everyday life to the
fine-chemical industry. In addition, phenolic acids show a great potential ability of
antitumor, antioxidant, antibacterial, and anti-ultraviolet activity due to the unique
structure. Thus, in order to utilize potential ability of phenolic acids to meet the
demand of cancer treatment and food antioxidants, artificial transformation of its
structure using glycerol as feedstock is daily crucial and has been the mainstream
research direction in recent years. However, there are few reports on application of
the structure triglycerides containing phenolic acids; recent studies have focused
on the antioxidant and anticancer aspects of mofetil. The research about repair
ability of structure triglycerides on UV damage of cells has also been a hot topic.
Therefore, this sector will focus on the application of phenolic acid structural lipid
on the antioxidant and anticancer aspects of mofetil as well as the ultraviolet dam-
age repair performance.
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5.1 Antioxidants

Antioxidant capacity of phenolic acids ester is usually evaluated in the following
three ways, such as 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH) scavenging,
antioxidant potency in lipid matrix using Rancimat, and the rate of inhibition of
autoxidation of linoleic acid in micelles. Four compounds of structured phenolic
lipids of varying chain lengths were synthesized to evaluate their antioxidant
ability [14]. It was found that after the combination of ferulic acid and glyceride,
the antioxidant capacity of ferulic acid glyceride was significantly improved. With
ferulic acid as reference, the oxidation time was increased from 12.9 to 15.05 h. In
addition, sinapic acid, which was considered as one of the dietary phenolic acids,
also is evaluated in the study of Gaspar et al. Alkyl ester sinapates (linear alkyl
esters) present almost the same antioxidant activity, albeit slightly lower, compared
with the parent compound (sinapic acid) [74]. It was also found that the addition
of an alkyl ester side chain shows positive effect on the utilization as an antioxidant
in a more lipophilic medium via improving the partition coefficient. Furthermore,
ester derivatives of ferulic acid also show the superior antioxidant to the parent
ferulic acid [75]. In our previous study, we have synthesized 1-caffeoylglycerol
(1-CG), and the ability of 1-CG to scavenge DPPH free radicals and repair UV
damage of HaCaT cell was studied, which showed the most effective antioxidant
function on DPPH and repair function on UV damage of HaCaT cells compared to
methyl caffeate and caffeic acid. Thus, the combining phenolic acid with triglyc-
erides helps phenolic acids to exert antioxidant functions in fat-soluble foods and
pharmaceuticals.

5.2 Anticancer agents

Phenolic acids have been reported to have the ability of anticancer via inhibiting
the growth of tumor cell or selecting inducers of cell death. The gray GM(0, N)
approach was employed to analyze the structure activity relationship of phenolic
acid phenethyl esters on oral and human breast cancers [76]. Figure 4 shows the
chemical structures of phenolic acid phenethyl esters, and among that structure R
is the most important functional group which has a great influence on the cyto-
toxicity to tumor cell (SAS, OEC-M1, MCF-7). Thus, the ability of inhibiting the
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Figure 4.
Chemical structures of phenolic acid phenethyl esters.
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growth of the tumor cell could be influenced by the variable of phenolic acid ester.
In addition, phenolic acid ester can also induce the death of the cancer cell. It is
reported that 13-D have the ability of selectively inducing apoptosis in white blood
cancers [77]. These phenolic acid esters not only have selective osmotic effects but
also block the cell cycle, and its target compounds are localized in the nucleus and
cytoplasm. Furthermore, it is reported that the viability of Detroit 562 cells could
be significantly influenced by caffeic acid phenethyl ester [77]. Thus, the phenolic
acid ester presented the capability of inhibiting the growth and inducing the
apoptotic response of cancer cells.

6. Conclusions

New applications of glycerol as a low-cost feedstock for functional structured
lipids have been found, which indicated converting glycerol into commercially val-
ued products. In order to utilize potential ability of phenolic acids, they have been
added to structured lipids produced from glycerol to impart even more functional-
ity. Enzymatic esterification reaction was mostly used to enhance the liposolubility
of phenolic acids. Microfluidic technology has also been an effective tool for the
phenolic lipid production. Whether it is through improvement in functionality
or physical properties of a food or the medicinal properties, phenolic structured
lipids definitely provide attributes that consumers will find valuable. Therefore, it is
important that further research is conducted that will allow for better understand-
ing and more control over the various esterification processes and reduction in costs
associated with large-scale production of phenolic structured lipids.
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Chapter 5

Glycerol Transformation to
Value-Added 1,3-Propanediol
Production: A Paradigm for a
Sustainable Biorefinery Process

Shanthi Priya Samudrala

Abstract

The impact of diminishing fossil fuel resources, rising environmental issues as
well as the global demand for energy, fuels and chemicals has significantly directed
to the use of renewable biomass for sustainable production of fuels and chemicals.
Glycerol, a three carbon feedstock, is one of the most promising biomass resources
which at present is obtained as a by-product in large quantities during the biodiesel
production. This stimulated a lot of interest in developing new valorization tech-
nologies to produce high-value tonnage chemicals from glycerol by sustainable
processes such as oxidation, dehydration, hydrogenolysis, steam reforming, car-
boxylation, acetalization, esterification and chlorination. In this chapter, we intend
to focus on the hydrogenolysis of glycerol which produces important commodity
chemicals such as propanediols, propanols and ethylene glycol. In particular, the
selective hydrogenolysis of glycerol to 1,3-propanediol performed in both liquid
phase and vapor phase reaction processes is described. Furthermore, the most
significant progress in the development of the catalytic materials for glycerol
hydrogenolysis including the reaction pathways is herein summarized.

Keywords: glycerol, hydrogenolysis, biomass, biodiesel, 1,3-propanediol,
metal-acid catalyst

1. Introduction

The consideration of renewable energy resources and sustainable processes for
energy, fuel and chemical production is the most important research targeted areas
of this century. Currently around 90% of all chemicals are synthesized from fossil
fuels or petrochemicals. However, to combat the issues of climate change, depletion
of oil resources as well as its escalating prices, the investigation of the potential
renewable sources to meet the future energy requirements has been a perpetual
study driving researcher’ attention. Consequently, there is a pressing need to
develop alternative processes for the sustainable ways of producing fuels and
chemicals. In this regard, utilizing “biomass as feedstock” is well thought out as an
outstanding sustainable renewable energy source for fuel and chemical production,
as a substitute to fossil fuel energy.
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1.1 Biomass

In the recent past, biomass has been recognized as the most widespread renew-
able energy source and a potential substitute to fossil fuels that could be regener-
ated faster. It is extensively used as a building block for fuels, fuel additives and
fine chemicals. Biomass refers to plant- and animal-derived biological material. By
using different processes such as thermal, chemical, biological and electrochemical
methods, biomass resources can be converted to valuable fuels and chemicals [1].
Biomass can be chemically converted to other usable forms of energy like methane
gas or transportation fuels like ethanol and biodiesel. Vegetable oils and animal fats
are used to produce ‘biodiesel, whereas the fermentation of corn and sugarcane
produces ‘ethanol’. Unlike fossil fuels, carbon dioxide released into the atmosphere
by biomass combustion is absorbed by the plants as the regrowth of the biomass
crops takes shorter time and hence results in a closed carbon cycle with net zero
carbon emission. Therefore, biomass is regarded as the naturally occurring clean
and efficient renewable energy carbon resource used as a substitute for fossil fuels.

1.2 Biodiesel

Biodiesel is a renewable, potentially viable environmentally friendly diesel fuel,
which directly replaces conventional petroleum diesel. Given its non-toxic and
biodegradable nature, biodiesel offers several benefits including better combustion
emission profile, with low greenhouse gas emissions. The enhanced lubricating
properties that can extend the engine life, high flash point (150°C) and material
compatibility made biodiesel a benign transportation fuel and a better substitute to
petroleum-based fuel. It can either be blended with petroleum in different propor-
tions or can be used directly in its pure form in the diesel engines. Base-catalyzed
transesterification process of canola oil/soya bean oil, animal fats or cooking oil
(triglycerides) with alcohol produces biodiesel (fatty acid methyl esters) and
glycerol (valuable by-product) (Figure1).

Biodiesel production has shown a steady growth from 2000 to 2010 rising
from less than 1 million tons to 10 million tons, respectively. For every 1 tonne of
biodiesel synthesized, 100 kg of glycerol is cogenerated, approximately 10 wt% of
total product which is fairly greater than that produced from soap manufacturing
process. Due to the rapid growth in biodiesel production, a glut of glycerol has
been created, and subsequently the market value of glycerol is dropped abruptly.
One of the key problems challenged by biodiesel companies is the disposal of
glycerol, which is quite expensive. Now the major question arises! How the glycerol

/ - Hye— Ry '
J\ catalyst ' ) ':'

\'.
o, oo Tm
Mixture of fattyacid
Triglyceride Methanaol methyl esters (FAME)
{Bindiesel)

Figure 1.
Biodiesel production through transesterification of triglyceride.
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is separated and valorized from biodiesel production? Therefore, to contribute to
the cost affordability of biodiesel processes and for sustainable development, it is
imperious to develop methods of producing value-added chemicals from glycerol.
In this context, the excess glycerol derived from biodiesel process could be utilized
as a renewable feedstock for substituting fossil-derived chemicals, and research is
being directed worldwide to utilize glycerol as a chemical building block [2].

1.3 Bio-glycerol

Glycerol or glycerine also known as propane-1, 2, 3-triol is a simple trihydroxy
sugar alcohol primarily used as a sweetening agent, solvent, pharmaceutical agent
and emollient. It is a colorless, odorless, viscous liquid miscible in water. Glycerol is
non-toxic and hygroscopic in nature. Purified glycerin is used in the production of
various foods, beverages, pharmaceuticals, cosmetics and other personal care prod-
ucts. Glycerol is produced by saponification process (traditional soap manufacture)
and obtained as a major by-product in biodiesel process (fatty acid ester produc-
tion) (Figure 2). The convenient method for the production of glycerol is biological
fermentation and hydrogenolysis of glucose. Synthetic glycerol is prepared from
propylene, but this method is at present economically unappealing because of rising
crude oil prices [4].

It is projected that by 2020, glycerol production will rise six times more than
request. The crude glycerol from biodiesel process is of variable quality comprising
a mixture of methanol, unreacted mono-, di- and triglycerides, fatty acids, water,
inorganic salts, methyl esters and a range of organic constituents with an estimated
50% purity and has a low market value. The purification processes of glycerol are
expensive, and it is being disposed as a waste by small biodiesel plants. This remains
problematic because the methanol content of glycerol is considered as harmful
waste. Currently, energy production by incineration is one method to remove sur-
plus glycerol. In terms of both environmental protection and economic benefit, the
value addition of glycerol is of great importance to further enhance the cost efficacy
of biodiesel processes.

1.4 Valorization of bio-glycerol

With glycerol offered as a low cost, large-volume bio-feedstock, consumption of
surplus glycerol is a prerequisite for the commercial sustainability of biodiesel pro-
cesses. Glycerol is one among the top 12 platform chemicals from biomass, compelled
by its non-toxic, edible, biodegradable properties as well as multifunctional structure.
Glycerol is a highly attractive molecule used to produce variety of valuable chemical
intermediates. In order to provide new applications for glycerol valorization, chemical

A. Soap manufacture

NaOH
HiC—OCOR  (emezomee- > 3RCOONa * Hﬂ/ﬁ/\mi
catalyst

OH

i —oco (Giycerol
| MeOH
HC—0COR  ‘--oee-no-ne = 3 RCOOMe + Hﬂ/\l/\g“
catalyst

OH
Triglyceride B. Biodiesel process

Figure 2.
Glycerol production by saponification and biodiesel processes [3].
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Figure 3.
Different chemical transformations of glycerol to value-added chemicals.

catalysis is an important approach to green chemical processes. In this regard, sig-
nificant research on the chemical transformation of glycerol into high value-added
specialty chemicals has been developed during the past decade [5].

Glycerol is a highly functionalized molecule used as a precursor for the produc-
tion of wide range of commodity chemicals such as 1,2-propanediol, 1,3-propanediol,
ethylene glycol, propanols, hydrocarbons, acrolein, dihydroxyacetone, glyceric acid,
syngas, hydrogen, glyceryl ethers, glyceryl esters, glycerol carbonate, 1,3-dichloro
propanol, polyglycerols as well as acetals and ketals of glycerol by means of several
different methods such as fermentation, hydrogenolysis, pyrolysis, oxidation,
etherification, dehydration, esterification, carboxylation, halogenation, polymeriza-
tion and glycerol acetalization [6, 7] (Figure 3). Furthermore, glycerol has received
a great attention as a ‘green solvent’ in synthetic organic chemistry because of its
exceptional physical and chemical properties. Its compatibility with most organic/
inorganic compounds, high boiling point, negligible vapor pressure, easy dissolution
and nonhazardous nature, simple handling and storage provides an innovative way
to revalorize glycerol and to be used as sustainable reaction medium [8].

2. Hydrogenolysis of glycerol

Hydrogenolysis reaction is a class of reduction which involves dissociation of
chemical bonds (C=C or C==0) in an organic compound and subsequent addition
of hydrogen to the resultant molecular fragments. C==C hydrogenolysis reactions
have gained commercial importance in petroleum refineries, a method to produce
lower hydrocarbons. On the other hand, C=0 hydrogenolysis reduces the oxygen
content and is an important area of research for biomass conversion to fuels and
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chemicals (Figure 4). C=0 hydrogenolysis is highly favorable industrial relevant
route of glycerol conversion processes as glycerol is rich in oxygen functionality.

Glycerol hydrogenolysis is a complex reaction involving many reaction pathways giv-
ing rise to valuable products. At first, C=O hydrogenolysis of glycerol yields propanedi-
ols (1,2-propanediol and 1,3-propanediol). Subsequent C=0O hydrogenolysis gives rise
to propanols (1-propanol and 2-propanol) and finally propane, whereas C=C hydro-
genolysis of glycerol or the C=C hydrogenolysis of the products derived from C=0O
hydrogenolysis gives degradation products such as ethylene glycol, ethanol, methanol,
ethane and methane. The reaction routes and products from glycerol hydrogenolysis are
shown in Figure 5. 1,2-propanediol (1,2-PDO), 1,3-propanediol (1,3-PDO), ethylene
glycol (EG), 1-propanol (1-PrOH) and 2-propanol (2-PrOH) are industrially important
products of glycerol hydrogenolysis. Therefore, to increase the cost-effectiveness of
biodiesel industry, the catalytic hydrogenolysis of glycerol appears to be an attractive
option. Furthermore, the products obtained from glycerol hydrogenolysis can certainly
replace the chemical compounds produced from non-renewable sources.

2.1 Propanediols (1,2-propanediol and 1,3-propanediol)

Propanediols are the most important value-added chemicals obtained from
glycerol hydrogenolysis. 1,2-propanediol (1,2-PDO) is a medium-value commodity

C-C hydrogenolysis
|| |
—C—C-—C - C—CH + HC
| | d | Catalyst I | |
-"“‘D C-0) hydrogenolysis
I
N | H, H
—C—C— - c—cC + HO——
I | Catalyst | |
Figure 4.
Reaction pathways of hydrogenolysis.
C=0) hydrogenolysis products
\[/\o« R W .
o 1 12 ol
" ~propana -propan :
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P / o e e = ST, / Pl'ﬂllluné
" \[ M Mpropunediol loropanel e '
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C-C hydrogenolysis products
Glycerol \ pressere e e e e :
»-n/_\m ~on CHOH Gl o,

iljth}'lmr ghyeol ethanol methanal ethane melhuei

Figure 5.
Products obtained from glycerol hydrogenolysis.
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chemical used as a component in paints, liquid detergents, cosmetics, food, animal
feed, personal care products, tobacco humectants, flavors and fragrances. Besides
being an antifreeze coolant and a de-icing agent [9], it is used as raw material for the
synthesis of polyester resins, in the fiber manufacture and in pharmaceutical pro-
duction. Conventionally, 1,2-propanediol is produced by hydroperoxide process or
the chlorohydrin process from propylene oxide. 1,3-propanediol (1,3-PDO) is other
valuable product of glycerol hydrogenolysis used as an important monomer in the
manufacture of polymethylene terephthalate (PTT) or polypropylene terephthalate
(PPT), a biodegradable polyester used in textile and carpet manufacturing. It finds
applications in the manufacture of cosmetics, personal care, cleaning, lubricants,
medicines, and in the synthesis of heterocyclic compounds in addition to engine
coolants, food and beverages, de-icing fluids, water-based inks, heat transfer fluids
and unsaturated polyester resins [10]. The global 1,3-PDO production is estimated
to reach $621.2 million by 2021 growing at an annual growth rate of 10.4%.

2.2 Reaction pathways and mechanistic studies of glycerol hydrogenolysis

Glycerol is a trihydroxy compound with two primary hydroxyl groups and
a secondary hydroxyl group. The hydrogenolysis reaction of glycerol involves
C=0 or C=C chemical bond cleavage in the presence of catalysts and hydrogen.
1,2-PDO is produced by the hydrogenolysis of primary (1°) hydroxyl groups of
glycerol, whereas the hydrogenolysis of secondary (2°) hydroxyl group gives 1,3-
PDO. Successive hydrogenolysis of 1,2-PDO produces monohydroxy 1-PrOH and
2-PrOH and eventually propane. The consecutive removal of the remaining =—OH
from 1,3-PDO could yield 1-PrOH first and then propane. The reaction mechanisms
of glycerol hydrogenolysis and the products obtained mostly depend on the oper-
ating conditions of the reaction systems, nature of catalytic materials like metal
properties and acidity or basicity of catalysts [11]. The generally accepted reaction
mechanisms of glycerol hydrogenolysis are illustrated below.

2.2.1 Two-step mechanism

The two-step mechanism of glycerol hydrogenolysis is the dehydration-
hydrogenation route that involves acid-catalyzed dehydration of glycerol first
and subsequent hydrogenation of intermediate in the presence of metallic sites

to yield the final product (Figure 6). This mechanism is highly favorable under
acidic conditions. Acid-catalyzed dehydration of 1° hydroxyl groups of glycerol

: M
acid \‘/\m T\‘"" [M] /\(\m
—_— H0 = H -
(=[]
nu/\’/\m Hydroxy acetone (HA) 1,2-propanediol
{thevmodynamic stable (1,2-PDAO)

OH kinetic unfavourable)
yeera -y oH “M ] Mnﬂ
-H50 H
3-Hydroxy 1,3-propanediol
propionaldehyde -
(2-HPA) (D

(thevmodynamic unstable
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Figure 6.
Dehydration-hydrogenation (two-step) mechanism of glycerol hydrogenolysis [11].
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generates hydroxyacetone (acetol) followed by hydrogenation over metal to
1,2-PDO. Similarly, 1,3-PDO is formed by the acid-catalyzed dehydration of 2°
hydroxyl group of glycerol to form 3-hydroxy propionaldehyde (3-HPA) and
subsequent hydrogenation over metal. However, 3-hydroxy propionaldehyde,
though kinetically favorable, is thermodynamically less stable than hydroxyacetone.
Furthermore, double dehydration of glycerol will produce acrolein, whereas double
dehydration followed by hydrogenation gives rise to the formation of 1-PrOH and
2-PrOH [11].

2.2.2 Three-step mechanism

Another route of glycerol hydrogenolysis is dehydrogenation-dehydration-
hydrogenation which is a three-step mechanism, more prevalent under basic
conditions [11]. It involves initial dehydrogenation of glycerol to form glycer-
aldehyde and 2-hydroxy acrolein by glyceraldehyde dehydration followed by
hydrogenation of 2-hydroxy acrolein into 1,2-PDO (Figure 7). On the other hand,
1,2-PDO could also be generated by the keto-enol tautomerization of 2-hydroxy
acrolein into pyruvaldehyde which hydrogenates to acetol and further hydrogena-
tion to 1,2-PDO. Pyruvaldehyde also undergoes oxidation to yield lactic acid, and
on the other hand, ethylene glycol (EG) formation can be explained through the
retro-aldol reaction of glyceraldehyde to produce glycolaldehyde followed by its
hydrogenation.

2.2.3 Direct route

A direct glycerol hydrogenolysis reaction mechanism (Figure 8) was demon-
strated over specific catalysts such as Ir-ReOx/SiO,. In this mechanism, the glycerol
adsorbed on the interface of metal species generates 2,3-dihydroxypropoxide and
1,3-dihydroxypropoxide. The hydride attack facilitates the dissociation of C=O
bonds in the alkoxides, and final hydrolysis yields respective products [12].

2.3 Role of acidic sites in the selective hydrogenolysis of glycerol to propanediols

The properties of catalyst systems and reaction conditions effect the selective cleav-
age of primary or secondary hydroxyl group from glycerol. It is evident from previous
research that 1,2-propanediol (1,2-PDO) and 1,3 -propanediol (1,3-PDO) are produced

=H5 -
O : O Ty WO F2H,
I o 3
os base oH " a

metal oH

Glyeerol Glyceraldehyde 3-hydraxy Pyruvaldehyde 1.2-FDO
acralein

Figure7.
Dehydrogenation-dehydration-hydrogenation (three-step) mechanism of glycerol hydrogenolysis [11].
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Figure 8.
Direct hydrogenolysis mechanism of glycerol hydrogenolysis [3].
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from glycerol hydrogenolysis by acid-catalysed dehydration of glycerol to form acetol
and 3-hydroxypropaldehyde (3-HPA) intermediates and successive hydrogenation on
metal sites. Acrolein is produced by the double dehydration of glycerol over strong acid
sites. Hence, surface acidity or acid strength of the catalyst is an important parameter
in directing the product distribution. Indeed, the nature of acid sites also plays a vital
role in determining the selective formation of propanediols from glycerol. Brensted
acid site favors the abstraction of 2° hydroxyl group of glycerol to generate 1,3-PDO via
3-HPA, while Lewis acid sites assist in the dehydration of 1° hydroxyl group of glycerol
to form 1,2-PDO through the acetol intermediate (Figure 9) [13].

The nature of acidic sites governs the reaction mechanism of selective glycerol
conversion to propanediols which is quite interesting and important in designing the
appropriate catalytic materials (Figure 10). The primary or secondary =OH group
of glycerol is attacked by the proton from a Brensted acidic site (Figure 10A)
without any steric hindrance. However, protonation at secondary ==OH group
of glycerol generates secondary carbocation which is more stable than primary
carbocation resulted from protonation of primary ==OH group. It should be noted
that 3-HPA is thermodynamically unstable; however, its formation is kinetically
more favorable over the formation of acetol Or hydroxyacetone. Hence, reaction
proceeds via secondary ==OH group protonation followed by dehydration to form
highly unstable 3-HPA intermediate that quickly hydrogenates on metallic sites
to produce 1,3-PDO. The immediate hydrogenation of 3-HPA is essential to stop
further dehydration of 3-HPA to yield acrolein as final product. The Lewis acid sites
of the catalysts possess empty orbital to accommodate the lone pair of electrons
either from primary or secondary==OH groups of glycerol by coordinate covalent
bond (CCB). This CCB seems to appear like a complex due to the direct interac-
tion of the metal empty orbital (from the catalyst surface) with ==OH groups of
glycerol. However, the complex is preferentially formed with less steric hindered
primary =OH group of glycerol than that of secondary ==OH group. Therefore, the
interaction of Lewis acid site with primary ==OH group followed by dehydration
results in a thermodynamically stable hydroxyacetone intermediate which is further
hydrogenated to produce 1,2-PDO (Figure 10B). The mechanism of glycerol hydro-
genolysis based on the nature of acidic sites is well in accordance with the reaction
mechanism proposed by Alhanash et al. [14].
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Figure 9.
Selective production of propanediols from glycerol.
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Selective production of propanediols divected by the nature of acidic sites [14].

3. Selective conversion of glycerol to 1,3-propanediol

In glycerol hydrogenolysis, the selective cleavage of one of the C=O (primary
or secondary) bonds over C=C cleavage is highly challenging and depends on the
operating reaction conditions as well as the nature of catalytic material in particular
acidic properties of the catalyst [11]. The type of acidic sites (Lewis acid sites or
Brensted acid sites) plays an important role in directing towards the desired product
formation. 1,3-propanediol is an industrially important commodity chemical and
is a component of industrial polyesters such as Dupont’s Sorona®, Shell Chemical’s
CorterraTM and CDP Natureworks®. Three different methods including chemical,
microbial and catalytic methods have so far been the commonly employed method-
ologies for the production of 1,3-PDO.

3.1 Chemical method (conventional routes) for 1,3-PDO production

There are two well-known chemical methods for the synthesis of 1,3-PDO
(Figure 11). The first method employs ‘ethylene oxide’ as the feedstock and
commonly known as ‘Shell’ route of 1,3-PDO synthesis. It is a two-step process
involving hydroformylation of ethylene oxide to 3-hydroxypropionaldehyde
(3-HPA) and subsequent hydrogenation of 3-HPA to 1,3-PDO. The second
method of 1,3-PDO synthesis is ‘Degussa-DuPont’ route and uses acrolein as the
feedstock [15]. The hydration of acrolein gives 3-HPA which is further hydro-
genated to 1,3-PDO. However, the chemical methods of 1,3-PDO synthesis are
petroleum-based methods and have many disadvantages such as high pressure,
high temperature and catalysts. Consequently, the costs of 1,3-PDO production
becomes very high.
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Traditional synthetic methods for the production of 1,3-propanediol [15].
3.2 Microbial method (fermentation process) for 1,3-PDO production

An attractive alternative for chemical synthesis is a microbial conversion of raw
materials to 1,3-PDO. This method is easy and does not generate toxic by-products.
The biological conversion of glycerol into 1,3-PDO is mainly achieved by the fer-
mentation process using anaerobic or aerobic bacteria [12, 16, 17]. The commonly
used microbes in the fermentation process include Clostridium, Enterobacter and
Lactobacillus [18]. The biological conversion of glycerol in a bacterial cell is carried
out at functional temperature (37°C) and normal atmospheric pressure. In this
process (Figure 12), glycerol is first dehydrated to 3-HPA in the presence of B12-
dependent enzyme, and then 1,3-PDO is produced by the reduction of 3-HPA in the
presence of NADH-oxido reductase. However, the energy consumption and cost of
the equipment in the fermentation process are relatively high.

3.3 Catalytic method (homogeneous and heterogeneous catalysis) for
1,3-PDO production

In view of shortcomings of chemical and biological methods, the most economi-
cally attractive approach would be the development of new, cost-competitive process
that utilizes renewable resources as feedstocks for green and sustainable chemi-
cal technologies. Catalytic method is one such process which not only represents
milestones towards the goal of reducing fossil fuel dependency and greenhouse gas
emissions but also has the potential to provide substantial energy savings. As glycerol
hydrogenolysis to propanediols proceeds via a dehydration-hydrogenation mecha-
nism, typically the reaction requires a bifunctional catalyst where metals (transition
or noble metals) are used for hydrogenation and acidic or basic support materials can
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Figure 12,

Microbial production of 1,3-propanediol.
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be used for dehydration. The literature reviews suggests that 1,2-PDO formation can
be achieved by a simple acidic or basic catalyst; however, the formation of 1,3-PDO

is challenging and definitely requires a cocatalyst that acts as a Brensted acid additive
[11]. The hydrogenolysis of glycerol has been investigated by quite a few researchers
in the recent past for glycerol hydrogenolysis both in batch and continuous flow reac-
tors using homogeneous as well as heterogeneous catalytic systems. Catalysts based
on various transition and noble metals such as Cu, Ni, Co, Pd, Ru, Rh, I, Re, Ag, Au
and Pt have been tested in glycerol hydrogenolysis [19, 20]. This chapter highlights
the catalytic materials employed for the selective hydrogenolysis of glycerol to 1,3-
PDO till date and summarizes all different catalyst systems used.

3.3.1 Homogeneous catalytic processes

The homogeneous catalytic hydrogenolysis of glycerol has been demonstrated
by Celanese and Shell corporations using Rh and Pd metal complexes in the late
1980s and 1990s [21, 22]. Later, Bullock et al. described the dehydroxylation of
glycerol in sulfolane at 110°C and 52 bar pressure over a ruthenium catalyst, but
1,2-PDO and 1,3-PDO were produced in very low yields (<5%) [23]. The results of
homogeneous catalytic systems have been represented in Table 1. Nonetheless, the
major drawback of these homogeneous catalytic processes is the separation/recov-
ery of catalyst from product and corrosion of the reactor due to reaction medium.
Furthermore, glycerol hydrogenolysis using homogeneous catalysts leads to a range
of by-products. Apparently, homogeneous catalytic processes end up with hazard-
ous environmental problems, and in efforts to address these problems, researchers
paid significant attention on heterogeneous catalysts.

3.3.2 Heterogeneous catalytic systems

The problematic separation of homogeneous catalysts from their products and
rather their instability led to the development of successful, industrially appli-
cable heterogeneous catalysts with high levels of activity, selectivity and catalyst
stability. Different classical heterogeneous metal catalysts Cu, Ru, Rh, Ir, Pt and
Pd supported on a wide range of qualitatively different carriers and in presence
of Brensted acids as cocatalysts were, so far, widely employed for direct hydroge-
nolysis of glycerol to obtain 1,3-propanediol. Wide-ranging reaction parameters
including temperature (around 180-350°C) and hydrogen pressure (1-9 MPa)
are typically applied. As shown in the mechanism of glycerol hydrogenolysis via
dehydration-hydrogenation and dehydrogenation-dehydration-hydrogenation

Author (year) Catalyst Solvent/additive Temp P (MPa) Yield of 1,3- Ref.
°C) PDO (%)

Che (1985) Rh(CO);(acac) MPI*/H,WO, 200 32 syngas 21 [21]

Shell (1998) Pd complexb Sulfolane-water/MSA® 140 6 syngas 30.8¢ [22]

Bullock (2001)  Ru-complex® Sulfolane 110 52 H, <5 [23]

“MPI, 1-methyl-2-pyrrolidinone.

bPd-BCPE (BCPE, 1,2-bis(1,5-dicyclohexylphosphino)ethane).
‘Methane sulfonic acid.

Selectivity.

*[{Cp*Ru(CO) },Cu~H]' OTf™ (Cp* = n°-CsMes; OTf = OSO,CF).

Table 1.
Glycerol hydrogenolysis to 1,3-propanediol over homogeneous catalytic systems.
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routes, for selective production of 1,3-PDO from glycerol, addition of a suitable
cocatalyst that can act as a Brensted acid is highly essential. From the earlier
reports, it is clearly evident that Brgnsted acid catalysts have been successfully
employed and found to be highly active for 1,3-PDO production. The Brgnsted acid-
ity in the catalyst could be generated either from addition of a cocatalyst/additive

to the catalyst or directly from the support material chosen. Supported noble metal
(Pt, Ir, Rh) catalysts with a cocatalyst or a Brgnsted acid additive have been proven
to be more efficient catalytic materials for the selective production of 1,3-PDO from
glycerol hydrogenolysis. The catalytic materials so far investigated for the selective
hydrogenolysis of glycerol to 1,3-propanediol can be categorized into four differ-
ent types based on the Brgnsted acid additive used. These include supported metal
catalysts containing tungsten oxide or heteropolyacid or Rhenium as a cocatalyst/
Bronsted acid additive. All the supported metal catalysts with different types of
additives used for 1,3-PDO are herein summarized systematically.

3.3.2.1 Metal-tungsten-based catalytic materials

A number of supported metal catalysts comprising WOx as a cocatalyst were
actively investigated in both liquid phase and vapor phase reaction processes of
glycerol hydrogenolysis of glycerol and showed that platinum-tungsten-based
catalysts were the most efficient catalytic materials for the selective production of
1,3-PDO. A tungstate consists of an oxoanion of tungsten, and the simplest tung-
state ion is WO, *. Tungsten in the presence of hydrogen undergoes reduction (W**
to W**) and produces acidic protons (H*). Various examples of Pt-tungsten catalysts
used in glycerol hydrogenolysis for selective 1,3-PDO formation are summarized
in Table 2. The use of tungsten in glycerol hydrogenolysis started in 1980s by the
innovative work led by Celanese Corporation using a homogeneous rhodium com-
plex (Rh(CO);(acac)) + tungstic acid catalyst [21]. In comparison to a simple protic
acid, the addition of H;WO, to the catalyst enhanced the catalytic performance to
propanediols. Later extensive research work was carried out based on noble metal-
and tungsten-based catalysts (Pt-WOx) [24-42]. While Pt/ WOx catalysts stand out
to be the most outstanding high-performance catalysts for selective hydrogenolysis
of glycerol to 1,3-PDO compared to other noble metals, Cu-based WOx supported
on titania catalyst has also been investigated and was found to efficient in the
production of 1,3-PDO [42]. Though the mechanism is still uncertain, it is obvious
from previous research that the addition of tungsten as a cocatalyst has very well
enhanced the acid strength especially the number of Brgnsted acid sites which
favors the formation of 1,3-PDO [11]. Therefore, the major conclusions from all
the previous studies indicate that the Bronsted acid sites generated from tungstate
species are responsible for dehydration of glycerol and the loaded platinum acts as
active centre for the hydrogenation of the intermediate to 1,3-PDO.

3.3.2.2 Metal-heteropolyacid-based catalytic materials

Heteropolyacid-based metal-supported catalysts have also been investigated for
selective hydrogenolysis of glycerol to 1,3-propanediol. In general, catalysis by het-
eropolyacids (HPAs) is a field of prominence, appealing growing attention through-
out the world, in which many new and exciting developments are taking place in both
research and technology. HPAs are polyoxometalates having metal-oxygen octahedra
as the basic structural units. Among a wide variety of HPAs, those belonging to
the so-called Keggin series such as silicotungstic acid and phosphotungstic acid are
potential catalysts and can replace corrosive liquid acids to afford green chemical
processes. HPAs possess strong Bransted acidity as compared to other solid acid
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Author Catalyst Temp (°C) H,(MPa) Solvent Process C(%) S(%) Ref.
Kurosaka Pt/WO;/Zr0O, 170 8 DMI* Liquid 85.8 28.2 [24]
etal. 2008 phase
Gongetal. Pt/WO5/TiO,/SiO, 180 5.5 H,0 Liquid 153 50.5 [25]
2010 phase
Qinetal. Pt/WO,/ZrO, 130 4 — Vapor 70.2 45.6 [26]
2010 phase
Liuetal. Pt/m-WO; 180 5.5 — Vapor 18 392 [27]
2012 phase
Dametal. Pt/WOx/AL,0; 200 4 H,0 Liquid 49 28 [28]
2013 phase
Arundathi Pt/WOx/AIOOH 180 5 H,0 Liquid 100 66 [29]
etal. 2013 phase
Zhu et al. Pt/WO,/Zr0,/Si0, 180 5 — Vapor 54.3 52.0 [30]
2014 phase
Fernandez Pt/WOx/ALO; 200 4.5 H,0 Liquid 531 51.9 [31]
etal. 2015 phase
Zhu et al. Pt-WOx/AL, O, 160 5 — Vapor 64.2 66.1 [32]
2015 phase
Priya et al. Pt-WO;/SBA-15 210 0.1 — Vapor 86 42 [33]
2015 phase
Wang Pt/WOx 140 1 H,0 Liquid 22 45.7 [34]
etal. 2016 phase
Maetal. Pt/ZrW 180 8 H,0 Liquid 534 36 [35]
2016 phase
Edake Pt/WO5/AlL,03 260 0.1 — Vapor 29 14 [36]
etal. 2017 phase
Zhang AuPt/WOx 140 1 H,0 Liquid 814 51.6 [37]
etal. 2017 phase
Liuetal. Pt-W0;-A1,05-Si0, 160 6 H,0 Liquid 48 56 [38]
2017 phase
Shi et al. Pt-WOx/SAPO-34 210 6 H,0 Liquid 443 19.2 [39]
2018 phase
Wang Pt/Au/WO, 155 5 H,O Liquid 30.7 54.3 [40]
etal. 2018 phase
Chenetal. Pt-Li,B,0/WOx/ZrO, 150 4 H,0 Liquid 90.7 36 [41]
2018 phase
Wuet al. Cu-WOx-TiO, 180 35 H,0 Liquid 12.7 323 [42]
2018 phase

“DMI, 1,3-dimethyl-2-imidazolidinone; C, conversion of glycerol; S, selectivity of 1,3-PDO.

Table 2.
Metal-tungsten-based catalysts for glycerol hydrogenolysis into 1,3-propanediol.

catalysts and have been widely employed in several homogeneous and heterogeneous
catalytic reactions. Much research has been focussed on heterogeneous catalysts
containing active metal and heteropolyacid as a cocatalyst supported on metal oxides
for the glycerol hydrogenolysis to selectively produce 1,3-propanediol (Table 3). The
results showed that the catalysts exhibited better activity in glycerol conversion and
1,3-PDO selectivity which is ascribed to the synergic interaction of Keggin structure
of HPA with the active metal as well as stability of the catalyst. HPA-based catalysts
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Author Catalyst Temp (°C) H,(MPa) Solvent Process C (%) S(%) Ref.
Huang Cu-H,SiW;1,0,40/Si0O, 210 0.54 — Vapor 834 321 [43]
etal. 2009 phase

Zhuetal.  Pt-H,SiWy,040/SiO, 200 6 — Vapor 81.2 3147 [3]
2012 phase

Zhuetal. Pt-H;SiW,040/ZrO, 180 5 — Vapor 26.7 389 [44]
2013 phase

Zhuetal.  Pt-H,SiW;,040/ZrO, 180 5 — Vapor 241 481  [45]
2013 phase

Shenetal. PtNps-HSiW/mALO; 200 4 H,0 Liquid 60.5 333 [46]
2017 phase

“C, conversion of glycerol; S, selectivity of 1,3-PDO; Yield.

Table 3.
Metal-heteropolyacid-based catalysts for glycerol hydrogenolysis into 1,3-PDO.

provided an approach to tune the acidic property in terms of Brgnsted acid sites in
the catalyst and assisted in enhancing the selectivity of 1,3-PDO. Furthermore, the so
far reported heteropolyacid-based platinum catalysts exhibited superior long-term
performance because of the robust catalyst structure and good thermal stability.

3.3.2.3 Metal vhenium-based catalytic materials

Furthermore, rhenium-oxide-modified supported metal catalysts are proven to
offer new opportunities for achieving high selectivity to 1,3-PDO. Rhenium exhibits
similar chemical properties as that of tungsten in terms of metal oxide formation and
reduction. Rhenium was found to be an effective cocatalyst for noble metal-based
catalysts. In the recent past, iridium- and rhodium-based catalysts have been widely
explored for selective production of 1, 3-PDO by glycerol hydrogenolysis. Ir-ReOx/
SiO, catalyst was found to be the most effective one for hydrogenolysis of glycerol into
1,3-PDO. The catalytic activity of various M1-ReOx/SiO, (M1 = Pt, Pd, Ru, Ir and Rh)
and Ir-M,0x/Si0, (M2 = Mo, Re, W, Cr, Ag and Mn) catalysts has been investigated
and screened to conclude that Ir-ReOx/SiO; catalyst achieved the highest 1,3-PDO
yield (38%) at 81% glycerol conversion. It was also observed that the method of cata-
lyst preparation and the metal precursors had an effect on the catalytic performance.
A list of all different rhenium-based catalysts screened for glycerol hydrogenolysis to
1,3-PDO is included in Table 4. The mechanism of glycerol hydrogenolysis to selec-
tively produce 1,3-propanediol over Ir-ReOx-based catalysts is presented in Figure 13.
Ir-ReOx is a solid acid catalyst with two active centres, Ir being the hydrogen activa-
tion centre and Re-OH being the substrate activation centre. Glycerol adsorbs on
Re-OH sites to form alkoxide species with hydroxyl groups of glycerol. The activation
of hydrogen to form a hydride species takes place in the interface between Ir and Re.
The hydride species attacks the neighboring C—=0 bond by a nucleophilic substitution
reaction (SN’-type), and subsequent hydrolysis of the alkoxide produces 1,3-propane-
diol. The combined synergic interaction between positively charged Re, acting asa
Bronsted acid site, and noble metal Ir with high hydrogenating capacity has strength-
ened the hydrogenolysis reaction and favored the formation of 1,3-propanediol.

3.3.2.4 Other supported metal catalysts

Several other supported metal catalysts have been extensively tested for
liquid phase and vapor phase glycerol hydrogenolysis which included various
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Author Catalyst Temp H, Solvent Process C S  Ref.
(°C)  (MPa) (%) (%)
Werpy et al. Ni-Re/C 230 9 H,0 Liquid 47 46 [47]
2006 Pd-Re/C phase 0 5,
Shimao et al. Rh-ReOx/Si0O, 160 8 H,0 Liquid 86 104 [48]
2009 phase
Maet al. Ru-Re/SiO, 160 8 H,0 Liquid 517 42 [49]
2009 Ru-Re/ZrO, phase “ooo 55
Ru-Re/Hp 528 27
Ru-Re/HZSM-5 542 29
Ru-Re/TiO, 363 81
Nakagava Ir-ReOx/SiO, 120 8 H,0 Liquid 81 46 [50]
etal. 2010 phase
Shinmi et al. Rh-ReOx/Si0O, 120 8 H,0 Liquid 79 14 [51]
2010 phase
Maetal. Ru-Re/SiO, 160 8 H,0 Liquid 238 136 [52]
2010 phase
Daniel et al. Pt-Re/C 170 4 45 30 [16]
2010
Yamada et al. Ir-ReOx/SiO, 120 8 H,0 Liquid 576 451 [12]
2011 phase
Nakagava Ir-ReOx/ 120 8 H,O Liquid 588 447 [17]
etal. 2012 SiO, + HZSM-5 phase
Deng et al. Ir-Re/KIT-6* 120 8 H,0 Liquid 463 541 [53]
2015 phase
Falcone et al. Pt-Re/SiO, 120 4 H,0 Liquid 83 24 [54]
2015 Pt-Re/SiO, W phase g5 59
Pt-Re/C 65 34
Luo et al. Egg shell type Ir-ReOx 130 8 — Vapor 489 370 [55]
2016 phase
Salagre et al. Ni-CuRe/acid 120 5 Glycidol+sulfolane Liquid 98 35  [56]
2017 mesoporous saponite phase

“KIT-6, mesoporous silica; C, conversion of glycerol; S, selectivity of 1,3-PDO.

Table 4.

Metal vhenium-based catalysts for glycerol hydrogenolysis into 1,3-PDO.

active support materials such as zeolites (HZSM-5, Hp, Y-zeolite and mordenite),
metal oxides (zirconia, titania, alumina and silica), activated carbon, alumi-

num phosphate, mordenite and montmorillonite. In these catalysts, the support

itself provided Brgnsted acid sites necessary for the dehydration of glycerol to
3-HPA. Besides metal oxides, zeolites are proven to be efficient catalysts for glycerol
hydrogenolysis with a greater degree of product control as the reaction occurs
within the pores of the zeolite. Zeolites are solid acid hydrated aluminosilicate
catalysts with relatively large open pores and a regular three-dimensional crystal
structure. Most of the researches focused on the use of zeolites in gas phase dehy-
dration of glycerol to acrolein due to their versatility.

In our earlier research, we reported 2 wt% Pt supported on mordenite as a

highly active and selective catalyst in the hydrogenolysis of glycerol with 48.6%

1,3-PDO selectivity at 94.9% glycerol conversion [57]. In our recent study, we have
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Figure 13.
Selective hydrogenolysis of glycerol to 1,3-PDO over Ir-Re-based catalysts.

Author Catalyst Temp H, Solvent/Additive Process C S(%) Ref
(°C) (MPa) (%)
Chaminand 5% Rh/C 180 8 H,0/H,WO, Liquid 32 12 [60]
etal. 2004 1% Rh/Naflon phase 8 19
Kusunoki Rh/C 140 8 H,0/Amberlyst Liquid 6.4 72 [61]
etal. 2005 phase
Miyazawa Ru/C 120 8 H,0/Amberlyst Liquid 64 5.6 [62]
etal. 2006 phase
Furikado Rh/SiO, 120 8 H,0/Amberlyst Liquid 14 9.8 [63]
etal. 2007 phase
Alhanash Rh/Cs;sHy s 180 0.5 H,O Liquid 6.3 71 [64]
etal. 2008 [PW1,040] phase
Maet al. Ru/SiO, 160 8 H,O Liquid  16.8 6.4 [49]
2009 Ru/ZxO, phase 54 18
Ru/HZSM-5 20.5 6.0
Ru/Hp 32,0 40
Ru/TiO, 6.0 6.8
Zhou et al. Cu-Cr/AL,Os 200 1.5 H,0 Liquid 1 2 [65]
2010 Cu-Cr/HY phase 2
Cu-Cr/Hp 2 1
Ohetal. Pt/sulfated 170 73 DMI* Liquid 665 836  [59]
2011 zirconia phase
Priyaetal. Pt/ZrO, 230 0.1 — Vapor 68 6.7 [66]
2014 Pt/y-ALO; phase oo g
Pt/C 86 5.8
Pt/Y-zeolite 100 49
Priyaetal. Pt/AIPO, 260 0.1 — Vapor 100 354  [67]
2014 phase
Priya et al. Pt/mordenite 225 0.1 — Vapor 949 486  [57]
2016 phase
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Author Catalyst Temp H, Solvent/Additive Process C S(%) Ref
(°C)  (MPa) (%)

Priya et al. Pt-Cu/mordenite 210 0.1 — Vapor 90 58.5 [58]

2016 phase

Priya et al. Pt/S-MMT 200 0.1 — Vapor 94 62 [68]

2018 phase

“DMI, 1,3-dimethyl-2-imidazolidinone; C, conversion of glycerol; S, selectivity of 1,3-PDO.

Table 5.
Other supported metal catalysts for glycerol hydrogenolysis into 1,3-propanediol.

successfully demonstrated that sulfuric acid-activated montmorillonite-supported
platinum catalysts achieved highest selectivity (62%) to 1,3-PDO at 94% glycerol
conversion under mild reaction conditions [58]. The modification of montmorillon-
ite by acid treatment has significantly increased the acid catalytic performance of
montmorillonite. Its combination with noble metal, platinum, which has been dem-
onstrated to hold high hydrogenation activity and selectivity in C=O bond hydro-
genolysis, was therefore a promising formulation to obtain high yields of 1,3-PDO
possibly by two different mechanistic routes. Prior to this study, Oh et al. reported
sulphated zirconia-supported platinum catalysts as super acid catalysts for selective
formation of 1,3-PDO by glycerol hydrogenolysis [59] again based on the fact that
Brensted acid sites facilitated the selective production of 1,3-PDO. Furthermore,
the mechanism of glycerol hydrogenolysis and the selective production of propane-
diols depending on the nature of acidic sites (Lewis or Brensted) present in the
catalyst have been clearly illustrated in another research based on platinum-copper
bifunctional catalysts supported on mordenite [58]. Examples of other supported
metal catalysts are summarized in Table 5.

4. Conclusions and future perspectives

Glycerol, one of the top 12 building block chemicals, can serve as a feedstock
for the production of valuable fuel, fuel additives and chemical products. One of
the most attractive route of upgrading glycerol is the formation of ‘1,3-propanediol’
(1,3-PDO), a valuable industrial chemical with wide applications from carpet and
textile manufacturing to cosmetics, personal and home care industry. Glycerol can
be selectively converted to 1,3-PDO over a metal catalyst and H, via hydrogenolysis
reaction. In spite of many past studies on selective glycerol hydrogenolysis, knowl-
edge in order to achieve sustainable and economically competitive processes is still
lacking and needs to be addressed. This need necessitates focusing research on
developing highly efficient, economic viable and environmental-friendly catalytic
processes. It is concluded that the supported metal catalysts with appropriate metal/
acid balance were highly desirable for selective glycerol hydrogenolysis. Surface
acidic sites as well as their strength in the support were found to be the important
factors in controlling the product selectivity in glycerol hydrogenolysis. In addition
to the acidic strength, the nature of acidic sites (Brensted and Lewis) also played
a key role in the product formation. Irrespective of the presence of weak, moder-
ate or strong acidic sites in the support, Brensted acidic sites selectively led to the
formation of 1,3-propanediol, whereas Lewis acid sites favored the formation
of 1,2-propanediol. In this chapter, selective glycerol hydrogenolysis to 1,3-PDO
through different methods focussing on the catalytic conversion of glycerol has
been presented. The reaction mechanisms elucidating the selective formation
of propanediols and the role of acidity in product formation have been clearly
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illustrated. The importance of Brgnsted acidity towards 1,3-PDO formation and

the different classes of catalytic materials reported have been presented. Overall,
the bifunctional metal-acid catalysts employed in the selective hydrogenolysis of
glycerol to 1,3-PDO usually contained noble metals (Pt, Ir, Rh) in combination with
Brensted acid components (tungsten/heteropolyacid/rhenium).

The catalytic hydrogenolysis of glycerol is a promising route to transform
glycerol into useful compounds; however, in order to achieve acceptable selectivi-
ties, additional important work should be carried out to gain further insights and
it still remains a challenge. A systematic understanding of the principles behind
converting glycerol into 1,3-propanediol paves the way for future work on develop-
ing novel catalytic systems and reaction processes. The selectivity to 1,3-PDO can
be improved with the appropriate choice of the acidic support, and its interaction
with the metal and further development of novel ways would be an important and
challenging area of research. Vapor phase hydrogenolysis reactions carried out
under solventless conditions and atmospheric pressure provide an economic viable
and eco-friendly process. However, except for a few reactions, most of the research
work in glycerol hydrogenolysis was performed in liquid phase using hazardous
reaction conditions which makes the process incompatible. Therefore, much atten-
tion has to be focussed on the development of an economically viable commercial
production of 1,3-propanediol from glycerol, with respect to both catalytic materi-
als and the reaction processes.
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Chapter 6

Glycerol as a Superior Electron
Source in Sacrificial H, Production
over TiO, Photocatalyst

Masahide Yasuda, Tomoko Matsumoto and Toshiaki Yamashita

Abstract

Biodiesel fuel (BDF) has gained much attention as a new sustainable energy
alternative to petroleum-based fuels. BDF is produced by transesterification
of vegetable oil or animal fats with methanol along with the co-production of
glycerol. Indeed, transesterification of vegetable oil (136.5 g) with methanol
(23.8 g) was performed under heating at 61°C for 2 h in the presence of NaOH
(0.485 g) to produce methyl alkanoate (BDF) and glycerol in 83.7 and 73.3%
yields, respectively. Although BDF was easily isolated by phase separation from
the reaction mixture, glycerol and unreacted methanol remained as waste. In
order to construct a clean BDF synthesis, the aqueous solution of glycerol and
methanol was subjected to sacrificial H, production over a Pt-loaded TiO, cata-
lyst under UV irradiation by high-pressure mercury lamp. H, was produced in
high yield. The combustion energy (AH) of the evolved H, reached 100.7% of the
total AH of glycerol and methanol. Thus, sacrificial agents such as glycerol and
methanol with all of the carbon attached to oxygen atoms can continue to serve
as an electron source until their sacrificial ability was exhausted. Sacrificial H,
production will provide a promising approach in the utilization of by-products
derived from BDF synthesis.

Keywords: BDF, photocatalyst, TiO,, sacrificial agent, glycerol, hydrogen

1. Introduction

The major issue in the current world is an urgent need to stop the increase of
CO;, levels. A large amount of consumption of fossil resources causes serious envi-
ronmental problems such as global warming and air pollution. Therefore, biofuels
such as bioethanol, bio-hydrogen, and biodiesel (BDF) have gained much atten-
tion as renewable and sustainable energy alternative to petroleum-based fuels [1].
However, the problems to be solved for practical uses still remain in each biofuel.
In bioethanol, the ethanol concentrations are still too low to isolate pure ethanol by
distillation at a low energy cost [2, 3]. Bio-hydrogen is isolated spontaneously from
reaction mixtures without operations to separate. However, it is needed to construct
newly a supply system to vehicles.

BDF is produced by transesterification of vegetable oil or animal fats with
methanol along with the co-production of glycerol [Eq. (1)] [4]. Although methyl
alkanoate (BDF) is easily isolated by phase separation, a mixture of glycerol and
unreacted methanol remains in aqueous solution as waste. New utilization of these
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h v TiO,* Without sacrificial agents
HO®* —— 0.250, + 0.5H,Q
Redc:x
TIO? }fcfe ﬂ SHE + HD-
With sacrificial agents
(4n+m-2p)HO=* + (:,1Hmt::u’u
T|02 ’
nCO, + (2n+m-p)H0
Figure 1.

Photocatalytic water splitting over TiO,.

wastes is required. Reforming of glycerol has been extensively investigated through
pyrolysis [5, 6], steam gasification [7, 8], and biological reforming [9, 10]. We have
focused on photocatalytic reforming over titanium dioxide (TiO,) [11]:

RCO-CI HO=CIL,
RO, |I]-[ + 3CHOH ——— IRCOCH, + MO 1
R, MatiH HU—¢ T,

TiO, has a semiconductor structure with 3.2 eV of bandgap, which corresponds
to 385 nm of light wavelength [12]. Therefore, the TiO, can be excited by 366 nm
emitted from a high-pressure mercury lamp. Irradiation of the TiO, induces charge
separation into electrons and holes (Figure 1). Electron excited to the conduction
band serves to reduce water to H,. Evolution of H, is usually accelerated by deposi-
tion of noble metals (Pt, Pd, and Au) onto the TiO,. The positive charge (hole)
oxidizes hydroxide absorbed on the surface of TiO, to generate hydroxyl radicals,
which is eventually transformed to O, [13]. However, spontaneous conversion of
hydroxyl radical into O, is inefficient. Moreover, water splitting into O, and H, is a
large uphill reaction, resulting in rapid reverse reaction.

On the other hand, the hydroxyl radicals can be effectively consumed by the
use of electron-donating sacrificial agents (hole scavengers), thus accelerating the
H, production (Figure 1) [14]. This method is named “sacrificial H, production.”
The sacrificial H, production is an uphill process, but the energy change is small.
Therefore, the sacrificial H, production proceeds more smoothly compared with
water splitting without sacrificial agents, thus providing a convenient method
to generate H, [15]. When one equivalent of hydroxyl radical is consumed, one
equivalent of electron is generated to produce 0.5H,.

During our investigations on sacrificial H, production over a Pt-loaded TiO, (Pt/
TiO,) [15], it was found that sacrificial agents with all of the carbon attached oxygen
atoms such as saccharides, polyalcohols (e.g., arabitol, glycerol, 1,2-ethandiol), and
methanol continued to serve as an electron source until their sacrificial ability was
exhausted. Glycerol (1a) and methanol (1b) are by-products from BDF synthesis. The
1a has the potential to produce hydrogen in theoretical yield of seven equivalents, whose
combustion energy (AH = 1995 KkJ mol ™) is larger than AH of 1a (1654.3 k] mol ™) [Eq.
(2)]. Also, 1b can produce three equivalents of hydrogen, whose AH (855 k] mol ™) is
larger than AH of 1b (725.7 kJ mol ) [Eq. (3)] [16]. Thus, photo-energy can promote
uphill process:

CiH{0s +3H,0 —— Y o 300, + TH, 2

PUTIO,
1a (16543 kI moly 02 (1995 kJ mol™]
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hv
CHy0H + Hy) ——— + 3H,
10H+ iyt i, - 0 F 3 (3)
1b (7257 kJ mol™) (855 kI mal™"]

2. Outline of conversion of glycerol to hydrogen

Generally, biomass reforming is started by the production of water-soluble
materials from biomass through biological treatment as well as chemical reac-
tion [17, 18]. The resulting water-soluble materials (saccharides, amino acids)
are converted to biofuels such as ethanol, methane, and hydrogen through
various catalytic reactions in aqueous solution. Our biomass reforming is
performed in aqueous solution through sacrificial H, production over Pt/TiO,
using water-soluble materials derived from lignocelluloses [19-21] and chlorella
[22] (Figure 2).

In this chapter, we will show H, production through sacrificial H, production
over Pt/TiO, using 1a and 1b from standpoints of construction of renewable energy
system and clean synthesis of BDF.

Methanol
, ‘J’ Glycerol Sacrificial H; production
Vegetable oil Ester-exchange —> —=> H
egelabie ol ¢ i Methanol over Pt/TiO, 2
BDF

Figure 2.
Outline of conversion of glycerol to hydrogen.

3. Materials and method
3.1 Apparatus

NMR spectra were taken on a Bruker AV 400M spectrometer for CDCl; solu-
tion. LC-MS analysis were performed on a Waters Alliance 2695 under conditions
(ESI ionization, capillary voltage 3.5 kV, source temperature 120°C and desolvation
temperature 350°C) using column (Waters, SunFire C18, 2.1 mm® x 150 mm) and
1% formic acid in MeOH-H,0 (6:4) as an eluent solution. GLC analysis of solution
was performed on a Shimadzu 14A gas liquid chromatograph with FID detector at a
temperature raised from 50 to 250°C using a capillary column (J & W CP-Sil 5CB,
0.32 mm® x 50 m).

3.2 Photoreaction apparatus

Reaction vessel was a cylindrical flask with 30 cm of height and 7.5 cm of
diameter, which had three necks on the top. A high-pressure mercury lamp (100 W,
UVL-100HA, Riko, Japan), which emitted mainly a light at 313 and 366 nm, was
inserted into the large central neck of the reaction vessel. The reaction vessel was
connected to a measuring cylinder with a gas-impermeable rubber tube to collect
the evolved gas. The reaction vessel was set in a water bath to keep it at 20°C. The
stirring of the solution was performed by magnetic stirrer.
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3.3 Preparation of photocatalyst

Almost all research has used TiO, in anatase form such as P25 (Degussa Co.
Ltd., Germany) and STO01 (Ishihara Sangyo Co. Ltd., Japan) for photocatalytic H,
production. A Pt-loaded TiO, catalyst (Pt/TiO,) was prepared by photo-deposition
method according to the previous literature [23]. An aqueous solution (400 mL)
containing TiO, (4.0 g, ST01), K,PtCls (40-400 mg), and 2-propanol (3.06 mL)
was introduced reaction vessel, which was large scale of cylindrical flask with 35 cm
of height and 9.0 cm of diameter. After the oxygen was purged by N, gas bub-
bling for 20 min, the solution was irradiated by stirring. After irradiation for 24 h,
the water was entirely removed from the reaction mixture by an evaporator. The
resulting black precipitate was washed with water on a filter and then dried under
reduced pressure to produce Pt/TiO, [14]. The Pt content on TiO, was optimized to
be 2.0 wt% by the comparison of the H, amounts evolved from photocatalytic reac-
tion using 1a (115 mg, 1.25 mmol) over various Pt contents of the Pt-doped TiO,
(100 mg, 1.25 mmol) [15]. The structure of Pt/TiO, was analyzed by a Shimadzu
XRD 7000 diffractometer.

3.4 Photocatalytic H, production

Pt/TiO, (100 mg) and the given amounts of aqueous solution of sacrificial agent
were introduced to reaction vessel. The volume of the reaction solution was adjusted
to 150 mL with water. Oxygen was purged from reaction vessel by N, gas for 20 min.
TiO, was suspended in aqueous solution by vigorous stirring during the irradiation.
Total volume of the evolved gas was measured by a measuring cylinder. Irradiation
was performed until the gas evolution ceased. The evolved gas (0.5 mL) was taken
through rubber tube using syringe and was subjected to the quantitative analysis of
H,, N,, CHy, and CO,. Gas analysis was performed on a Shimadzu GC-8A equipped
with TCD detector at temperature raised from 40 to 180°C using a stainless column
(3 mm®, 6 m) packed with a SHINCARBON ST (Shimadzu).

In order to determine the quantum yield (&) for H, evolution, the H, amount
per hour was measured for various concentrations of 1 (8-40 mM). The H,
amount per hour was converted to @ using an actinometer which was H, amount
per hour evolved from the sacrificial H, production using ethanol (0.434 M)
at pH 10.0 over Pt/TiO, (Pt content 1.0 wt%), whose @ was reported to be
0.057 [24]. Limiting quantum yields (©%) at an infinite concentration of 1 was
determined from the intercept of the double reciprocal plots of @ vs. the con-
centration of 1 [25].

4. Results
4.1 Sacrificial H, production using glycerol (1a) and methanol (1b)

Sacrificial H, production was applied to 1a and 1b. The Pt/TiO, (100 mg,
1.25 mmol, 2.0 wt% of Pt) was suspended in an aqueous solution (150 ml)
of 1a and 1b, whose concentration was varied in a range of 0.25-1.25 mmol.
After O, was purged from the reaction vessel using N, gas, UV irradiation was
continued under vigorous stirring for 10-17 h until gas evolution had ceased
[15]. The evolved gas volumes were plotted against the amounts of sacrificial
agent used. In the absence of sacrificial agents, the evolved H, from water was
small (<2 mL). Figure 3A is a typical example of the plots of volume of H, and
CO, against the amounts of 1a used. Gas volume increased as an increase of the
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Figure 3.
(A) The gas volume evolved from the sacrificial H, production using glycerol (1a) over Pt/TiO,. (B) Plots of
H,/1a and CO,/1a against 1a/catalyst: H, (o) and CO, (A ).

amounts of 1a used. However, the molar ratio of the evolved H, to 1a (H,/1a) was
dependent on the amount of 1a used. Therefore, the H,/1a values were plotted
against the molar ratios of 1a to catalyst (1a/catalyst). This plot gave a good
linear relationship, as shown in Figure 3B.

The intercept of the plot equaled the limiting amount of H, (H,™*) obtained from
1 mol of 1a when the amount of the catalyst was extrapolated to infinite. The H;"**
became 7.2. The limiting amount of CO, (CO,™) obtained from 1 mol of 1a at an
infinite amount of the catalyst was also determined to be 3.1 from the plots of CO,/1a
against 1a/catalyst (Figure 3B). The H,™** and CO,™ are summarized in Table 1. If
the sacrificial agent (C,H,,0,) is entirely decomposed into CO, and H,O by hydroxyl
radicals, theoretically (27 + 0.5m — p) equivalents (P) of H, will be evolved in the
TiO, photocatalytic reaction [Eq. (4)]. The P values are listed in Table 1. Therefore,
the chemical yield of H, production was defined to be 100 H,™**/P. In the case of 1a, the
yield of H, production was found to be 103%. Also, the CO,™** value was close to the
theoretical value. Similarly, the H,™** and CO,™ values of 1b were determined to
be 3.0 and 1.0, respectively. This shows that 1a and 1b are superior sacrificial agents,
which are completely decomposed into CO, and water by sacrificial H, production:

CrH Oy # {20-p)H0 ACO, + (2040 .5m-p)Ha

fiv
PITIC, 4)
F=2n+0.5m-p

4.2 Degradation mechanism of 1a and 1b

Generally, hydroxyl radical can abstract hydrogen atom more efficiently from
the hydroxylated carbon rather than the non-hydroxylated carbon. Therefore,
degradation of alcoholic sacrificial agents proceeds through hydrogen-atom
abstraction by hydroxyl radical from the hydroxylated alkyl group [Eq. (5)] [15].
Hydroxyl radical reacts with the secondary alcohols to produce ketones, which
does not undergo further degradation. The primary alcohols reacted with hydroxyl
radical to produce aldehyde, which undergoes further oxidation to carboxylic acid
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Sacrificial agents Formula P Products/mol mol ™ Yield/%"®  o™°

Hzmax C Ozmax C H4max

Alcohols

Glycerol (1a) C3HgO5 7 72 31 103 0.078
Methanol (1b) CH,O 3 3.0 1.0 100 0.057
1-Hydroxy-2-propanone (1c) C3HgO, 7 49 25 0.30 87 0.045
1,2-Propanediol (1d) C3HgO, 8 4.8 1.0 Trace 60
1,3-Propanediol (1e) C3HgO, 8 4.2 0.5 53

1-Propanol (1f) C3HgO 9 41 1.0 46 0.069
2-Propanol (1g) C3HgO 9 1.3 0.0 14

Carboxylic acids

Glycolic acid (2a) C,H,04 3 2.8 1.8 93

Oxalic acid (2b) C,H,0, 1 1.0 2.0 100

Formic acid (2¢) CH,0, 1 1.0 1.0 100

Acetic acid (2d) CH,0, 4 29 17 0.27 100

Pyruvic acid (2e) C;H,05 5 39 2.7 0.30 102

Lactic acid (2f) C3HqsO3 6 41 23 0.30 88

Malonic acid (2g) C3H,0, 4 2.6 2.7 0.31 96

Propanoic acid (2h) C3HgO, 7 23 1.0 33

“Theoretical amount of hydrogen was calculated using Eq. (4).
" Total chemical yield of H, and CH, = 100 (H,"* + 4CH,"*)/P.
‘Limiting quantum yield () for H, evolution with infinite amounts of 1.

Table 1.
Sacrificial H, production over Pt/TiO, using alcohols (1) and carboxylic acids (2).

[Eq. (6)]. Furthermore, H abstraction from carboxylic acid by hydroxyl radical
induces decarboxylation from carboxylic acids through the formation of carboxyl
radical (RCO,) [Eq. (7)]. When hydroxyl group was substituted on a-position of
carboxylic acid [X = OH in Eq. (7)], the decarboxylation took place more smoothly.
Many researchers proposed that the decomposition of carboxylic acids is initiated
by hole transfer to the carboxylic group rather than H abstraction by hydroxyl
radicals [26-29]. Thus, the degradation of alcohols proceeds through the formation
of carboxylic acids:

[ aitl 4]
[ICie - Hils | 1] (5)
R—f=R — e Rl —— B Lk ——a R Uk
il : H o
{1 0 0 6
Il e I M- [ (6)
RoU-H ———# Rolle —— R—C—0T1
Ha0)
o0y X0t X X
Lo 1 [ | Il |
I i | e |1 i i % e — [ — i 7)
i -Hal i e i i
A H H H

In 2009, Kondarides et al. reported sacrificial H, production from 1a over
Pt/TiO, (0.1-0.5 wt% Pt) [30]. They proposed that the decomposition of 1a
proceeded through the formation of methanol and acetic acid which were even-
tually decomposed into CO, and H, in a ratio of 3:7 [31]. Also, in irradiation of
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Pt/TiO, in the absence and in the presence of glycerol, they detected H,O, which
was produced by dimerization of hydroxyl radicals [32]. Also, Ratnawati et al.
detected a small amount of 1,2-ethanediol and acetic acid in reaction mixture
[33]. They elucidated that Pt catalyzed not only reduction of water to H, but also
dehydration of 1a. Bowker et al. examined the photocatalytic reforming of 1a
over M/TiO, (M = 0.5 wt% Pd, 2.0 wt% Au) [34]. However, chemical yield of H,
was still unclear.

We thought that degradation of 1a was initiated by the oxidation of terminal
alcohol by hydroxyl radical. It was thought that glycolic acid (2a) and oxalic acid
(2b) were the intermediates intervening in degradation process of 1a. Therefore,
we performed sacrificial H, production over Pt/TiO, using 2a and 2b. The H,™**
and CO,™** values of 2a and 2b were shown in Table 1. The 2a and 2b were
completely decomposed to CO, and water, since the CO,™* values of 2a and 2b
were determined to be 1.8 and 2.0, respectively. Although the degradation of
2a could proceed through 2b and/or formic acid (2c), we could not determine
which degradation pathway occurred. In the case of 1b, it was thought that 2¢
was undoubtedly the intermediates intervening in degradation process of 1b.
The 2¢ was completely decomposed to CO, and water, since the CO,™* value of
2c was 1.0. However, 2a, 2b, and 2¢c were not detected in the reaction mixture
of sacrificial H, production using 1a and 1b due to easy decomposition of these
carboxylic acids by hydroxyl radical. Also, Lu et al. have reported the degrada-
tion of 2b and 2¢, which can adsorb on Pt/TiO, to give one equivalent H, under
irradiation [35, 36].

According to Egs. (5)-(7), a possible degradation mechanism of 1a and 1b
by hydroxyl radical is shown in Figure 4. In the case of 1a, 14 equivalents of
hydroxyl radicals were consumed by 1a along with the formation of 3CO,. At the
same time, seven equivalents of H, were evolved. Actually, 7.2 of H,"** and 3.1
of CO,™ values of 1a were provided from sacrificial H, production using 1a. In
the case of 1b, six equivalents of hydroxyl radicals were consumed along with the
formation of one equivalent of CO, and 3H,, providing actually 3.0 of H,™** and
1.0 of CO,™.

4HO»
| -3H,0 Y
OH OH OH OH
0 0
AN YN
HO 1a OH HO OH HO 2a HO 7h
| anoe M 4noe 4|anoe | 210 |
-3H,0 -C0O, -3H,0 | -CO; -2H,0
-3H,0
Y
. 20
frHJ 4HO» = 2HOw
ra— —_— (),
OH -3H0O OH -2H,0 :
1b 2c
Figure 4.

Degradation pathways of glycerol (1a) and methanol (1b) by hydroxyl radical in the sacrificial H, production
over Pt/TiO,.
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4.3 Structural dependence on H, yields in sacrificial H, production using
several alcohols (1c-1g)

In order to elucidate the relationship between molecular structure of sacrifi-
cial agents and degradation yield, sacrificial H, production was performed using
propane-based alcohols such as 1-hydroxy-2-propanone (1c); 1,2-propanediol (1d);
1,3-propanediol (1e); 1-popanol (1f); and 2-propanol (1g) (Figure 5) as well as the
related carboxylic acids (2d-2h) [15].

Sacrificial H, evolution using 1c produced CH, along with the formation of
H, and CO,. Limiting amount of CH, (CH,™**) obtained from 1 mol of 1c was
0.30 along with 4.9 of H,™** and 2.5 of CO,™** values. In the case of sacrificial H,
production along with the formation of CHy, the chemical yield was defined by the
following equation: Yield = 100 (H,™* + 4CH,™**)/P. The yield for the sacrificial
H, production using 1c was calculated to be 87%. Moreover, acetic acid (2d) was
detected by LC-MS of the reaction solution at low conversion. A peak appeared
at 2.24 min of retention time which showed mass peaks at m/z 60 (M*) and 43
(CH;CO"). Therefore, 2d was subjected to sacrificial H, production. Mozia et al.
reported that 2d was decomposed into H,, CO,, and CH, over TiO, without Pt [37],
although Zheng et al. reported that a trace amount of CH, was detected from 2d
over Pt/TiO, (Pt = 1.0 wt%) [38]. We determined the chemical yields [39]. The
CH,™ of 2d was determined to be 0.27 along with 2.9 of H,"** and 1.7 of CO,™**
values. The total yield was calculated to be 100% (=100 (2.9 + 4 x 0.27)/4) in the
sacrificial H, production using 2d. Considering the experimental error, stoichio-
metric equation for conversion of 2d into H,, CHy, and CO, was shown in Eq. (8):

i B - ]
CHaUOH = LA ——— 0w W 100, - N30T (8)
I PLTiCh

It was thought that pyruvic acid (2e) was an intermediate of degradation process
from 1c to 2¢. The H,™*, CO,™*, and CH,™** values of 2e were found to be 3.9, 2.7,
and 0.3, respectively [39]. Degradation scheme of 2e can be expressed by Eq. (9).
The yield for the sacrificial H, production using 2e was 100%. Since the degradation
yield of 1c was found to be 87%, the degradation of 1c to H,, CO,, and CH, pro-
ceeded effectively through the formation 2e followed by 2d:

2.9
CHRC =01+ 24H,0
e

I': v -
38H, —2.7C0,+ 0.2CH,
P B : ©)

The next sacrificial H, production was examined using 1d. Oxidation of 1d
with hydroxyl radical was initiated by oxidation of primary alcohol part to afford
lactic acid (2f). Sacrificial H, production using 2f produced H,, CHy, and CO,. The
Hy™™, CO,™, and CH4™* values of 2f were 4.1, 2.3, and 0.30, respectively. On the
other hand, the H,™* and CO,™* values of 1d were determined to be 4.8 and 1.0,
respectively. Trace amount of CH, was formed. Thus, complete decomposition of 1d

0 OH OH
CHj)]\ CH 3)\| m CH 3/\| c113)\(:113
OH OH HO OH OH
1c 1d le 1f 1g

Figure 5.
Propane-based alcohols (1c-1g) as sacrificial agents for the photocatalytic H, production.
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into H, and CO, did not take place. Therefore, it is speculated that degradation of 1d
proceeds via 2f which was decomposed to acetaldehyde. It is suggested that oxida-
tion of acetaldehyde by hydroxyl radical was slow.

In sacrificial H, production using 1e, H,™** and CO,™** values of 1e were 4.2
and 0.50, respectively. Moreover, malonic acid (2g, m/z 104 (M")) was detected
in LC-MS of the photolysate. The sacrificial H, production using 2g showed that
the H,™**, CO,™*, and CH,™** values were determined to be 2.6, 2.7, and 0.31,
respectively. Degradation scheme of 2g can be expressed by Eq. (10). Although
the degradation yield of 2g was relatively high yield (96%), 1e was not completely
decomposed, resulting in 0.5 of the CO,™* and no CH,4 emission. This suggests that
the degradation process of 2g is slow:

max

O
HoC il 0 - 14,0 — e 258 42700, 030K, (10)
" 3

Moreover, sacrificial H, production was applied to 1f. The H,™** and CO,™**
values of 1f were determined to be 4.1 and 1.0, respectively. CH, was not formed.
It is suggested that the degradation of 1f proceeded via the formation of propanoic
acid (2h). The H,"™** and CO,™ values of 2h were determined to be 2.3 and 1.0,
respectively. The decarboxylation of 2h and the subsequent oxidation gave acet-
aldehyde, which was subjected to the further degradation, but it was slow process
[39]. In the case of sacrificial H, production using 1g, acetone was detected by GLC
analysis of the reaction mixture. The H,™** value was determined to be 1.3 and CO,
was not evolved. Further degradation of acetone did not proceed.

Based on these results, the degradation pathways of 1c, 1d, 1e, 1f, and 1g by
hydroxyl radical are summarized in Figure 6. Though considerable amounts of CO,

"Ha OH
BEHO = QWD HOy» -(,H_\n/
HO OH -6l Igo HO OH =05 -":’D‘ 0 ”:D
le g -HOe
I anos 1 2HOs | ssHos [17€0
—_— () — — 1 (L30CH,
CHy 3H,O0 CHy -0, -H0 CHY OH 4.4H-Q
= v 2
le OH 2e OH d
" ZHOe
OH 4HO OH IHOe J .". -H.O
- P 1
CHjy =3H.0 CH; O _l_“ Ha0 CHy HO
= 2 L ]
1d OH 2f OH T 2H,0
OH
AHO » O 2HO=
CH‘,,/ﬁ ——— CHj ——— CH;
-]”30 =01 =HA0
1f OH 2h OH :
OH HO O
-
Shno o )k.
CHy CH; -2H;0  CHy CH;
1g
Figure 6.

Degradation pathway of sacrificial agents by hydroxyl radical in the sacvificial H, production over Pt/TiO,
using propane-based alcohols: 1-hydroxyl-2-propanone (1c); 1,2-propanediol (1d); 1,3-propanediol (1e);
1-propanol (1f); and 2-propanol (1g).
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were evolved from 1c to 1f, the CO,™* (0.5-2.5) did not reach the theoretical values.
In the case of 1g, CO, was not formed at all. Thus, in the case of these polyols which
have one or two non-hydroxy-substituted carbons, the H,™** and CO,™* values did
not reach the theoretical values. Therefore, we conclude that sacrificial agents with
all of the carbon attached to oxygen atoms such as 1a and 1b continued to serve as an
electron source until their sacrificial abilities were exhausted.

4.4 Separation of residual glycerol and methanol in BDF synthesis

Vegetable oil was mainly composed of the oleic acid (Cy7H33CO,H) triglyceride
whose average molecular weight was thought to be 884 g/mol. At first, since
carboxylic acid was included in used oil as impurity, the amounts of NaOH
(a g/kg-lipid) which was required to achieve pH of 8-9 were determined. Lipid
(ca. 1mL, 0.884 g) was solved in 2-propanol (10 mL) and neutralized by an aque-
ous NaOH solution. In this case, 2 was determined to be 0 g since fresh vegetable
oil was used.

Vegetable oil (150 mL, 136.5 g, 0.154 mol) was set in a reaction vessel. Since usual
optimal amount for transesterification of neutral lipid is known to be 3.55 g/kg [11],
the amount of NaOH necessary to the transesterification was determined to be 0.485 g
(=0 + 0.485 g) by the sum of 2 g/kg and 3.55 g/kg. Usually, 20% of weight of 1b to
vegetable oil is used for BDF synthesis. 1b (30 mL, 23.8 g, 0.743 mol) was mixed with
NaOH (0.485 g, 0.012 mol). About half of the mixture of 1b and NaOH was poured in
areaction vessel and then kept at 61°C for 1 h under stirring. Moreover, the remaining

Vegetable oil ( 136.5 g, 0.154 mol) ?Hz OCOR

MeOH (23.8 g, 0.743 mol) CH-0OCOR
NaOH (0.485 g, 0.012 mol) &1, OCOR
1 2hat6l °C R=C,7H33
Upper layer Upper BDF layer
Washing with RCO;Me (114.5 g, 83.7%)

water (0.3 L)

H(3.10 g,1.57 mmol)

I hv PUTIO,

Solution B (Lower layer)

Washing solution

MeOH (4.4 g, 0.137 mol)
RCO,Na, Water (300 mL)

|

Solution A (Lower GL layer)
Glycerol (10.4 g, 0.113 mol, 73.3%)
MeOH (6.9 g, 0.214 mol)

RCO;Na (2.2 g)

Figure 7.
Mass balance for BDF preparation and the sacrificial H, production using vesidual 1a and 1b.
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mixture of 1b and NaOH was added into the reaction vessel, and the reaction mixture
was kept at 61°C for another 1 h.

Follow-up operation is shown in Figure 7. After cooling, the reaction mixture
was separated into a lower layer and an upper layer. The lower layer (solution A)
contained 1a and 1b. The upper layer was washed with water (300 mL) and sepa-
rated to the BDF upper layer. Aqueous solution (solution B) was obtained from the
lower layer. In order to check the contamination of lipid to BDF layer, the purity of
BDF was determined by the peak-area ratio of methyl and methoxy groups in NMR
spectra. The BDF layer contained C;;H33CO,Me (114.5 g, 0.387 mol) and unreacted
vegetable oil (2.2 g). The yield of C;;H33CO,Me (BDF) was 83.7% based on the
theoretical amounts of 137 g (0.463 mol).

GLC analysis showed that solution A contained 1a (10.4 g, 0.113 mol) and 1b
(6.85 g, 0.214 mol) where molar ratio (b) of 1a to 1b was 1.89. The yield of 1a was
73.3% based on the theoretical amounts of 14.2 g (0.154 mol). NMR analysis of
solution A showed that RCO,Na (2.2 g) was contained in solution A. Solution B
contained 1b (4.38 g, 0.137 mol) and a small amount of C;;H33CO,Na. Thus, 1b was
found in both solutions A and B.

4.5 Hydrogen production from residual methanol and glycerol in BDF synthesis

The photocatalytic reforming of 1a and 1b was examined using solution
A. Irradiation was performed by a high-pressure mercury lamp under vigorous
stirring with a magnetic stirrer. Figure 8 shows the plots of the H,/1a against the
molar ratio of 1a to the catalyst (1a/catalyst), which was adjusted to 0.2, 0.4, 0.6,
0.8, and 1.0. From the intercept of the plots, H,"** obtained from 1 mol of 1a at
an infinite amount of the catalyst was determined to be 12.52. The yields of H,
production of solution A were determined as follows. According to Eq. (11), the H,
amount (P) was theoretically calculated to be 12.67 using P = 7 + 3b and b = 1.89.
Since actual H,™* was determined to be 12.52, the yield was calculated to be 98.8%
(=100H,™**/P). The results are summarized in Table 2:

foe
Callglhy + BOILOLL+ (3B A0y ———— == (31500 11T 158,
TR ST pmg, e (11)
F=T4+30
v i
CHOH + HyO ————== . + 31 M3 (12)

1Pt 10

Next, photocatalytic reforming was performed with solution B containing
1b. Solution B was neutralized with dilute H,SO, in order to reduce the effect of
excess NaOH on TiO,. After that, an aqueous solution (150 mL) containing 1b
(0.25-1.25 mmol) was irradiated in the presence of Pt/TiO, (100 mg) in a similar
manner as solution A. The plots of H,/1b against the molar ratio of 1b to catalyst
(1b/catalyst) are overlaid on Figure 8. The H,"** values were determined to be 1.08.
The H, yields were calculated to be 36.0% based on the theoretical P (3.00) [Eq.
(12)]. In solution B, C;7H33CO,Na was converted to C;7H33CO,H by neutralization. It
is well known that the carboxylic acid can strongly be adsorbed on TiO,. Therefore,
it is suggested that the adsorption of C;;H33CO,H on TiO, lowered the photocata-
lytic activity of TiO,. The presence of C;;H;33CO,H retarded the H, production of
solution B remarkably.

Total amount of H, from solutions A and B was calculated to be 1.56 mol by
Eq. (13) using 0.113 mol of 1a in solution A and 0.137 mol of 1b in solution B:
0.113 x 12.52 + 0.137 x 1.08 (Table 2). H; (1.56 mol) whose combustion energy (AH)
was 445 kJ was evolved from solutions A and B. The AH of H, was compared with AH
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Figure 8.
Determination of H,"** values by the plots of H,/1 against 1/catalyst using solution A (), b = 1.89) and
solution B (>) obtained from the BDF synthesis.

Residues of BDF synthesis® Photocatalytic reforming”

1a/mol 1b/mol P* Hymexd H,/mol (yield/%)®
Solution Af 0.113 0.214 12,67 12.52 141 (98.8)
Solution B 0.137 3.00 1.08 0.15 (36.0)
Total 0113 0.351 1.56
[AH/IJ]® [187] [255] [445] (100.7)"

“Transesterification was performed by the reaction of lipid (136.5 g, 0.154 mol) with 1b (23.8 g, 0.743 mol) in the
presence of NaOH (0.485 g, 0.012 mol) at 61°C for 2 h. BDF (114.5 g) was isolated.
Photocatalytic reforming was performed by irradiation of Pt/TiO, in aqueous solution of 1a and 1b obtained from
solutions A and B.
“The values were the theoretical amounts (P) obtained from Egs. (11) and (12).
“The lLimiting amount of H, (H,"*) was obtained from Figure 8.
“The values in parenthesis were the yield of H, = 100H,™/P.
IThe molar ratio (b) of 1b to 1a was 1.89.
8The combustion energy (AH) of 1a, 1b, and H, were 1654.3, 725.7, and 285.0 k] mol -1 respectively [16].
"The energy recovery yield was calculated to be 100.7% by Eq. (14).

Table 2.
Photocatalytic reforming of residues of BDF synthesis.

of 1a and 1b. As shown in Table 2, 0.113 mol of 1a and 0.351 mol of 1b were isolated
from BDF synthesis which had 442 k] of AH. The energy recovery yield was calcu-
lated to be 100.7% by using Eq. (14):

Amount of H, = (mole of 1) x (4,™%) (13)

Aff li'.lf H2
AH of 1a + AH of 1h (14)

Energy recovary = 100}
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5. Conclusion and perspective

Sacrificial H, production can produce H, in aqueous solutions. Gaseous H,
can be spontaneously isolated from reaction mixture without being separated.
Therefore, sacrificial H, production will provide a promising approach in the
utilization of 1a and 1b derived from BDF synthesis.

Recent trends are shifting to the development of solar light-responsive photocat-
alysts. For example, nanotube-type Pt-N/TiO, (1 wt% Pt) was applied to sacrificial
H, production with 1a where quantum yield for H, evolution reached 0.37-0.36
[27]. CuO/TiO, (1.3 wt% of CuO) was used for sacrificial H, production using 1a
[40]. Heteroatom (B, N)-doped Pt/TiO, catalyst produced H, in 88.7-90.9% yields
from 1a under xenon lamp irradiation [41]. The B, N-doped Pt/TiO, had absorp-
tion in visible light region (400-500 nm). Photo-reforming of 1a over CuO,/TiO,
(Cu = 0.01-2.8 wt%) gave H, under visible light irradiation [42]. H, production was
performed over a CuO-TiO, composite using 1a and 1b under sunlight irradiation
[43]. Sacrificial H, production over Ag,/TiO, from 1a was performed by irradiation
with a xenon lamp [44].

BDF market has significantly increased to adhere to energy and climate policies
[45]. If H, is produced by a photocatalytic process using solar energy and biomass-
derived sacrificial agents, it will be the most promising process to construct clean
BDF synthesis.
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Chapter7

Inclusion of Crude Glycerin in
Diets for Sheep

Marco Tulio Costa Almeida and Josimari Regina Paschoaloto

Abstract

Crude glycerin is the main by-product of biodiesel industry. It has a great
potential for reducing the feed costs in ruminant feedlot systems without affecting
animal health and performance, mainly as a replacement for conventional food
energy sources, such as corn grain. In the past years, great advancements have
been achieved with crude glycerin utilization. This by-product is mainly composed
of glycerol, an energetic compound of great assimilation by rumen microorgan-
isms, being extensively metabolized in the liver. Recent studies with ovine species
have demonstrated that high concentrations of glycerol (more than 76% of crude
glycerin) can be used without detrimental effect for animals. In the rumen, glycerol
is rapidly metabolized by microorganisms to form volatile fatty acids (VFA), mainly
propionate and butyrate. In this way, glycerol constitutes an excellent substrate for
gluconeogenesis and animal energy generation. At present, the inclusion of up to
20% of dry matter (DM) in a total diet seems to be the most interesting strategy, as
it promotes greatest animal performance. However, other studies suggest that high
inclusions of crude glycerin (30% of dry matter) could be possible depending on
market price and the structure of farm operation, with favorable economic results.

Keywords: by-product, energy source, glycerol, metabolism, performance,
small ruminant

1. Introduction

An increasing worldwide interest in alternative fuel sources and in a more diversi-
fied energy matrix has led researchers to search for alternatives to fossil fuels [1, 2].
In this scenario, biodiesel appears as the main substitute for this energetic matrix. In
addition to being a renewable energy source, biodiesel has also lower power pollu-
tion [3]. However, because of government incentives, there was a huge growth in the
production of this biofuel. Consequently, the availability of by-products
(cakes, meals, and glycerin) also increased, being now considered a residual with
disposal costs [4]. With this concern, the use of crude glycerin in animal diets has
been explored as an economically and environmentally acceptable way to utilize
this by-product.

Crude glycerin represents the main by-product of biodiesel production.
Approximately 10% of the total volume of biodiesel produced becomes crude
glycerin [5, 6]. The energy content of crude glycerin turns it into a promising ingre-
dient for animal feed. The energy value of crude glycerin is similar to corn grain,
being estimated as 3.47 Mcal/kg of dry matter (DM) for ruminants [7]. In this
way, this by-product has been studied as a macro-ingredient since the 1950s [8, 9].
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Crude glycerin is considered safe for use as animal feed since 2016 [10]. Due to the
increased availability and relatively low cost, it became again the focus of studies as
an alternative energy source in ruminants’ diets [1, 11, 12], with promising results.

Crude glycerin is mainly composed of glycerol (more than 76%), an energetic
compound of great assimilation by rumen microorganisms, being extensively metab-
olizable in the liver [13]. Once ingested and in the animal rumen, glycerol mostly
disappears in the first 24 h [14]. It may be directly absorbed by the epithelium of the
digestive system via passive diffusion (probably without facilitated diffusion carriers)
and act as a gluconeogenic substrate in the liver [15, 16]. Glycerol may be transformed
into propionate and butyrate [17, 18] by ruminal microorganisms, or it may outflow
from the rumen through the omasal orifice without transformation [15, 16].

The fermentation of crude glycerin may promote better stability to rumen
environment preventing metabolic disorders. It could also avoid severe reduction of
ruminal pH and the development of rumen acidosis. These preventive actions are
possible mainly by the reduction in lactic acidosis due to an increase in the popula-
tion of lactate-consuming bacteria and undue fermentations [19].

On the other hand, crude glycerin may have a detrimental effect on the growth
of structural carbohydrate-fermenting bacteria [17, 20]. Previous studies have
shown a negative impact of crude glycerin on cellulolytic bacteria growth of [20],
resulting in reductions in fiber digestibility [12, 21, 22], consequently decreasing
DM intake and methane production [23]. However, in other studies these effects on
rumen fermentation were not observed, as reported by [24, 25] with inclusions up
to 12% of crude glycerin.

There are many controversies and inconsistent outcomes about crude glycerin
inclusion in ruminant diets. Most of them are related to the end products of glycerol
fermentation and its effects on ruminal microorganisms. However, promising
results regarding growth performance and feed efficiency have been reported for
inclusion up to 20% of crude glycerin in diets for feedlot lambs [26-28]. Therefore,
this chapter discusses important aspects of different inclusions and associations
of crude glycerin, including glycerol digestibility and metabolism and practical
applications in sheep nutrition and production.

2. Crude glycerin

In general, glycerin is derived from renewable biological sources (such as
vegetable oils or animal fats), occurring as triglycerides. Hydrolysis of these
triglycerides results in crude glycerin and fatty acid (Figure 1). However, crude

glycerin from animal source is prohibited for ruminants. A ban feeding ruminants
with animal residues to ruminants is due to mad cow disease (bovine spongiform
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Figure 1.
Hydrolysis of triglyceride to fatty acids and crude glycerin.
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Reference Glycerol Protein Fat Ash  Salts Na  Methanol

Mach et al. [7] 857.0 — — — 55.0 — 0.09

Egea et al. [60] 875.0 — — 59.0 — 20.0 0,05

Eiras et al. [64] 812.0 — — 475 — — 0.03

Paschoaloto et al. [74] 860.0 12.0 2.00 — 60.0 — <0.01

Almeida et al. [26] 830.0 11.0 — — 60.0 — <0.01
Table 1.

Composition and nutritional value of crude glycerin used in ruminant nutrition (g/kg DM).

encephalopathy). This neurodegenerative disease has been linked to the practice of
feeding the cattle with meat-and-bone meal putatively contaminated with scrapie
agent [29]. For this reason, only crude glycerin derived from vegetable oils can be
used for ruminant feeding.

Approximately 10% of the total volume of biodiesel produced becomes crude
glycerin [5, 6]. Crude glycerin is a colorless, hygroscopic, and sweet-tasting vis-
cous liquid. It is composed of glycerol and trace amounts of water and methanol.
However, the chemical composition is dependent on glycerin purity and on the oil
source utilized [30]. On average, crude glycerin contains 83% glycerol, 0.4% fat,
0.9% crude protein, 5.3% ash, 7.3% salts, and <0.05% of methanol (Table1).

The energy value of crude glycerin is similar to corn grain, being estimated
as 3.47 Mcal/kg DM for ruminants [7]. For this reason, crude glycerin becomes a
promising ingredient for ruminant feed.

Methanol content in crude glycerin is very low, and in a total mixed ration, it
is even lower. Thus, there are no problems associated with ingestion of methanol
from crude glycerin by ruminants. According to [31], the high health risk associated
with methanol consumption due to the inclusion of crude glycerin in diets is not
expected in ruminant because methanol can be naturally produced in the rumen
as aresult of pectin fermentation. Normally, due to the type of crude glycerin
used in ruminant diets (with more than 76% glycerol), it is not a problem. In Ref.
[32], authors observed problems in the performance of feedlot lambs related to
high impurity contents in crude glycerin (i.e., methanol, NaCl), even at low inclu-
sions (12% DM). However, besides the high impurity, the crude glycerin used had
low content of glycerol (<40%), which is not common to be seen on the market.
Anyway, the methanol content should be monitored to avoid future problems.

3. Ruminal digestion and fermentation of crude glycerin

Glycerol constitutes an excellent substrate for gluconeogenesis and animal
energy generation. It can be converted to glucose in the liver providing energy for
cellular metabolism [33]. Once ingested, glycerol is totally metabolizable by the
animal in the first 24 h [14]. Other authors reported even faster metabolization by
microorganisms between 4 and 6 h [34]. It demonstrates the potential of crude
glycerin as a rapid energetic source for ruminants.

Into the rumen, glycerol may be fermented and transformed in volatile fatty
acids (VFA) by ruminal microorganisms (25-45%) or be directly absorbed through
the rumen papillae (~43%) or escape the rumen by outflow through the omasal
orifice without transformation due to its high solubility [15].

Glycerin fermentation changes the VFA profile of the rumen (total concentra-
tion and molar proportion) because it is preferentially converted to propionate
and butyrate [35, 36]. Thus, the acetate/propionate rate is altered [37-39]. The
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proportion of propionate and butyrate generally increases at the expense of acetate
when diets are supplemented with crude glycerin. Recent studies with ruminal
fermentation continuous culture [25] and feedlot goats [40] showed linear increases
in propionic acid with linear decreases in acetic acid concentrations when crude
glycerin replaced dietary corn up to 20%. No changes were observed for total

VFA concentration in this work. However, several in vivo and in situ studies have
reported increases in total VFA production [34, 41-43].

Differently, other authors evaluating the increasing inclusions of crude glycerin
in diets for crossbreed lambs (up to 30% DM, in [28, 44]) and Nellore bulls (up to
30% DM, [36]) observed a linear decrease in total VFA with no changes in propi-
onic acid concentration. However, a pronounced reduction in acetic acid concentra-
tion was observed. These results can be explained mainly due to the deleterious
effect of crude glycerin on rumen fibrolytic microorganisms, as described by
[13, 20]. They reported reductions on Butyrivibrio fibrisolvens and Ruminococcus flave-

faciens bacterial groups. These authors have also found a decrease in neutral detergent
fiber (NDF) digestibility and in Selenomonas ruminantium and Clostridium protoclas-
ticum population by increasing concentrations of glycerin. However, no effects were
observed in rumen pH, in NH;-N concentrations, and in DM digestibility.

Reduction in methane (CH,4) production has been reported as a detrimental
effect of crude glycerin inclusion on the growth of structural carbohydrate-
fermenting bacteria. It also happened due to low production of total VFA and acetic
acid in the rumen [28, 36, 45]. This reduction probably occurs because the amount
of H, in the rumen decreases. Hence, availability for methanogenic microorgan-
isms is used to reduce CO, to CH, [46, 47]. For this reason, the inclusion of crude
glycerin in ruminants’ diets becomes an interesting alternative for mitigating CH,
emission by livestock.

The deleterious effect of crude glycerin on fiber fermentation was confirmed by
[28, 36] when high inclusions of crude glycerin (up to 30% DM) in diets for feedlot
crossbred lambs and Nellore bulls were studied, respectively. The authors observed a
linear decrease in fiber fraction in vitro total tract digestibility when crude glycerin was
included. Although the absolute yield of propionate was not affected by the increasing
inclusion of crude glycerin, a linear increase in propionate proportion was observed.

The change in propionate relative proportion happened, probably, due to crude
glycerin fermentation characteristics. Glycerin is fermented, mainly by bacteria
of the genus Selenomonas, being mostly used by animals in the first hours after
ingestion [7, 48]. Propionate produced in the rumen is readily absorbed through
the ruminal wall, getting into the portal vein. Then, when reaching the liver, it is
transformed into glucose and is called glycogenic VFA. The glucogenic pathway in
ruminants is shown in Figure 2.

The mechanisms that determine the VFA production in quantity and quality
can influence the rumen pH and their buffering [49]. When energetic ingredients
(starch or soluble sugars) are added to ruminant diets, a reduction in ruminal pH is
frequently observed. When ruminal pH is lower than 5.6, strong organic acids (like
lactate, pKa = 3.86) are produced on a major scale, which can cause a nutritional
disorder, named ruminal acidosis. The consequences of ruminal acidification
process can range from decrease of DM intake up to the animal’s death.

Crude glycerin can prevent metabolic disorders, avoiding severe reduction on
ruminal pH and the development of rumen acidosis due to glycerin fermentation
profile. Inclusions in ruminal pH were observed when lambs were fed with up to 20
or 30% of crude glycerin [28, 44], respectively. During glycerol ruminal fermenta-
tion, there is no generation of lactic acid. This happens because propionic acid is
produced by an alternative fermentative pathway via succinate [50]. For this reason,
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Proposed metabolism of glycerol in ruminant animals (adapted of Osman et al. [41]).

crude glycerin may promote better stability to rumen environment compared with
starch-rich ingredients. Lactic acidosis is reduced due to an increase in the population
of lactate-consuming bacteria and undue fermentation [19]. As a consequence, some
benefits are gained, such as rumen development and feed efficiency improvement
[15, 16].

Authors in Ref. [50] evaluated the effects of increasing inclusions of crude
glycerin (up to 30% DM) in diets for crossbred lambs in two different periods of
feedlot (adaptation and finishing). The authors observed that crude glycerin did not
compromise the stomach compartments and rumen papillae measurements in both
periods of feedlot. No clinical manifestations resulted from ruminal acidosis (such
as liver abscess, ruminitis, and lesions in ruminal mucosa) in any period and treat-
ment studied. The authors concluded that the replacement of corn grain by crude
glycerin (up to 30% DM) was effective in the animals’ adaptation to concentrate-
based diets. The good results were possible due to the better ruminal conditions
provided by crude glycerin fermentation.

4. Effects on dry matter intake and growth performance

The use of crude glycerin has been investigated in diets for feedlot lambs [1, 27,
51-53]. The results are varied, regarding intake, digestibility, and performance.
Probably, this may be related to the degree of purity of the crude glycerin used.

Authors in Ref. [1] evaluated the effects of high concentrations of crude glycerin (up
to 30% DM basis) in diets for feedlot lambs. The authors reported positive results in
animal performance when crude glycerin was included in 10% DM. Linear reductions
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in dry matter intake (DMI) were also observed by the authors. However, when all crude
glycerin treatments were compared with the control diet (10, 20, and 30% vs. control
diet), no significant difference was observed. Authors [42, 54, 55], working with feedlot
beef cattle, also observed a reduction in DMI when levels of glycerin were higher than
10%. In others works, even in low concentrations (<10% DM), the inclusion of crude
glycerin promoted a drop in DMI for lambs and goats [32, 56, 57].

The lower value of DMI observed when crude glycerin was included in the diets
may be explained by the deleterious selection of fibrolytic microorganisms, known
to be sensitive to glycerin. Previous studies have shown that glycerol provides a
selection of rumen microorganisms, mainly fibrolytic ones, affecting NDF digest-
ibility. The reduction in NDF digestibility is attributed to the decrease in DNA
concentration from bacteria Selenomonas ruminantium and Butyrivibrio fibrisolvens
[13]. Furthermore, according to [20], glycerin decreases microorganism growth,
cell membrane permeability, and adhesion of bacteria in feed. Thus, these facts
can reduce the feed passage rate through the rumen. This results in ruminal fill-
ing, known as repletion state [58], consequently reducing DMI. Another plausible
explanation for DMI reduction is the fact that ingestion of glycerol can improve
animal metabolic status. This improvement occurs due to the increased energy
intake from glucose with increased propionate and reduced acetate/propionate ratio
in the rumen, satiating the animal in terms of energy [1, 15].

Authors in Ref. [40] fed goats with up to 20% DM and in Ref. [51] fed lambs
with up to 30% DM of crude glycerin. The authors, contradicting the above men-
tioned, observed no difference in DMI in any inclusions offered to the animals. On
the other hand, authors in Ref. [27] reported that inclusion of crude glycerin up to
15% DM in diets of finishing lambs increased DMI and feedlot performance in the
first 14 days. According to these authors, the controversies observed in DMI are
probably due to the purity level of the glycerin used. Other important factors were
the forage/concentrate ratio, the amount of dietary starch and fiber used, and the
tolerance and acceptability of the ingredient by each animal species. Thus, the best
crude glycerin association should be used to avoid deleterious effects.

Nevertheless, despite the reductions in DMI, authors in Ref. [59] reported average
daily gain (ADG) of 250 g/day with the inclusion of 12.5% DM of crude glycerin.
Similarly, authors in Ref. [1] observed ADG of 332 g/day with the inclusion of 10%
DM. In both studies, the crude glycerin used contained ~83% of glycerol, and the
forage/concentrate ratio used was 40:60, the corn silage being the forage source.
Furthermore, other researchers reported improvements in feed efficiency when crude
glycerin was included up to 12% DM in diets for sheep and beef cattle [54, 55, 57].

5. Effects on carcass characteristics and meat quality

Recent studies did not present negative effects of crude glycerin inclusion on
carcass and meat traits [7, 27, 60]. The inclusion up to 30% crude glycerin in diets for
feedlot lambs promoted lower carcass weights [1, 61]. However, other studies have
demonstrated that the inclusion of this by-product has effects on carcass grade [1,
62]; increases the intramuscular fat and oleic acid content [63]; decreases myristic,
palmitic, and stearic acids in Longissimus muscle [64]; increases the monounsaturated
fatty acid (MUFA) content and conjugated linoleic acid content [65]; decreases satu-
rated fatty acid; and increases unsaturated and odd-chain fatty acid contents [62].

Carcass and meat traits can be altered in the meat of animals fed with crude glycerin
by increasing marbling deposition as a function of glycogenic precursor absorption
[66]. The change in these features can also be achieved by increasing unsaturated fatty
acid content on meat [63, 64, 67] possibly due to ruminal lipolysis inhibition [19, 68].
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It is known that inclusion of crude glycerin in diets decreased the DNA concen-
tration for Selenomonas ruminantium and Butyrivibrio proteoclasticus [13, 17], impor-
tant bacteria in biohydrogenation process [69-72]. This fact suggests that when
glycerol is incorporated in diets, it may reduce lipolysis and biohydrogenation in the
rumen, promoting a greater flow of unsaturated fatty acids to be incorporated in
meat [19, 68]. For these reasons, the crude glycerin inclusion in diets for ruminants
promotes a healthier meat for humans.

6. Crude glycerin as a strategy ingredient

Crude glycerin has been recently studied as a great ingredient to prevent
metabolic disorders when high inclusions of concentrate were offered to animals
in feedlot systems [26, 50, 73, 74]. Because of its own fermentation profile,
crude glycerin can avoid severe reduction of ruminal pH and the development
of rumen acidosis. The larger portion of crude glycerin (~43%) is rapidly
absorbed by rumen papillae, whereas 25-45% are fermented to butyrate and
propionate by alternative fermentative pathway (via succinate) and do not
generate lactic acid, benefiting the rumen development and thus improving the
feed efficiency [15, 16, 50].

When animals are submitted to a feedlot management, abrupt changes
occur in their diets. Generally, high inclusions of starch-rich cereal grains are
used. Then, a correct adaptation to diets should be done, mainly in the first
2 weeks [75]. When animals are not correctly adapted to diets, changes in feed-
ing behavior with reduced DMI [76]; clinical manifestations such as laminitis,
liver abscesses, and ruminitis; and inappropriate ruminal fermentation [77, 78]
are prevalent. Recent studies have shown that crude glycerin is effective in the
animals’ adaptation to concentrate-based diets [27, 50]. Authors in Ref. [50]
evaluated the effects of increasing inclusions of crude glycerin (up to 30% DM)
in diets for crossbred feedlot lambs in two different periods (adaptation and
finishing). The authors observed that crude glycerin did not compromise the
stomach compartments and rumen papillae measurements in both periods of
feedlot. No clinical manifestations resulted from ruminal acidosis in any period
and treatment studied. Authors in Ref. [27] reported that the feed efficiency
during the first 14 days of the feedlot was greater for all glycerin-fed lambs when
compared with lambs not fed with glycerin.

Apparently, crude glycerin may have stimulated rumen growth due to its fer-
mentative characteristic, mainly by increasing the total rumen VFA [14]. The pres-
ence of VFA in ruminal lumen promotes the growth and proliferation of papillae.
With increased absorption area, the capacity of removing these acids is improved
as well as the provision of greater energy absorption for the animal [79-81], thus
improving the animal performance. In this way, crude glycerin presents good
aspects to the adaptation physiological process and can be indicated to adapt the
animal to concentrate-based diets, mainly in the first 2 weeks of the feedlot.

7. Crude glycerin practical recommendations

Because of its high viscosity (~8.5 cSt), crude glycerin can be used to change
the physical form of diets. It helps in particle aggregation, thus facilitating the feed
intake. Inclusions up to 30% can be used for this purpose. However, depending on
the diet ingredients composition, an accumulation of the ingredient in the feed
bunk bottom may occur.
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8. Conclusions

Based on what has been discussed in this chapter, crude glycerin can be con-
sidered as a good energy ingredient for sheep nutrition. At present, inclusions up
to 20% DM in a total diet seem to be the most interesting strategy. They promote
greater animal performance and a healthier meat for humans. However, other stud-
ies suggest that higher inclusions of crude glycerin (30% of dry matter) could be
possible depending on market price and the farm operation structure with favorable
economic results.
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