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Preface

In the wake of more stringent health and environment concerns, the world requires more
and clearer awareness about the production of valuable chemicals from bio-resources

or natural products as well as the use of these natural products in areas of health and
environment. With this objective in mind, Ethanol and Glycerol Chemistry — Production,
Modelling, Applications, and Technological Aspects, discusses the green production of
ethanol and glycerol by feasible methods and their possible applications in medical
sciences and for environmentally friendly fuel production via a practical approach and
appropriate modelling,

The book is organized into three sections and nine chapters contributed by authors
from around the globe. Section 1, “Production of Ethanol and Glycerol”, is an intro-
ductory section that includes three chapters. Chapter 1 by Manikandan Kanagasabai
etal., focuses on the production of ethanol from bioresources. Chapter 2 by Chakali
Ayyanna et al., discusses the production of bioethanol. Chapter 3 by Lethiwe D.
Mthembu et al., illustrates the catalyzed production and applications of glycerol.

Section 2, “Conversion of Glycerol into Aromatic Compounds’, focuses on the
transformation of glycerol into valuable organic products and includes two chapters.
Chapter 4 by Israel Pala-Rosas et al., describes the synthesis of pyridine bases from
glycerol using sustainable methods. Chapter 5 by Patrick U. Okoye et al., deals with
the preparation of bio-based aromatics via catalytic transformation of glycerol.

Section 3, “Applications”, includes four chapters on applications of ethanol in medical
sciences. Chapter 6 by Ali Amoushahi et al., illustrates the utility of ethanol inhalation
in the treatment and prevention of COVID-19. Chapter 7 by Steven W. Stogner et al.,
focuses on the use of an old treatment, nebulized ethanol, for a new disease. Chapter 8
by Pietro Salvatori et al., theoretically describes the utility of ethanol inhalation for the
disinfection of SARS-COV-2-contaminated airways. Finally, Chapter 9 contributed

by Guilherme D. Machado et al., illustrates the modelling of Ethanol to predict the
Liquid-Liquid Equilibrium in Food and Fuel Systems.

We congratulate all the authors for providing quality data, research, and analysis and
participating in this volume. We would like to thank the staff at IntechOpen, espe-
cially Author Service Managers Ms. Marija Nezirovic, Ms. Martina Ivancic, Ms. Nika
Karamatic, and Ms. Ana Javor.

Dr. Rampal Pandey

Department of Chemistry,

National Institute of Technology Uttarakhand,
Srinagar (Garhwal), Uttarakhand, India
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Mexico City, Mexico
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Chapter 1

Ethanol Production from
Bioresources and Its Kinetic
Modeling: Optimization Methods

Mamnikandan Kanagasabai, Babu Elango,
Preetha Balakrishnan and Jayachitra Jayabalan

Abstract

Ethanol is viable alternative fuel and it’s substitute to fossil fuel has gained
importance with rise in fuel prices. The chapter elaborates about methods of
production from different types of bio resources like molasses, starch and cellulose
commercially. The chapter also details about different methods of pretreatment for
cellulisic and starchy raw materials. This also includes hydrolysis using acid and
enzymes. The modes of ethanol fermentation using bioreactors like batch fed batch
and continuous operation will be discussed. The growth kinetics models like monad
logistic model will be elaborated. The product formation growth associated models
like Leudiking piret model and parameter estimation methods will be described.
Optimization of process variables using response surface methodology and media
optimization using PB design will be elaborated. The application of ANN in
modeling will be described.

Keywords: ethanol production, growth and product kinetics, optimization response,
surface methodology, PB design ANN

1. Introduction

Biomass energy can contribute to sustainable development and plays a significant
role in reducing greenhouse gas emissions. In addition, application of agro-industrial
residues in bioprocesses not only provide alternative substrates but also helps solve
their disposal problem. The transfer of crude oil-based refinery to biomass-based bio
refinery has attracted strong scientific interest which focuses on the development of
bioethanol as an alternative transportation fuel to petroleum fuels. A huge ethanol
demand will come in the near future, forcing the ethanol production to be fast and
have high capacity. [1, 2]. Green fuel from bioresources is gaining more importance to
meet the increasing demand of fuel supply and reduced emission of pollutant gases
like sulfur dioxide [3]. The major biomass resources that can be converted into
biofuels are classified into three major types of carbohydrates namely glucose, starch
and cellulose [4]. Pre-treatment steps are more vital in conversion of starchy and
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cellulosic substrates that are cheaper and available in plenty. Optimization techniques
like artificial neural network, response surface methodology can be effectively used to
improve the yield of biofuel from these substrates.

The biggest challenge of the conversion comes from the recalcitrant structure of
lignocellulosic biomass. To improve the biomass digestibility, a pre-treatment step is
required to break up the lignocellulosic matrix, thus making the carbohydrate fraction
more accessible to hydrolytic enzymes for fermentable sugar production. Pre-
treatment of lignocelluloses is intended to disorganize the crystalline structure of
macro-and microfibrils, in order to release the polymer chains of cellulose and hemi-
cellulose to improve its digestibility and easy access for microbial attack [5] and/or
modify the pores in the material to allow the enzymatic hydrolysis [6]. This leads to
the fractionation of three components and opening of cellulose structure. It results in
enlargement of the inner surface area of substrate particle’s, accomplished by partial
solubilization and or degradation of hemicellulose and lignin [7].

The bioconversion of starchy substrates like corn, cassava, potatoes, involves pre-
treatment with fungal alpha amylase at suitable temperature followed by saccharifi-
cation and fermentation. The last two steps can also be carried out in a single fermen-
ter by a process called simultaneous saccharification and fermentation using amylotic
enzyme and yeast at optimum conditions of pH and temperature. This process reduces
substrate inhibition and maximum utilization of glucose formed by amylotic enzymes.
Cellulose from different biomass like paper pulp, sulfite waste liquor etc. must
undergo pre-treatment with mineral acids or alkali to remove lignin and hemicellu-
lose. Cellulose can be converted into simple sugars by the action of cellulase enzyme
and can readily ferment them to ethanol by the action of yeast. [8]. Although ligno-
cellulosic biomass is a very promising alternative feedstock for ethanol production, its
conversion to ethanol is more difficult than that of sugar or starch.

Mathematical models are tools that can be applied to biotechnological processes
operating at many different levels, from the action of an enzyme within a cell, to the
growth of that cell within a commercial scale bioreactor [9]. Unstructured kinetic
models give the most fundamental observations concerning microbial metabolic pro-
cesses and can be considered a good approximation when the cell composition is time
dependent or when the substrate concentration is high compared to the saturation
constant [10]. In addition to kinetic models describing the behavior of microbiological
systems, artificial neural network (ANN) and Response Surface Methodology (RSM)
are effectively used for the optimization of process variables for the fermentation of
bioethanol [11, 12].

This chapter will focus on the current status of available ethanol production tech-
nologies including chemistry, applications, technological aspects and the kinetics and
modeling of biotechnological processes and it especially provides essential evidence
for the future scale-up conversion studies.

2. Industrial ethanol production
2.1 Ethanol production from corn

Corn is the most viable source for industrial ethanol production as it contains 70%
starch. 5% of annual food grins produced can be effectively diverted to ethanol
production [13]. The major threat that poses corn as an effective substrate is the horny
endosperm that makes it difficult for pretreatment with alpha amylase enzyme with
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low conversion. Floury endosperm is easy to digest with enzymes and has high swell-
ing when compared with horny endosperm.
The steps involved in the industrial production are

i. Milling of corn grains to remove oil form germs and the hull that reduces the
activity of amylase enzyme in pre-treatment step.

ii. Liquefaction of milled corn starch using alpha amylase enzyme at optimum
conditions of pH and temperature.

iii. Saccharification of liquified starch using glucoamylase enzyme to convert
dextrin to glucose which is primary substrate for ethanol producing yeast.

iv. Fermentation of saccharified starch using Saccharomyces cerevisiae yeast at
optimum conditions of pH and temperature with suitable initial substrate
concentration to yield ethanol.

v. Distillation of the product to yield 95% ethanol which forms an azeotrope
with water. Azeotropic distillation is employed to separate water and to form
100% pure industrial alcohol.

2.2 Milling of grains

The two main process that are employed in milling of grains are wet milling and
dry milling of corn grains.

2.2.1 Wet milling process

The wet milling of corn grains is very expensive process as it is highly energy
consuming. The valuable by products can be obtained in this process and it is gener-
ally used in biorefineries. The byproducts obtained from wet milling process are corn
oil from germs, hull, fibers and gluten. Gluten along with corn meal is used as high
protein content animal feed [14]. The main product starch solution obtained from this
process is used as raw material for saccharification and fermentation process. The
ethanol yield from this process is about 10 liters per 100 kg of corn used as substrate.

2.2.2 Dry milling

Dry grinding process is currently employed in industries as it is less energy intensive
when compared with wet milling process [15]. Corn grains are powdered using hammer
mill to pass through 30 mesh screen and mixed with eater to form mash. The mash is
first liquefied using alpha amylase enzyme at a initial pH 6 and temperature of 90°C
then saccharified with glucoamylase enzyme and fermented with yeast to produce
ethanol [16]. The fermented liquid is distilled to produce industrial grade ethanol. The
byproduct obtained is distiller’s grain used as a animal feed stock and carbon dioxide.

2.3 Liquefaction

Starchy substrates cannot be utilized directly by yeast, and they are to be
converted into maltose and dextrin in the first pretreatment step. A thermostable
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alpha-amylase enzyme is usually employed for converting the starch to dextrin
quickly and randomly by hydrolyzing alpha 1-4 bonds of starch molecule. The
optimum temperature and pH greatly depends upon the source of alpha amylase
enzymes [17]. Microbial sources of alpha amylase includes both bacteria and fungus.
Alpha amylase derived from fungi are mostly employed as they are more active at
higher temperature in range of 80 to 90°C [18]. The optimum pH is in the range of
5.5- as the activity of the enzyme is maximum. The higher temperature favors the
liquefaction of starch by rupturing the molecules and aiding the enzyme molecules to
cleave the branching bonds of it. This process is carried out in holding tubes by adding
fungal diastase enzyme in excess for a period of 30 minutes.

2.4 Saccharification and fermentation of starch

Liquified starch is converted into simple sugars by saccharification process.
Glucoamylase enzyme is generally employed for this process. The optimum tempera-
ture is usually 50 to 55°C and pH is 4.5. Glucoamylase attacks the linear chain 1-6
linkages of dextrin and convert them into simple sugars [19]. Saccharified starch is
suitable substrate for fermentative production of ethanol by yeast. Thermotolerant
yeast can be used for carrying out saccharification and fermentation process in a single
step. Optimization of process variables and nutrients is most important to maximize
the ethanol yield. Response surface methodology can be employed to carry out opti-
mization statistically by carefully designing the experiments. The RSM yields best
combination of pH, temperature, initial starch concentration and enzyme concentra-
tion that give maximum ethanol concentration in the fermenter [20]. The interactive
effects of process variables can be analyzed very effectively in the single step simul-
taneous saccharification and fermentation process. Optimization is essential because
enzymes are active in a range of temperature and pH that may or may not favor the
growth of yeast [21, 22]. Generally, thermotolerant yeast can withstand the tempera-
ture that favors optimum activity of glucoamylase enzyme that can produce simple
sugars from dextrin and are consumed by yeast to produce ethanol. Optimum pH and
temperature for this process are generally pH 5 and 37°C respectively as reported by
many researchers [23, 24]. High temperature also favors reduced contamination of
fermentation broth. They also reduces the inhibitive effect of high glucose concentra-
tion for yeast as it is simultaneously consumed giving 8 to 10% concentration of
ethanol in the broth.

2.5 Modes of ethanol fermentation

Three different modes of fermentation that are generally used in commercial
production are batch, fed batch and continuous operation. Ethanol production is
usually carried out in batch fermenters [25]. The advantages of batch fermentation are
mainly effective sterilization of medium and fermenter vessel, reduced contamination
risk, maintaining required concentration of microbes for fermentation, effective
control of process parameters like pH, temperature agitation speed to maximize
the ethanol concentration in the broth. The usual fermentation time for ethanol
production using yeast is about 48 hours. The additional feature is simultaneous
saccharification and fermentation can be carried out most effectively in a single
fermenter in batch mode by controlling the process variables at optimum conditions
of pH, temperature and agitation speed. Continuous mode of operation is also
employed for production of ethanol using beer still, by maintaining the microbes
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inside the still using high aspect ratio. The yeast concentration is more at the bottom
of the still and the main advantage is that is agitation is not required and continuous
production of ethanol is feasible [26].

2.6 Production of absolute alcohol

Distillation is the process of separating the ethanol from the solids and water in the
mash. The difference in boiling point of alcohol and water allows water to be sepa-
rated from ethanol by heating in a distillation column. The maximum ethanol con-
centration in the top product of distillation column is 95% ethanol and 5% water.
Azeotropic extractive distillation using benzene as third component produce absolute
alcohol. Modern dry grind ethanol plants use a molecular sieve system to produce
absolute (100%, or 200 proof) ethanol.

The bottom product containing fiber, oil, and protein components of the grain, as
well as the non-fermented starch is used as feed stock for animals. Bottom product is
further processed to remove insoluble solids using centrifuges or extruders. The liquid
is decanted and part of it is recycled to the still. The remaining liquor is further
concentrated by evaporation and mixed with solids and used ad feed stock. The block
diagram for ethanol production from corn is shown in Figure 1.

2.7 Ethanol production from molasses

Sugarcane is grown primarily for sucrose and molasses production. The crop may
be harvested over an extended period of time due to its long growing season. Black
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strap molasses is the by- product obtained from sugar mill and can be stored and easily
diluted to a concentration of 10% reducing sugars [27]. The total sugar content of
molasses is generally in the range of 50 to 60%. The fermentation of diluted molasses
is carried out in batch fermenters using yeast as inoculum. The fermentation time is
generally 20-24 and rate of ethanol production decreases as sugar utilized by the yeast
is about 90-95%. The ethanol concentration in the broth is about 10% and does not
increase above it as ethanol inhibits the yeast growth. The additional nitrogen nutri-
ents like ammonium sulphate and micronutrients like magnesium sulfate, potassium
hydrogen phosphate is added to favor the growth of yeast [28]. Ethanol production is
always growth associated fermentation and hence it is desirable to optimize the
process variables like temperature pH and agitation to maximize the yeast concentra-
tion and ethanol production. The overall productivity for this process is about 1.8—
2.5 kg ethanol produced per m? fermenter volume per hour [29]. Figure 2 illustrates
the steps required to produce ethanol from cane juice molasses.

2.8 Ethanol production from cellulose

Cellulose-based ethanol production is attractive as an alternative fuel in the trans-
portation sector. Extensive research in the past 20 years on fuel-grade ethanol fer-
mentation has answered most of the major challenges on the road to
commercialization and also open the door for novel technological development [30].

The first step in this process is primarily removal of lignin and hemi cellulose
present in the wood wastes by digestion using steam at very high pressure followed by
hydrolysis of cellulosic substrate into glucose using sulfuric acid [31]. The final step is
fermentation of the reducing sugar solution in a fermenter using yeast. Hydrolysis of
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Ethanol production from cane molasses.
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wood waste is carried out using sulfuric acid and steam at a temperature of 200°C and
at a very high pressure of 1500 kPa. Lignin rich residue is removed as the bottom
product and hydrolysate solution containing methanol and furfural is separated

from the condenser of the flash vaporization process carried out in two different
stages of different operating pressure, i.e., the first stage operating at 456.0 kPa and
the second stage is at atmospheric pressure. The underflow of the second stage flash
vaporizer is reducing sugar solution and it is diluted to desired concentration and
fermented to ethanol using yeast. Methanol and furfural are separated using two
stages of distillation.

The sugar rich solution is neutralized using lime and the precipitate is removed as
sludge. The clarified liquid is added with additional micronutrients and fermented in a
batch fermenter using yeast, The recovered yeast from an earlier fermentation is
added to neutralized liquor and sent to fermentation tanks. The fermented liquor is
filtered or centrifuged to remove the yeast content. Ethanol is separated from the
distillation column as top product containing 95 vol.%. The bottom product contains
unfermented pentoses. Figure 3 shows the flow sheet of industrial ethanol production
form cellulose.

3. Modeling

Mathematical models are very much useful to describe the performance of enzy-
matic and fermentation processes. They can be applied to study the kinetics of
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enzyme catalyzed reactions, microbial growth in batch fermentation and product
formation. These models fit the experimental data and can be modified effectively to
find out the inhibiting parameters that affects the growth of microbes or activity of
enzymes or rate of product formation [32]. The kinetic models are used in designing
the batch fermenter suitable for ethanol production. In addition to kinetic models
describing the behavior of microbiological systems, modeling based on combining the
effects of various parameters namely time, temperature, and concentration into one
single parameter is also used to develop a linear model expressing the relationship
between ethanol production and variables like pH, temperature, and initial
concentration of substrate. Artificial Neural Network (ANN) and Response Surface
Methodology (RSM) are used for the optimization of process variables for the
production of bioethanol [33].

3.1 Kinetic models

Kinetic models describing the behavior of microbiological systems can be a highly
appreciated tool and can reduce tests to eliminate extreme possibilities. The kinetic
parameters are obtained from the concentrations of biomass, products, and substrates
consumed during the fermentation.

S

_ Hmax

= 1
Ks+S )

p

where ., and K are the maximum specific growth rate and the Monod constant
respectively.

3.1.1 Logistic growth model

X ekt

T - ‘”

X
Where x, is the initial biomass concentration (g/l) and t is time (h).

3.1.2 Leudeking-Piret kinetic model - product formation kinetics

The rate of product formation is well described by an unstructured model. The
kinetic expression, Leudeking-Piret equation, does fit the kinetic data of ethanol
formation. Ethanol production is a growth associated product kinetics with significant
a, the growth associated term [34].

PO -, —H(3) [1-2 0= ~ dlato) - )

3.1.3 Substrate utilization kinetics

d 1 de 1 dp
—g—y—%%ﬂ-y—}%%"‘ke-x (4)
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where Y,/s and Y, are the yield coefficient for the biomass and product, respec-
tively and K. is the specific maintenance coefficient.

3.1.4 Yield of growth

To evaluate the model parameters and to relate the changes in substrate, cell mass
and product concentrations, a Yield coefficient is introduced. The yield coefficients
are related by the equation [35].

Yo = Y Yy o (5)

3.2 Experimental design, analysis and optimization using response surface
methodology (RSM)

RSM is an empirical statistical technique employed for multiple regression analysis
by using quantitative data obtained from properly designed experiments to solve
multivariate equations simultaneously. The response surface, which is a two- dimen-
sional graphic representation of the system’s behavior, is used to determine the indi-
vidual and cumulative effects of the variables and the mutual interactions between the
variables on the dependent variable [36]. The graphic representations of the regres-
sion equation called the response surfaces. The quality of fit of the second order
equation is expressed by the coefficient of determination R?, and its statistical signif-
icance is determined by F-test. The significance of each coefficient is determined
using Student’s t-test.

The application of statistical experimental design techniques in ethanol fermenta-
tion process development can result in improved production yields, reduced process
variability, closer conformance of the output response (Ethanol yield) to nominal and
target requirements and reduced development time and overall costs. The statistical
design of experiments using central composite design can be effectively used to
optimize the process variables like pH, temperature initial reducing sugar concentra-
tion to maximize the ethanol concentration [37]. The chosen independent variables
used in this experiment are coded according to the Eq. (6):

_Xi_Xo

Ax ©)

Xj

where x; is the coded value of the it variable, X; is the uncoded value of the i test
variable and X,, is the uncoded value of the i test variable at the centre point. The
behavior of the system is explained by the following second- degree polynomial Eq. (7):

k k k-1 k
Y =P+ BXi+ > BXE+Y D> BXX %)
i=1 i=1 i=1 j=2

where Y is the predicted response, f, ;s the offset term, f; is the coefficient of linear
effect, B; is the coefficient of squared effect and p;; is the coefficient of interaction effect.

3.3 Artificial neural network analysis

Artificial Neural Network (ANN) is another important tool that has also been
effectively used in modeling biotechnological process, majorly reduces time and
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experimental readings required for modeling [38]. It is used to predict the degree of
non-linearity and to learn complex analyses in various fields. RSM is used to analyze the
data with least experimental data and gives a mathematical relation while ANN is a
machine learning statistical approach that can be applied in a wide range of data analysis
including optimization thereby estimates the response based on the trained data [39].

3.3.1 Analysis of model predictability in artificial neural network

Egs. (8) and (9) indicates the Mean Squared Error (MSE) and RMSE, a widespread
measure for model predictability in which the ANN output error between the actual
and the predicted output can be evaluated [40]:

I~ 2
MSE = n ; ()’z‘ ydi) (8)
RMSE = MSE* 9)

where, n is the number of points, y; is the predicted value obtained from the neural
network model, yy; is the actual value.
The closer the R? value is to 1, the better the model fits to the actual data:

RP=1- zn: (M) (10)

i=1 (ydi _ym)z

where, n is the number of points, y; is the predicted value from neural network
model, yg is the actual value, and y,, is the average of the actual values.

Absolute Average Deviation (AAD) in Eq. (11) is another significant index to
evaluate the ANN output error between the actual and the predicted output:

Absolute Average Deviation (AAD) = { [Z; (b’i*ydi%, di)] 4} x 100 (11)

where, y; and yy; are the predicted and actual responses, respectively, and n is the
number of the points.

4, Conclusion

Industrial production of ethanol is viable form cheaper substrates like biomass, corn
and molasses. The molasses from sugar manufacturing unit can be used as a raw
material for ethanol production by fermentation. The starch present in the corn is also
used as substrate after liquefaction and saccharification using enzymes. The cellulosic
raw materials are cheaper but it is essential to pre-treat the biomass residue by digesting
the lignin and hemicellulose using sulfuric acid before fermentation to ethanol. Optimi-
zation of process variables like pH, temperature substrate concentration and agitation
speed for maximum ethanol production is effectively done using statistical tool response
surface methodology and artificial neural network. The modeling and kinetics of ethanol
production is the most important to design the suitable bioreactors. Microbial growth
kinetics, product formation kinetics and substrate utilization kinetics are enumerated.
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Catalysis for Glycerol Production
and Its Applications

Anele Sibeko, Lethiwe D. Mthembu, Rishi Gupta
and Nirmala Deenadayalu

Abstract

Globally, there is a climate change due to greenhouse gases, hence the production
processes for chemicals should comply with green chemistry principles to decrease
the impact it has on the climate. This book chapter focuses on the catalytic production
of glycerol, which is a platform chemical that is widely used in the manufacture of
various industrially important chemicals and derivatives, namely 2,3-dihydroxy-
propanal, glycerol ether, glycerol ester, acrolein, 1,2-propanediol and glycidol. The
literature reviewed compares the production of glycerol using homogeneous and
heterogeneous catalysts, to determine efficient and environmentally benign glycerol
catalysts and to study glycerol as a platform chemical and its value in application.

Keywords: catalysis, homogenous catalysts, heterogeneous catalysts, value-added
compounds, glycerol production

1. Introduction

The enormous growth in demand for fuels, along with growing environmental
concerns and limited raw oil sources has increased the use of renewable energy.
Biodiesel is one of the potential alternatives, and renewable fuels, has gained popular-
ity in recent years, and their production capacity have grown significantly.

It is produced through various methods such as the transesterification of non-
edible and waste vegetable oils with methanol and efforts are also being made to
utilise the glycerol by-product to compensate the production cost of biodiesel to make
it commercially viable, yielding quite significant percentage of a glycerol by-product
which lowers the production cost and makes it commercially available. For every 4
litres of biodiesel generated [1].

Around 500 grams of glycerol is made, this equates to approximately 11,500 tons
of 99.9% pure glycerine produced by a plant with a capacity of 113,562,354 million
litres per year. The resulting oversupply of raw glycerol from biodiesel production
can influence the purified glycerol market significantly as glycerol is a high-value and
commercial chemical with thousands of applications [2].

Although extensive research has been carried out on the use of glycerol for vari-
ous industrial applications, however, a compilation review on different approaches
of glycerol production using homogenous and heterogeneous catalysts is scarce. The
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present chapter focuses on compiling different state-of-the-art in glycerol manu-
facturing techniques with a special emphasis on homogeneous and heterogeneous
catalysis approaches. Moreover, an attempt has also been made to review the applica-
tion of glycerol in the production of various platform chemicals preferably using
microbial pathways. A section has been dedicated on reviewing the application of
glycerol in animal feed.

2. Glycerol production

Glycerol can be manufactured using a variety of chemical synthesis feedstocks. It
can be produced, for example, by propylene synthesis by several methods [3], such
as oil hydrolysis, or transesterification of fatty acids or oils. The following sections
describe briefly about different glycerol production processes.

2.1 Glycerol production by propylene

As previously stated, several methods for producing glycerol from propylene can
be used [4, 5]. In Figure 1, one of the major processes is shown, which includes the
use of chlorination (Cl,) [6].

2.1.1 Glycerol production via chlovination process

Propylene chlorination (Figures 1 and 2) produces allyl chloride at a temperature
of 510°C in the presence of hypochlorous acid at 38°C. Glycerine dichlorohydrin is
formed when allyl chloride reacts. The glycerol dichlorohydrin is then hydrolysed by
sodium carbon oxide in a 6% sodium carbonate solution at 96°C or directly to glycer-
ine, the epichlorohydrin being removed as an overhead in a stripping column. Finally,
the epichlorohydrin is hydrated to glycerine using sodium hydroxide [4], resulting in
a final glycerol yield of around 90% [6].

) Propylene
0, Cl;
—| Acrolein Propylene

oxide

Allyl dichlonde

NaOH Glycerol

dichlorohydiine

Y
Isopropanol s
5.0, »  Alley alchol

L

HOCI

Y

Glyceraldheide

NaOH Glycerol

Glycidol monochlorohydrine

Epichlorohydine

Glycerol NaOH

NaOH

Figure 1.
Flow diagram illustrating the production of glycerol from propylene [6].
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Glycerol Epichlorohydrine

Figure 2.
Reaction of the propylene chlovination process.

2.1.2 Glycerol production via oxygenation process

Figure 3 illustrates two paths to produce glycerol from propylene via oxygenation.
Oxygen (O,) reacts with propylene to produce acrolein, adding an aldehyde (HC=0).
Acrolein can be converted to allyl alcohol with a reducing agent sodium borohydride
(NaBHy,) in a presence of isopropanol as a solvent; peroxide is added to allyl alcohol to
produce glycerol. In the other reactions, peroxide is added to acrolein which results in the
formation of glyceraldehyde; the glyceraldehyde reacts with hydrogen to produce glycerol.

2.2 Saponification

In this reaction, sodium hydroxide (base) reacts with triglyceride as an ester to
form glycerol and soap molecules. This method has been employed since 2800, and the
first industrial factory was developed in 1860 [7]. As demonstrated in Figure 4, this
reaction occurs between triglyceride and sodium hydroxide (caustic soda), producing
glycerol and soap [6, 8].

H
XL [0 ) )\/ NaBII, Ho\/\

— Isopropanol Alv] alcohol
Vi alcono
Propylene Acrolein 3
1,0, H,0,
OH
/—<; H o HO/Y\OH
HO —0 OH
Glyceraldehyde

Glycerol

Figure 3.
Production of glycerol from propylene oxygenation reaction.

19



Ethanol and Glycerol Chemistry — Production, Modelling, Applications, and Technological Aspects

OH

+ 3 MNaOH \

R § ) oH 7
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5 ©
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Q

Triglyceride

Figure 4.

OH

Glyeerol

Q

NaQ R

NaQ Ry

Soap

Illustrates the saponification reaction between triglyceride and sodium hydroxide (caustic soda) for the glycerol

production [6].

2.3 Transesterification of the beaver oil

The transesterification reaction of beaver oil with ethanol to produce glycerol was
carried out in 1864 [9, 10]. Figure 5 shows the reaction in which methyl-esters from
triglycerides (oils) and methanol (alcohol) combine to form glycerol and fatty esters

(or biodiesel) [5, 6, 11, 12].

%RS I
5 OH \o R,
Catalyst o
0 3 CIIzOI1 » |
OH
R Methanal \\ )L
o Rs
o]
o OH
o]
i )J\
o ~g R,
Triglyceride Glyecral Fatty esters
Figures.
Glycerol production by a transesterification veaction [6].
Feedstock Glycerol Methanol Soap Impurities Ref.
concentration concentration (w/w concentration (wiw %)
(w/w %) %) (wiw %)
Palm oil 87 — — 6 [13]
waste
Oil of 19-22 14.5 29 11-21 [14]
Jatropha
Soybean oil 63 6.2 — — [15]
Soybean oil 22 109 26.2 23.5 [15]
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Feedstock Glycerol Methanol Soap Impurities Ref.
concentration concentration (w/w concentration (wiw %)
(wiw %) %) (wiw %)

Soybean oil 33 12.6 26.1 223 [15]
Vegetable oil 28 9 21 39 [15]
waste
Palm oil 81 1 — 2.0 [16]
Seed oils 63-77 — — — (17]
Used frying 85 — — 15 [18]
oil

Table 1.

Different glycerol streams depending on initial feedstocks and production reactions.

Interestingly, the glycerol yield from transesterification was not only found to be
dependent on different types of processes but also on the different type of oil feed-

stocks (Table 1) [13-18].

3. Glycerol catalysis

Transesterification of oil is accomplished using both homogenous as well as
heterogeneous catalysts. Table 2 depicts glycerol production advantages and disad-

vantages of using different type of catalysts.

Moreover, depending on the type of catalyst used, the transesterification process
can be categorised as homogeneous and heterogeneous catalysis to make biodiesel and

subsequently glycerol.

Catalysts group Type of catalyst Advantages

Disadvantages

Homogeneousbase =~ NaOH/KOH « Fast reaction rate, mild
catalyst condition and less
energy intensity.

* Catalysts are widely
available and

» If the usage limit for oil is less than
0.5 wt. % free fatty acid. Soap forma-
tion occurs as well if the free fatty acid
content in the oil is more than 2 wt. %.

* Excessive soap formation reduces the

economical. glycerol yield and causes problems
during product purification.
Heterogeneous Ca0O/MgO ¢ Reaction conditions are * Sensitive to free fatty acid content in
base catalyst mild and less energy- the oil due to its basicity property.

intensive, reuse and

regenerating of a catalyst.

 Mild reaction condi-
tion and less energy

* Excessive soap formation decreases
the glycerol yield and causes prob-
lems during product refining.

intensive.
Homogenous Acid ~ H,SO4/HCI ¢ Affordable than base * Very slow reaction rate.
catalyst catalysed process.

Not easy to separate the catalyst from
products.

Table 2.
Advantages and disadvantages of glycerol catalysts [19].
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3.1 Homogeneous catalysis

During homogenous catalysis, the first stage comprises the reaction of veg-
etable oils with methanol in the presence of a catalyst, and then the separation
of glycerol from the resultant mixture using a settler unit follows. The remaining
flow is sent to a chamber that uses mineral acids to remove the catalytic compo-
nent, resulting in two paths: a glycerol recovery chamber and an evaporator that
separates biodiesel from the other products. The unit for purifying comprises
three output units: the first with 80-95% glycerol; the second one with water,
dissolved salts and unreacted methanol (it is then recycled back to the reactor);
and one with fatty esters [12]. Figure 6 depicts the glycerol manufacturing
process employing homogeneous catalysts (namely, sodium hydroxide or sodium
methylate) [6, 20, 21].

3.2 Heterogeneous catalysis

This type of catalysis procedure envisions two reaction phases to improve veg-
etable oil conversion; reactor 1 is supplied by vegetable oil and methanol. The product
stream is sent through a heat exchanger to evaporate some of the residual methanol,
and the remaining stream is directed to a decanter to separate polar and non-polar
components such as glycerol and mainly vegetable oil and biodiesel, respectively.
While, in reactor 2, the non-polar stream is reacted for the second time to boost bio-
diesel synthesis and recover methanol. The product stream travels through the heat
exchanger, which takes out all unreacted methanol, and the decanter, which separates
the biodiesel from polar components.

The polar streams from the first and second polar decanters are directed to
another heat exchanger to recover the remaining methanol in the mixture, while the
leftover fraction is delivered to a final decanter to separate vegetable oil and residual
glycerol. Figure 7 is a flowchart of triglyceride transesterification using heteroge-
neous catalysts such as aluminium and zinc oxide [6].

Methanol

Mineral acid Water
\ _r l
V_FegEtabIE - setler Neutralization Evaporation Biodiesel
> Washing
Catalyst /
Glycerol
i i — Glycerol
Mineral acid . .
purification
Fatty acid
Figure 6.

The production plant for biodiesel is based on a homogenous catalyst.
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]
1
i
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Figure7.

A heterogeneous catalysis-based production plant flowchart [6].

4. Glycerol: a platform chemical

Synthesis of glycerol following microbial route has been known for over a century,
however, new improvements in the biodiesel business have resulted in the production
of large amounts of glycerol. During the biodiesel production process, approximately

9 ° cl Q OH
%o Ly Ly
O\A,OH Glycidol

Epichlorohydrin
Glycerol carbonate P vd

OH OH
CH
D\\\)\/OH Catalytic reduction )\’
2,3-Di hydroxypropana|\ / ,2-Propanediol

oxidation OH

0 - T HO OH .
HO\)J\/OH \)\/ fermentation

G|‘,’GEI’0| \‘
Dihydroxyacetone

HO._~_-OH
esterification 1.3-Propanediol
OR OCOR o
RO._A_OR RoCO._L_OCOR NN
Acrolein
Glycerol ether Glycerol ester

Figure 8.
Glycerol as a platform chemical.

23



Ethanol and Glycerol Chemistry — Production, Modelling, Applications, and Technological Aspects

10% of glycerol is produced, accounting for about 90% of total glycerol produced
[22]. Glycerol has gathered substantial interest in its conversion to higher value-added
compounds due to its availability and potential to operate as a key building block in a
biorefinery (Figure 8) [23].

Glycerol oxidation produces a wide range of compounds, such as glyceric acid
dihydroxyacetone, glyceraldehyde, hydroxy-pyruvic acid, glycolic acid and oth-
ers. Controlling reaction selectivity is a critical challenge in obtaining the desired
molecules.

For example, glyceric acid is a crucial intermediary for more extensively oxidised
compounds such as tartronic acid and mesoxalic acid. The catalytic aerobic oxida-
tion of glycerol in a basic media has been extensively studied using monometallic or
bimetallic catalysts such as Au, Pt and Pd.

Table 3 lists some of the most prominent catalysts used in this field [24-27, 30, 38-40].
Another approach for producing value-added compounds from glycerol is the reduction
process. Lactic acid is produced by a reduction of glycerol in the presence of hydroxide
bases [41]. This reaction is frequently carried out at medium to high pressures and
temperatures ranging from 100 to 240°C using Cu- and Zn-based catalysts enhanced by
sulphide Ru [28].

Glycerol carbonate is another derivative of glycerol that is formed by reac-
tion between glycerol and urea, ethylene or propylene carbonate [22] or carbon
dioxide [42]. It is also used in the commercial manufacture of epichlorohydrin.
Epichlorohydrin is produced in a similar manner by Solvay and Dow Chemical
Company [43]. When the principal hydroxyl groups in glycerol are selectively
oxidised, the economically valuable chemicals glyceraldehyde [44], glyceric acid
[45] and tartronic acid [46] are formed. Dihydroxyacetone (DHA) is produced by
oxidation of the secondary hydroxyl group, whereas ketomalonic acid is produced by
oxidation of all three hydroxyl groups [47].

Another glycerol derivative, glycidol, offers immense potential for the synthesis of
industrially useful compounds such as epoxy resins, polyurethanes and polyglycerol
esters. A bio-based technique for producing glycidol from glycerol was recently pub-
lished [48]. The manufacture of acrolein from glycerol is an innovative, eco-friendly
technology that has several advantages, such as less oil extraction and a minimal
environmental impact [31]. In general, acrolein is synthesised from glycerol by acid-
catalysed dehydrogenation over synthetic aluminium phosphate (AIPO,), zeolites
with varied channel configurations (HY and H-ZSM-5) and SiO,/ALO; ratio [31, 49].

A novel synthetic approach for the synthesis of chlorohydrin was proposed, which
involved reacting a polyhydroxy aliphatic hydrocarbon with a chlorination agent.
Vitiello et al. [33] focused on the activity and selectivity of homologous chlorinated
series of catalysts for glycerol halogenation, such as acetic acid, monochloro, dichloro
and trichloroacetic acid.

Table 3 also includes information on one of the most significant glycerol conver-
sion processes, esterification with acetic acid, which produces monoacylglycerol,
diacylglycerol and glycerol carbonate. These materials are often used in cryogenics,
biodegradable polyester and cosmetics [35, 36]. Sulphated-based superacids, het-
eropoly acid-based catalysts, tin chloride, zeolite, ZrO,-based solid acids and other
significant acid catalysts can be used for glycerol esterification [35-37, 50-52].

Finally, pyrolysis of glycerol to produce syngas is another method of converting
glycerol. The pyrolysis of biomass has been extensively studied in the specialist litera-
ture, although in most cases, only metal-based catalysts have been used. The micro-
wave-assisted pyrolysis of glycerol over a carbonaceous catalyst is a unique approach
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Reaction type Reactant Catalyst Pressure Temperature Product Ref.
(bar) (°C)
Glycerol 0, Pd-Ag/C 3 80 Dihydroxyacetone [24]
oxidation 0, Pt/NCNT — 60 (25]
0, Pt/MCN 3 40 Glyceraldehyde [26]
0, Pt/SiO, 1 100 [27]
0, Pt/MCN 3 40 Glyceric acid [26]
0, Pt/SiO, 1 100 [27]
Glycerol H, Ru/AlL, 03 25 180 1,2-propanediol [28]
reduction H, Ru/ALO; 25 200 Ethylene glycol [29]
H, Ru/Zr0O, 80 240 [30]
Glycerol — AIPO,4-450 1 190-230 Acrolein [31]
dehydrogenation — HY(5.2) 1 170-230 [31]
— 12 wt. % 1 325 [32]
V,0s, V/P
molar ratio
of 0.2
Glycerol HCI Aspartic 4.5 100 1,3-dichloropropanol [33]
halogenation acid
HCl Glutamic 45 100 [33]
acid
Glycerol Acetic Sb,0s 1 80-120 Monoglicerides [34]
esterification acid
Palmitic ZrSBA-15 1 160-180 Diacylglicerol [35]
acid
Acetic Graphene 1 120 [36]
acid oxide
Acetic ZSM-5 1 120 [36]
acid
Glycerol pyrolysis — Bituminous 1 400-900 Syngas [37]
carbon
— Coconut 1 400-900 [37]
shell

Table 3.

Compounds derived from traditional glycerol conversion under similar operating conditions.

for syngas generation in which the heating method and operating temperature
(between 400 and 900°C) can impact the catalytic action of the activated carbons to
optimise syngas production [37]. Table 3 outlines some of the products derived from

glycerol that may be transformed into other compounds with high added value.

5. Value-added products from glycerol via biological conversions

From 2004 to 2008, the global production of crude glycerol from biodiesel conver-
sion increased from 200 thousand tonnes to 1.224 million tonnes [2, 19]. Meanwhile,
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in 2005, the global market for purified glycerol was anticipated to be over 900,000
tonnes [53]. This provided a chance for scientists to discover new uses for refined and
crude glycerol. Multiple publications on the direct use of crude glycerol from bio-
diesel synthesis have been published.

5.11,3-Propanediol

The most promising alternative for the biological conversion of glycerol in
anaerobic fermentative production is 1,3-propanediol [54], which indicates that crude
glycerol could be employed directly for the manufacture of 1,3-propanediol in fed-
batch cultures of pneumoniae.

Raw glycerol composition had less influence on the biological conversion and,
therefore, alow fermentation cost could be predicted. However, using a response
surface approach, the generation of 1,3-propanediol by Klebsiella pneumoniae was
optimised. The highest concentration of 1,3-propanediol produced However, sta-
tistical optimisation along with genetic engineering approaches may be utilised to
improve the 1,3-propanediol production [14, 55]. K. pneumoniae ATCC 15380 recently
improved the synthesis of 1,3-propanediol from crude glycerol from Jatropha bio-
diesel. The yield, purity and recovery of 1,3-propanediol obtained were 56 g/L, 99.7%
and 34%, respectively [14]. In addition, a hollow fibre membrane was used to produce
an integrated bioprocess that linked biodiesel generation by lipase with microbial
production of 1,3-propanediol by K. pneumoniae [56].

5.2 Citric acid

Citric acid synthesis by Yarrowia lipolytica ACA-DC 50109 from raw glycerol
was not only comparable to that obtained from sugar-based standard media [57]
but also single-cell oil and citric acid were produced simultaneously [58, 59].
When acetate-negative mutants of the Y. lipolytica Wratislavia AWG7 strain were
employed in a fed-batch fermentation to ferment crude glycerol, the final concen-
tration of citric acid was 131.5 g/L, which was similar to that produced from pure
glycerol (139 g/L). Similarly, Y. lipolytica LGAM S(7)1 has also shown the ability to
convert crude glycerol to citric acid [60]. Interestingly, another strain Y. lipolytica
N15 could produce large levels of citric acid, namely up to 98 g/L of citric acid
and 71 g/L of citric acid from pure glycerol medium and crude glycerol medium,
respectively [61].

5.3 Hydrogen and other lower molecule fuels

The photo-fermentative conversion of crude glycerol to hydrogen is one of the
most fascinating approach to utilise glycerol. Both crude glycerol and pure glycerol
can produce up to 6 moles of H, per mole of glycerol, representing 75% of the theo-
retical value. However, significant technological challenges, such as increasing the
efficiency of light use by organisms and building effective photobioreactors, must be
overcome before a viable method can be developed [62]. When Enterobacter aerogenes
HU-101 was used, hydrogen and ethanol were synthesised at high yields and rates.
However, in order to improve the rate of glycerol use, the crude glycerol should be
diluted with a synthetic medium [63]. While Jitrwung and Yargeau [64] modified
several media compositions of the E. aerogenes ATCC 35029 fermented crude glycerol
procedure to maximise hydrogen generation.
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5.4 Polyhydroxyalkanoates (PHB)

As an estimate, a biodiesel facility with a capacity of 10 million gallons per year
could produce 20.9 tons of PHB [65]. The feasibility of using crude glycerol for PHB
manufacture was investigated using Paracoccus denitrificans and Cupriavidus necator
JMP134, and the resultant polymers were shown to be remarkably comparable to
those generated from glucose. However, a high osmotic (sodium chloride-contami-
nated) crude glycerol was found to have harmful impact on PHB synthesis and needs
to be taken care of. One way to handle the issue is combining crude glycerol from vari-
ous producers to reduce the harmful effect of NaCl contamination [66]. In addition,
for a large-scale PHB synthesis, a technique based on the C. necator DSM 545 fermen-
tation of crude glycerol was developed [67]. Following this in the presence of NaCl,
Zobellella denitrificans MW1 could use crude glycerol for growth and PHB synthesis at
high concentrations. As a result, it was recommended as an appealing alternative for
large-scale PHB manufacturing using crude glycerol [68]. Furthermore, when mixed
microbial consortia (MMC) were utilised to produce PHA from crude glycerol, it was
shown that methanol in the crude glycerol was converted to PHB by MMC.

5.5 Lipids as the sole carbon source
Crude glycerol might be used to manufacture lipids, which could be utilised to

make a sustainable biodiesel feedstock. For example, raw glycerol might be used to cul-
ture Schizochytrium limacinum SR21 and Cryptococcus curvatus. However, the glycerol

Product Reaction Yield Ref.
1,3-Propanediol Fed-batch cultures of Klebsiella pneumoniae strain 1.7g/L/h [54]
Maximum 1,3-propanediol production from K. 138 g/L [55]
pneumonia
Citric acid Yarvowia lipolytica strain ACA-DC 50109 (process NA [57]
modelling)
Acetate mutants of Y. lipolytica Wratislavia AWG7 139 g/L [74]
strain; fed-batch operation
Y lipolytica strain LGAM S (7)1 35g/L [60]
Hydrogen Photofermentative conversion process; 6 mol/mol [62]
Rhodopseudomonas palustris strain glycerol
Enterobacter aerogenes strain HU-101; continuous 63 mmol/L/h [63]
culture; porous ceramics as a support material to
fix cells

Poly (hydroxyalkanoates) Pseudomonas oleovorans NRRL B-14682 and P NA [75]

(PHAs) corrugata 388 grew and synthesised PHB and

mcl-PHA, respectively
Producing PHB; Paracoccus denitrificans and 48% [66]
Cupriavidus necator JMP 134 strains
Lipid Schizochytrium limacinum SR21; batch culture 73.3% [69]
Cryptococcus curvatus; two-stage fed-batch process 52% [76]
Table 4.

Biological conversion of crude glycerol.
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Product Reaction Yield Ref.
Acrolein Fluidised bed, tungsten-doped zirconia catalyst 21% [77]
Monoglyceride Two-step process, purification of the monoglyceride ~99% purity [78]
produced from glycerolysis of palm stearin
Glycerolysis of soybean oil ~42% [79]
Gaseous Steam gasification with in situ CO, removal 88 vol.% H, [80]
products purity
Hydrothermal reforming of crude glycerol ~90 vol.% H, [81]
purity

Tables.
Conventional catalytic conversions of crude glycerol.

content over a certain threshold may prevent the rapid reproduction of cells. The best
glycerol content for batch culturing of crude glycerol obtained from yellow grease
were 25 and 35 g/L for untreated and treated crude glycerol, respectively, which may
subsequently lead to cellular lipid content of approximately 75%. Methanol residues in
crude glycerol may cause damage to the development of S. limacinum SR21 [69].

For lipid synthesis in C. curvatus yeast, fed-batch was preferable to batch; however,
the addition of ammonium sulphate and Tween 20 improved the accumulation of
lipids and carotenoids Saenge et al. [70] demonstrated that the oleaginous red yeast
Rhodotorula glutinis TISTR 5159 generated lipids and carotenoids when grown on crude
glycerol. Chlorella protothecoides was also capable of converting crude glycerol to lipids.

The lipid yield was 0.31 g lipids/g substrate [71]. Similarly, using C. protothecoides
and crude glycerol (62% purity), Furthermore, Chatzifragkou et al. [72] did research,
to investigate the ability of 15 eukaryotic micro-organisms to change crude glycerol to
metabolic products. The results showed that yeast accumulated limited lipids (up to
22 wt.% in the case of Rhodotorula), whereas fungi collected greater levels of lipids in
their mycelia (range between 18.1 and 42.6 wt.% of dry biomass). Interestingly, Chen
and Walker [73] found that a fed-batch operation yielded a maximum lipid produc-
tivity of 3 g/L per day, which was greater than that generated by a batch procedure.

Tables 4 and 5 outline an overview of the conversions of crude glycerol to poten-
tial chemical through biological and catalytic conversions.

6. Application of crude glycerol in animal feedstock

Glycerol has been used as an animal feed additive since the 1970s [82]. However,
the availability of glycerol has limited its application in diets [83], because of the
rising corn prices and the oversupply of crude glycerol, the possibility of using crude
glycerol from biodiesel in feeds has recently been examined.

6.1 Crude glycerol in non-ruminant diets

Crude glycerol is an excellent energy source due to its high absorption rates for
non-ruminants such as broilers. Once ingested, the enzyme glycerol kinase converts
it to glucose for energy generation in the liver of mammals [83]. Its samples from
various biodiesel manufacturers were tested as energy sources. The digestible energy
(DE) values for 85% of the crude glycerol samples ranged from 14.9 to 15.3 MJ/kg,
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with metabolisable energy (ME) values ranging from 13.9 to 14.7 MJ/kg [84]. Overall,
the use of crude glycerol derived from biodiesel process as an animal feed component
offers significant potential for replacing maize in diets and is gaining popularity.
However, the existence of potentially dangerous contaminants in biodiesel crude
glycerol needs to be taken into consideration [85].

6.2 Crude glycerol in ruminant diets

Besides, the non-ruminants, crude glycerol may play a very significant role in the
diets of ruminant animals as well. However, to improve its edibility, more emphasis
should be placed on the crude glycerol produced by small-scale biodiesel plants that
employ basic batch distillation or evaporation processes. There are several reports
where use of crude glycerol has shown significant improvement in the overall perfor-
mance of ruminants. Crude glycerol, at up to 15% dry matter in finishing lamb diets,
might increase feedlot performance, particularly during the first 14 days, but had little
influence on carcass attributes [86]. Diets for meat goats containing up to 5% crude
glycerol were shown to be superior to medium-quality hay [87]. Nursing dairy cows
can also be fed up to 15% of their dry matter diet without affecting feed intake, milk
output or yield [88, 89]. When crude glycerol was added at 8% or less of dry matter in
cow-finishing diets, its weight growth and feed efficiency were increased [90].

7. Summary and conclusions

Glycerol may be produced using various techniques and feedstocks, such as propylene
synthesis by various routes, hydrolysis of fatty acid triglycerides, or transesterification of
fatty acids or oils. The efficient use of crude glycerol is critical to the commercialisation
and advancement of biodiesel synthesis. In the long run, using biomass-derived glycerol
will not only help to reduce society’s reliance on non-renewable resources, but it will also
encourage the development of integrated biorefineries. This review focuses on the value-
added prospects for crude glycerol derived from biodiesel production, primarily as a feed
ingredient for animal feed and as a feedstock for chemicals.

For example, crude glycerol can be converted into 1,3-propanediol, citric acid,
poly(hydroxyalkanoates), butanol, hydrogen, docosahexaenoic acid-rich algae,
monoglycerides, lipids and syngas. Though many of the processes discussed have
already been employed by the industries, they require additional research to minimise
the manufacturing cost and be operationally practical for inclusion into biorefineries.

Furthermore, contaminants in crude glycerol can have a noticeable impact on the
conversion of glycerol into other products. Pollutants in crude glycerol hinder cell
and fungi’s rapid reproduction, resulting in less production rates and product yields
in many biological conversion processes (compared with pure or commercial glycerol
under the same culture conditions). Contaminants, on the other hand, poison the
catalysts in traditional catalytic conversions, boosting char generation and affecting
product yield.

Many technologies need to be better understood and refined, such as optimising
reaction parameters, production yields and fermentation conditions; generating
mutant strains and efficient bioreactors for stable cultures and enhancing the activity
and selectivity of catalysts.

Researchers have also obtained promising results on utilisation of crude glycerol
as animal feed, particularly with non-ruminant animals such as pigs, laying hens and
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broilers. But various precautions must be taken before this biomass-derived chemi-
cal may be used on a large scale in animal diets. To begin with, animal producers
must exercise caution when deciding to incorporate crude glycerol as a component

of animal feed diets, since the chemical composition of crude glycerol varies greatly
depending on the processes and feedstocks used to manufacture biodiesel. Secondly,
contaminants in crude glycerol affect feed performance to some extent. Finally, the
amount of crude glycerol in feed formulations must be considered. It is advised that a
crude glycerol feed standard be established so that it would be uniform for all produc-
ers, the resulting “standard” crude glycerol would have greater value.

There is a need to develop improved processes as well as other important value-
added products. For example, among other renewable and bio-derived sources,
glycerol has come up as an appealing possibility since it represents a relevant and
alternative solution for producing hydrogen via reforming processes that may be car-
ried out in both traditional and novel reactors.

Besides, catalytic process, though it is not yet introduced, the transesterification
reaction using supercritical fluids has also gained noticeable attention. As one or
two reaction stages are possible in a single-step supercritical fluid transesterifica-
tion, the reaction occurs only once reactants are heated to critical temperatures
and pressures with triglycerides [20, 21]. Triglycerides are initially transformed
to free fatty acids and by-products in the hydrolysis reaction during the two-step
subcritical-supercritical fluid transesterification. The acquired free fatty acids
undergo esterification reaction, yielding fatty acid methyl esters in a supercritical
fluid process [91, 92].
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Abstract

In recent decades, usage of biofuels as fossil fuel substitutes has increased. One
method for lowering both crude oil use and environmental pollution is the production
of ethanol (bioethanol) from biomass. This report offers an examination of the exist-
ing state of affairs and future prospects for biomass-to-ethanol. We examine different
conversion routes from a technological, economic, and environmental standpoint.
The main focus of this study is on the yield of ethanol from molasses in relation to
the dilution ratio and the quantity of yeast used for fermentation while maintaining
a constant fermentation temperature and time. In this investigation, the feedstock is
sugarcane molasses. A thick by-product of turning sugar cane into sugar is sugarcane
molasses. Consequently, sugarcane molasses and other agricultural byproducts are
desirable feedstock for the manufacture of bioethanol. Agricultural wastes are cheap,
abundant, and renewable. The least expensive strain for the conversion of biomass
substrate is Saccharomyces cerevisiae. As a conclusion, it was found that the ethanol
yield increased with an increase in yeast quantity, reaching an optimal yeast quantity
before ethanol yield started to drop. The ideal ratio of molasses to water was found to
be 1:2. The amount of fermentable sugars contained in the biomass has a significant
impact on the output of ethanol.

Keywords: bioethanol, fermentation, feedstock, Saccharomyces cerevisiae,
sugarcane molasses

1. Introduction

The research for alternative energy sources is stimulated by the growth in the
nation’s renewable sources and the gradual depletion of oil resources [1]. Particularly,
biomass is a renewable resource that is currently researched for the utilization of bio-
ethanol as an additive or replacement with gasoline has been driven by concerns about
global warming and the need to lower greenhouse gas emissions [2]. Bioethanol can
also be used as a raw material in the manufacture of various chemicals, resulting in
fully renewable chemical industry. Bioethanol is created by fermenting sugars derived
from biomass. Sucrose (e.g., sugarcane, sugar beet) or starch (e.g., corn, wheat), or
lignocellulosic material can be used as bioethanol feedstock (e.g., sugarcane bagasse,
wood, and straw). The main ethanol producers in the world, the US and Brazil,
employ corn and sugarcane as their respective feedstocks. The use of fossil fuels
during the processing of sugarcane is far lower than that of corn, making it the most
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effective raw material for the manufacturing of bioethanol to date [3]. Additionally,
there is still room for improvement in the sugarcane-based bioethanol manufacturing
process, and large energy savings are conceivable.

Brazil, one of the world’s top ethanol producers, has been using sugarcane as a pri-
mary input for the production of huge amounts of bioethanol for more than 30 years
[4]. Large amounts of sugarcane bagasse are often created during the sugarcane pro-
cessing (about 240 kg of bagasse with 50% humidity per ton of sugarcane), and this
bagasse are presently burned in boilers to produce steam and power. It is now possible
to have a surplus of bagasse thanks to improved cogeneration and optimization tech-
niques for the bioethanol production process [5], which can be used as a fuel source
for power production or as a raw material for making bioethanol and other biobased
products [6]. Although sugarcane bagasse and other lignocellulosic materials have
been the subject of intense research over the past few decades, it is still not economi-
cally feasible to produce bioethanol on an industrial scale [2]. To make hydrolysis a
competitive technique, more research that takes into account process integration,
increased fermentation yields, and integration of unit operations is still required [7,
8]. Hemicellulose, a mixture of polysaccharides primarily made of glucose, man-
nose, xylose, arabinose, lignin, and cellulose makes up the majority of lignocellulosic
materials [1]. Sugarcane bagasse needs to be treated to produce fermentable sugars in
order to be used as a raw material for bioethanol production [9]. To improve cellulose
hydrolysis, lignin and hemicellulose must be separated from cellulose, cellulose
crystallinity must be reduced, and the bagasse’s porosity must be increased [10]. The
Organogold procedure with diluted acid hydrolysis is one approach that might be
used to accomplish that [11].

2. Bioethanol production

A gasoline substitute known as bioethanol (grain alcohol; C2ZH50H (EtOH))
was used for transportation [12]. Globally, the amount of bioethanol produced has
drastically increased [13]. Worldwide production of bioethanol climbed to 51,3 billion
liters in 2006 from 45,98 billion liters in 2005 [2, 12]. Biomass-derived ethanol has
been shown to be competitive with other liquid fuels on a large scale. The production
method was refined and made practical by cellulose’s enzymatic hydrolysis [9]. The
creation of bioethanol from biomass was one method for lowering oil consumption
and environmental contamination [12].

The production use of bioethanol is relevant to major national concerns like
permanence, global climate change, biodegradability, municipal contamination, coal
sequestration, national security, and the farm economy. It was obvious that produc-
tion should be assessed in terms of economic factors, including farm-gate prices for
biomass, logistic costs (transport and storage of biomass), the direct economic value
of feedstocks taking into account byproducts, employment creation or maintenance,
water requirements, and water availability [2, 12].

The comparison of the feedstocks for a given production line took into account
a number of factors, including the chemical makeup of the biomass, cultivation
methods, land availability and land use practices, resource use, energy balance,
emission of greenhouse gases, acidifying gases, and ozone-depleting gases, mineral
absorption into water and soil, pesticide injection, soil erosion, contribution to
biodiversity, and landscape value losses [12]. Agricultural leftovers (such as corn
stover and wheat straw), wood, and energy crops were all desirable raw materials
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for the synthesis of bioethanol [12]. The total amount of bioethanol that might be
produced from such biomass was nearly 16 times greater than what is currently
produced globally [14].

Arable agricultural starch and sugars were mostly used to make ethanol. Because it
was pricey, the quest for other materials that would work for this purpose started [15].
Different processes were utilized depending on the type of biomass used to produce
the bioethanol. It was difficult to bio-convert lignocellulosic biomass into fermentable
sugars. The bioconversion of starch to sugars for the creation of bioethanol was more
efficient and popular [16].

Through the hydrolysis and fermentation of sugars, biomass can be transformed
into ethanol. Biomass wastes contain a complex mixture of cellulose, hemicellulose,
and lignin, three carbohydrate polymers found in plant cell walls. In order to get
sugars from the biomass, the biomass is first pre-treated with acids or enzymes to
reduce the size of the feedstock and to open up the plant structure. Enzymes or weak
acids hydrolyze the cellulose and hemicellulose components to produce sucrose
sugar, which is subsequently fermented to produce ethanol. The biomass, which also
contains lignin, is typically burned in the boilers of ethanol manufacturing facilities.
The three main techniques for extracting sugars from biomass are as follows.

3. Method of intense acid treatment

The biomass needs to first be dried to a moisture level of 10% before the Alkanol
process can begin, which involves adding 70-77% sulfuric acid. The temperature is
kept at 50°C and the acid is added at a ratio of 1.25 acid to 1 biomass. The mixture is
then heated to 100°C for another hour after the water is added to dilute the acid to
20-30%. The gel that results from this combination is then compressed to produce an
acid-sugar mixture, which is purified to use a chromatographic column.
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3.1 Acid hydrolysis in dilutes

One of the earliest, simplest, and most effective processes for generating ethanol
from biomass is dilute acid hydrolysis. The biomass is hydrolyzed to produce sugar
using diluted acid. The hemicellulose included in the biomass is hydrolyzed in the first
step using 0.7% sulfuric acid at 190°C. An improved second stage results in a more
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robust cellulose fraction. By utilizing 0.4% sulfuric acid at 215°C, this is accomplished.
Following neutralization, the liquid hydrolases are recovered from the process.
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3.2 Enzymatic Hydrolysis

We can similarly break down the biomass using enzymes as opposed to utilizing
acid to hydrolyze it into sugar. However, this procedure is still being developed and is
highly expensive.

3.3 Wet milling processes

Corn can be processed into ethanol using either the dry milling or the wet milling
method. The wet milling procedure involves soaking the maize kernel in warm water.
This aids in the breakdown of the corn’s proteins, the release of its starch, and soften-
ing of the kernel in preparation for milling. Then, the ground maize is used to make
products with starch, fiber, and germ. A gluten-wet cake is made from the starch frac-
tion after it has been centrifuged and saccharified; maize oil is then made by remov-
ing the germ. The next step is to extract the ethanol using the distillation process. The
wet milling method is commonly applied in businesses that generate several hundred
million gallons of ethanol annually.
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3.4 Dry milling process

Using a hammer mill, the maize kernel is cleaned and reduced to tiny pieces for
dry milling. This results in a powder with a consistency similar to a coarse flour.
Maize germ, starch, and fiber make up the powder. The combination is hydrolyzed,
or changed into sucrose sugars, using enzymes or a moderate acid to create a sugar
solution. After cooling, adding yeast causes the mixture to ferment into ethanol. In
facilities that annually produce fewer than 50 million gallons of ethanol, dry milling is
frequently employed.
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3.5 Sugar fermentation process

The cellulose component of biomass or corn is broken down during the hydro-
lysis process into sugar solutions, which can subsequently be fermented to produce
ethanol. The mixture is heated after adding the yeast. Invertase, an enzyme found
in yeast, serves as a catalyst and aids in the breakdown of sucrose carbohydrates into
glucose and fructose (both C¢H;,04).
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The chemical reaction is shown below

Invertase
Cl2H22011  + H20 2> Ce6H1206 +  CEHI206
Sucrose Water Catalyst Fructose Glucose

A second enzyme called zymase, which is also present in yeast, then reacts with
the fructose and glucose carbohydrates to create ethanol and carbon dioxide.
The chemical reaction is shown below:

Zymase
C6H1206 = 2C2H50H +  2C02
Fructose / Glucose Catalyst Ethanol

Between 250°C and 300°C, the fermentation process is carried out over the course
of around 3 days.

3.6 Fractional distillation process

The fermentation process results in the production of ethanol, but there is still a
sizable amount of water present that needs to be removed. Utilizing the fractional
distillation method, this is accomplished. The mixture of water and ethanol is heated
during the distillation process. The fact that ethanol has a lower boiling point than
water (78.3 vs. 100°C) means that it can be separated and condensed before water does.
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4. The possibility of using bioethanol

The performance of the vehicle would not be affected if bioethanol were used as a
pure fuel or in a blend with other fuels in sufficient quantities to replace conventional
motor fuels [17]. Without any adjustments, the mixture might be burned in a conven-
tional combustion process. Gasohol was the most popular bioethanol-petrol mixture
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(E10). 10% bioethanol and 90% gasoline were combined to create gasohol. Most
contemporary automobiles with internal combustion engines (ICEs) were capable
of burning E10 [12, 17]. The fuel blend E85, which is composed of 15% gasoline and
85% bioethanol, may also contain bioethanol [18]. About 5% of the ethanol created
biologically was water. This blend was azeotropic. Because of this, ordinary distilla-
tion was insufficient to clean it. Gasoline and diesel fuel were not entirely blended
with hydrated ethanol.

Bioethanol and diesel could be blended together by employing the right emulsi-
fiers. Diesohol is a mixture of hydrated alcohol with diesel oil with an emulsifier.
Diesel, hydrated ethanol, and a 0.5 percent emulsifier were used to make diesohol
[17]. Ethanol was used as gasohol or clean fuel in Brazil (24% bioethanol and 76%
gasoline) [12, 19]. The EN228 standard allows for the use of bioethanol as a 5% blend
of gasoline in the European Union [12, 20]. Bioethanol was an oxygenated fuel with
35% oxygen content. Lowering the amount of nitrogen oxide (NOx) and particle
pollutants produced during combustion. Utilizing a bioethanol-fuel combination
allowed for the decrease in greenhouse gas (GHG) output and oil consumption [12].
It was possible to increase the fuel’s oxygen content by adding bioethanol to conven-
tional gasoline, which increased fuel combustion and reduced exhaust pollutants such
CO and unburned hydrocarbons [12, 16]. Bioethanol was added to gasoline to reduce
environmental pollution and the use of fossil fuels. Because 1 liter of bioethanol could
substitute for 0.72 liters of gasoline, using it as a gasoline substitute proved very cost-
effective [14].

5. Conclusion

Bioethanol can be employed as a fuel source. Studies are now being done to
advance biofuel producing technologies. Bioethanol manufacturing could be car-
ried out using biomass as a raw source. The investigation mainly concentrated on
the usage of biomass wastes. With the help of starch and lignocellulosic biomass,
bioethanol was formed. Starch was transformed into bioethanol via three sequential
steps: hydrolysis, fermentation, and product purification. Hydrolysis, fermentation,
pretreatment, and purification were the four steps that were followed in order to pro-
duce bioethanol from lignocellulosic biomass. Pretreatment can be done physically,
physiochemically, chemically and biologically. Each of these approaches has benefits
and drawbacks. It played a crucial role in choosing the best pretreatment strategy. It
was crucial to focus on the creation and application of suitable pretreatment tech-
niques in addition to other phases of the synthesis of bioethanol.
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Abstract

Catalytic processes have been developed to obtain pyridine bases from glycerol,
either by direct conversion or with acrolein as an intermediate. When producing
acrolein as an intermediate, the reaction may proceed in a single reactor at tempera-
tures above 400°C in co-feeding with ammonia. A system of two interconnected
reactors can also be used: one reactor performs the catalytic dehydration of glycerol to
acrolein, while in the second reactor acrolein reacts with ammonia to form pyridine
bases. Both processes require the use of solid acid catalysts, for which ZSM-5 zeolite-
based catalysts are the most studied. In the direct reaction between glycerol and
ammonia, the most active catalysts were Cu/HZSM-5 and the composite zeolite
HZSM-5/11. In the two-step systems, the dehydration of glycerol to acrolein over a
HZSM-5 zeolite modified by alkali treatment or over a HZSM-22 zeolite modified by
an alkali-acid treatment as catalysts in the first reactor, in combination with a Zn
impregnated acid-treated-HZSM-5 zeolite have shown to be efficient catalyst pairs for
the synthesis of pyridine bases from glycerol in two-step processes. When using
acrolein or acrolein diacetals, the most active catalysts were a 4.6%Cu-1.0%Ru/
HZSM-5 zeolite in the presence of hydrogen, and a ZnO/HZSM-5-At-acid zeolite.

Keywords: pyridine, picolines, alkylpyridines, lutidines, glycerol, acrolein, zeolite
catalyst, ammonia

1. Introduction

Pyridine bases are a family of aromatic heterocyclic compounds of commercial
interest since they found applications as solvents in organic reactions, and as pre-
cursors of drugs, polymers, insecticides, herbicides, dyes, and adhesives, being pyri-
dine, the series of picolines (a-, f-, and y-picoline) and some lutidines the most
important [1, 2].

The pyridine (azabenzene) structure is defined by a six-membered ring consisting of
five carbon atoms and one nitrogen atom (Figure 1). It can be considered as an analog
of benzene in which one CH group is replaced by a nitrogen atom [3]. On the other
hand, the simplest alkyl-substituted pyridines are a-picoline (2-methylpyridine), p-
picoline (3-methylpyridine), and y-picoline (4-methylpyridine), whose structures vary
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(a) (b) (c) (d)

Figure 1.
Chemical structures of (a) pyridine, (b) a-picoline, (c) p-picoline, and (d) y-picoline.

according to the location where the methyl group is attached to the pyridine ring, either
in position 2, 3, or 4 regarding the nitrogen atom. Physically, pyridine and picolines are
considered to be dipolar, aprotic solvents, similar to dimethylformamide or dimethyl
sulfoxide. They are colorless, flammable, irritating, toxic liquids with an unpleasant
odor, and miscible in water and in most organic solvents [2, 3].

The chemical properties of pyridines are related to their structure, that is, ring
aromaticity, presence of a basic ring nitrogen atom, n-deficient character of the ring,
large permanent dipole moment, easy polarizability of the n-electrons, activation of
functional groups attached to the ring, and presence of electron-deficient carbon atom
centers at the a- and y- positions. One or more of these factors can lead to different
reactions of pyridine bases, namely electrophilic attack at nitrogen, electrophilic
attack at carbon, nucleophilic attack at carbon or hydrogen, and free radical attack at
carbon, besides varied substitution reactions of the carbon with N, O, S, halogen, or
alkyl groups in the alkylpyridines [2].

The first industrial method for the production of pyridines was by their
extraction from fossil sources such as coal tar, oil, and shale. However, it was only
possible to obtain yields of less than 0.1% from a mixture of different pyridine bases
and other organic compounds. In addition, the products obtained by this process had
high sulfur contents, making it impossible to use them in pharmaceutical and
agrochemical applications. So that, with a few exceptions, obtaining pyridine com-
pounds by this method was expensive and had not been able to cover the industrial
demand [3, 4].

Nowadays, the industrial synthesis of pyridine is based on the aminocyclization
reaction (condensation/cyclization) between formaldehyde, acetaldehyde, and
ammonia (NH3) using a ZSM-5 catalyst as shown in Eq. (1). This method generates a
mixture of a-, p-, and y-picoline as byproducts [1].

2 CH,CHO +H,C=0 +NH; ——— @+3HZO+H (1)

Also, the reaction between acrolein and ammonia has been used for the synthesis
of B-picoline and pyridine by means of two parallel reactions, as shown in stoichio-
metric Egs. (2a) and (2b). This process allows to modulate the products selectivity,
avoiding the formation of «- and y-picoline, being p-picoline the main reaction
product [1].
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+2 H,0 (2a}

2 CH,CHCHO + NHjy

+H,0+2H, +CO (2b]

N\ 7/ \ /

Despite these synthesis methods, the high demand of pyridine bases has led to
research on the use of different raw materials, such as aldehydes, ketones, and alco-
hols, from renewable sources, to improve the yield of a desired product [5, 6].

On the other hand, glycerol has gained importance as raw material in several
catalytic processes, namely hydrogenolysis, dehydration, oxidation, and esterification,
since it is industrially obtained as byproduct in the production of biodiesel from
vegetable and algae oils [7]. Specifically, the aminocyclization reaction between glyc-
erol and ammonia represents a potential alternative to the current industrial process
for the synthesis of pyridine compounds, based on petroleum-derived aldehydes [8-
13]. In addition, the acrolein obtained by the catalytic dehydration of glycerol can also
be used as feedstock for the production of pyridine bases [14-16].

In this context, this chapter presents the advances on the catalysts and reactor
configurations employed for the synthesis of pyridine bases using glycerol and its
derivatives, acrolein, and acrolein dialkyl acetals as raw materials.

2. Synthesis of pyridine bases from glycerol in single-step processes

The synthesis of pyridine compounds from glycerol, in batch and continuous one-
pot systems, has been reported, under pyrolysis or microwave heating conditions [8].
In the batch pyrolysis, pure glycerol and an ammonium salt, such as (NH4),HPO,,
NH,H,PO,, (NH,),SO4, NH,4Cl, NH4OAc, or H,NNH,-H,SO,, were packed into a
glass tubular reactor. The system was heated to a desired temperature and the reaction
was carried out for about 1.5 h. The reason for using ammonium salts was to provide
an acidic environment required for the conversion of glycerol to acrolein. Addition-
ally, under thermal conditions, ammonium salts would decompose and release gas-
eous ammonia for its condensation and cyclization with the acrolein produced from
glycerol. A mixture of pyridine and B-picoline was obtained and the highest product
yield (36%) was reached when reacting glycerol with (NH,),HPO, at 450°C.
However, glycerol also produced other volatile compounds, which polymerize with
acrolein, resulting in tar formation and low product yields.

In the continuous system, an aqueous glycerol solution was fed to a tubular reac-
tor, previously loaded with the ammonium salt and heated at 450°C. The best result
(40% product yield) was obtained with (NH4),HPO, and a mixture of 1 g glycerol
and 7.2 ml H,O. A mixture of pyridine, p-picoline, ethylpyridine, and ethyl-
methylpyridines was obtained, suggesting that during thermal degradation of
glycerol, both acrolein and acetaldehyde were obtained as products. The low yield of
pyridines was attributed to the uncontrolled formation and subsequent polymeriza-
tion of acrolein at the reaction temperature [8].
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For the microwave-assisted synthesis, glycerol and the ammonium salt were placed
and closed into a glass vial, stirred, and subsequently irradiated by microwave energy
to complete the reaction. The authors found that the addition of an organic acid, such
as acetic acid, benzoic acid, or p-toluenesulfonic acid, improved the formation of
pyridine bases [8].

On the other hand, the configuration of the continuous-flow fixed-bed reactor
presented in Figure 2 has been commonly used to evaluate the performance of solid
catalysts for the gas-phase synthesis of pyridines from glycerol. The reactor, previ-
ously loaded with a certain amount of catalyst and heated at a required temperature, is
fed at the top of the reactor with a gaseous stream composed of water, glycerol, and
nitrogen (N) as carrier gas. At the same time, a flow of preheated ammonia is
introduced to react with the glycerol stream by effect of the catalyst. The stream at the
reactor outlet contains the pyridine bases and byproducts.

The direct synthesis of pyridine bases from glycerol was performed in a
continuous-flow fixed-bed reactor in presence of zeolite catalysts, using ammonia as
carrier gas and as the reactive nitrogen source [9]. It was found that the optimal
conditions were 550°C, a weight-hourly space-velocity (WHSV) of glycerolof 1h™, a
NHa/glycerol molar ratio of 12/1, and HZSM-5 zeolite (Si/Al = 25) as a catalyst. Total
conversion of glycerol was reached with a total yield of pyridines around 35.6%.
Pyridine was the main reaction product with a selectivity of 70.7%, while a-, p-, and
y-picoline exhibited selectivities of 8.6%, 17.8%, and 2.9%, respectively. Gaseous
compounds, such as CHy, C,Hy4, C3Hg, and CO, added a yield of 49.3%, and aromatics
were produced at around 2.2% yield. After five reaction/regeneration cycles, a slight
deactivation of the catalyst was observed.

Gaseous mixture of
water, glycerol and N2 Preheated ammonia

|

Catalyst

Reaction products stream
(pyridine bases mainly)

Figure 2.
Continuous-flow fixed-bed reactor for the single-step gas-phase aminocyclization between glycerol and ammonia.
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The gas-phase aminocyclization between glycerol and ammonia in presence of a
Cu/HZSM-5 catalyst has also been reported [10]. The reaction was performed in a
fixed-bed reactor using a catalyst with 4.6% Cu supported on HZSM-5 zeolite with a
ratio Si/Al = 38. The identified products were pyridine, a-picoline, B-picoline, aceto-
nitrile, propionitrile, acetaldehyde, propylene, ethylene, and CO,. The best reaction
conditions were 520°C, atmospheric pressure, a NH;/glycerol molar ratio of 7/1, and a
gas-hourly space-velocity (GHSV) of 300 h™", reaching a total yield of pyridines
around 42.8%, 34.9% of pyridine yield, 2.4% of a-picoline, and 5.5% of p-picoline
yield, respectively.

The synthesis of pyridine bases from glycerol over a series of modified ZSM-5

zeolites in a continuous fixed-bed reactor was reported [11]. The catalysts tested were
a series of metal oxide-impregnated ZSM-5 zeolite (ZnO, La,03, and Fe,03) , an
alkali-treated zeolite (HZSM-5-At), and the alkali-acid treated ZSM-5 and ZSM-22
zeolites (HZSM-5-At-acid and HZSM-22-At-acid, respectively). The identified prod-
ucts in this process were pyridine, a-picoline, p-picoline, y-picoline, small amounts of
3-ethylpyridine, 2-methyl-5-ethylpyridine, 3,5-dimethylpyridine, and benzene deriv-
atives, as well as trace amounts of COx and C; — C, hydrocarbons. At 425°C;
LHSV = 0.60 h™ 7, glycerol concentration of 36 wt%, molar ratio NH;/glycerol = 4/1,
and time on stream (TOS) between 1 and 3 h, the HZSM-5-At-acid catalyst gave the
highest total yield of pyridines (28.76%), with yields of pyridine, a-picoline, p-pico-
line, and y-picoline around 15.67%, 1.90%, 10.02%, and 1.17%, respectively.

A composite zeolite HZSM-5/11 (SiO,/Al,05 = 78) has been synthesized and
employed as a catalyst in the reaction between an aqueous solution of 20 wt% glycerol
and ammonia in a fixed-bed reactor [12]. The products obtained using this catalyst
were pyridine, a-picoline, p-picoline, acetonitrile, propionitrile, acetaldehyde, C,Hy,
and C;3H,. The analysis of the process variables on the synthesis of pyridines revealed
that the optimal reaction conditions were a reaction temperature of 520°C, a molar
ratio NH3/glycerol of 12/1, and a GHSV of 300 h™ L. At these conditions, glycerol
reached total conversion and the total yield of pyridines was 40.8%, with
selectivities of pyridine, a-picoline, and B-picoline around 27.7%, 2.6%, and 10.5%,
respectively.

3. Synthesis of pyridine bases from glycerol in two-step processes with
acrolein as intermediate

The conversion of glycerol to pyridine bases has also been carried out by first
producing acrolein, and subsequently reacting it with ammonia [11, 13]. This process
can be performed in a system with two coupled reactors. As shown in Figure 3, an
aqueous solution of glycerol and a N, flow are mixed, preheated/vaporized and fed to
the first reactor, which was previously loaded with a solid acid catalyst. In this first
stage of the process, the catalytic dehydration of glycerol to acrolein takes place at
temperatures between 280°C and 350°C.

Subsequently, the stream of dehydration products is introduced to the second
reactor, which is simultaneously fed with preheated ammonia to carry out the
aminocyclization reaction between acrolein and ammonia to produce pyridine bases
in presence of an acid catalyst at temperatures between 375°C and 475°C. Both reac-
tors can be loaded with the same or different acid catalyst. According to literature, this
process allows to improve the total yield of pyridines by performing separately the
dehydration and aminocyclization reactions at adequate temperatures [11, 13].
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Dehydration
products stream
(acrolein mainly) I

Preheated ammonia

: Condensation
Dehydration s
cyclization
catalyst J
catalyst
I Reaction products stream

- . (pyridine bases mainly)
Gaseous mixture of : ’

water, glycerol and N:

Figure 3.
Continuous flow reaction system for the two-step gas-phase conversion of glycerol and ammonia to pyridine bases.
Adapted from vef. [11].

Luo et al. [11] performed the synthesis of pyridines from glycerol in a two-step
system comprised of a pair of reactors connected in series with different catalysts,
denoted as a catalyst pair. The catalysts tested in the first reactor were the HZSM-5,
HZSM-5-At, and HZSM-5-At-acid zeolites, while for the second reactor the HZSM-
5-At-acid and the ZnO/HZSM-5-At-acid zeolites were evaluated. The reaction prod-
ucts identified in this process were pyridine, a-picoline, f-picoline, y-picoline, 3-
ethylpyridine, 2-methyl-5-ethylpyridine, 3,5-dimethylpyridine, benzene derivatives,
trace amounts of COx, and C; — C; hydrocarbons. The best results were obtained with
the catalyst pair (HZSM-5-At + ZnO/HZSM-5-At-acid) at 330°C for the first reactor;
425°C for the second reactor; LHSV = 0.45 h™; a glycerol concentration of 20 wt %; a
molar ratio NH3/glycerol = 5/1; and TOS between 1 and 3 h, obtaining a total yield of
pyridine bases around 62.25%, without the formation of y-picoline.

Similarly, Zhang et al. [13] performed the conversion of glycerol to pyridine bases
in a system of two series-connected reactors. The catalytic dehydration of a 20 wt.%
glycerol aqueous solution to acrolein was accomplished at 280°C in the first reactor
over an alumina (y-ALO3) catalyst modified with Fe and P. The output stream from
the first reactor was fed to the second one, previously loaded with a Cu, ¢Pro 3/HZSM-
5 catalyst, which reacted with ammonia to produce pyridine compounds. The identi-
fied products were pyridine, a-picoline, B-picoline, 2,4-lutidine, acetonitrile,
propionitrile, ethylene, propylene, butylene, and CO,. At optimal reaction conditions,
that is, 420°C in the second reactor, atmospheric pressure, GHSV = 300 h™, and NH5/
acrolein molar ratio of 7/1; glycerol achieved total conversion and the total yield of
pyridines was 60.2%, while pyridine and p-picoline reached 39% and 20% yield,
respectively. The impregnation of the zeolite with Cu and Pr resulted in the increase
of the Lewis acidity and an improved dehydrogenation activity, enhancing the
selectivity toward pyridine bases.
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4. Synthesis of pyridine bases from acrolein and acrolein derivatives

Currently, the catalytic dehydration of glycerol, in the presence of a solid acid
catalyst, is under research since it is considered a sustainable alternative method to the
industrial process based on the partial oxidation of propylene for the synthesis of
acrolein [14-16]. The use of acrolein for the synthesis of pyridine bases allows to
modulate the products selectivity, enhancing the production of p-picoline and pyri-
dine, without the formation of other pyridine compounds [3].

The synthesis of pyridine bases from acrolein in a batch process has been barely
reported. The liquid-phase reaction of acrolein with ammonium acetate
(CH3COONH,) over a SO,* /ZrO,-FeZSM-5 catalyst was reported [17]. The process
requires the addition of a C,-Cg carboxylic acid, preferably acetic acid (CH;COOH),
as the reaction medium and solvent of acrolein. It was found that only p-picoline was
generated, without the formation of any other pyridine compound. At the optimal
conditions of 130°C as reaction temperature, a concentration of 14 wt% acrolein in the
solution, a liquid flow of acrolein solution of 12 ml/h, and a catalyst usage of 0.7 g/g
acrolein, the yield of p-picoline reached 60%. The presence of a carboxylic acid
promoted the formation of p-picoline and retarded the polymerization of acrolein and
its intermediate propylene imine.

Schematized in Figure 4, the gas-phase reaction between acrolein and ammonia in
a continuous-flow fixed-bed reactor has also been reported [18-20]. Similarly, to the
continuous single-step process described in Section 2, a preheated gaseous mixture of
water, acrolein, and nitrogen is fed to the reactor previously loaded with a solid acid
catalyst and heated to the reaction temperature. Simultaneously, a preheated flow of
ammonia is introduced at the same end of the reactor as the acrolein stream, to come
into contact with the catalytic bed and producing the pyridine bases.

) ) Preheated ammonia
Gaseous mixture of: l l

ewater
¢ acrolein (or acrolein dialkyl acetal)
ecarrier gas (N2 or Ha)

Catalyst

Reaction products stream
(pyridine bases mainly)

Figure 4.
Continuous-flow fixed-bed reactor for the gas-phase aminocyclization between acrolein and ammonia.
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This process has been studied with greater versatility than the direct reaction
with glycerol, since the use of hydrogen as carrier gas has been explored, as well
as the use of acrolein derivatives as raw material, specifically acrolein dialkyl acetals
[21, 22].

The gas-phase reaction between acrolein and ammonia was studied by
comparing the activity of a parent H-ZSM-5 catalyst and a series of zeolites
modified with magnesium nitrate (Mg(NO3),), hydrofluoric acid (HF), or both [18].
The reaction was performed at atmospheric pressure and 425°C in a fixed-bed
reactor. When using the HF/MgZSM-5 catalyst, the total yield of pyridines achieved
its maximum value (58.86%), with 30.38% being p-picoline and 26.59% being
pyridine.

The use of hydrogen as a carrier gas in the synthesis of pyridine bases from acrolein
and ammonia has been explored in presence of bimetallic copper-based ZSM-5 catalysts
[19]. The identified products in this process were pyridine, a-picoline, f-picoline, 2,4-
lutidine, acetonitrile, propionitrile, ethylene, propylene, butylene, and CO,. Among the
tested catalysts, the 4.6%Cu-1.0%Ru/HZSM-5 zeolite produced the highest total yield
of pyridines (69.4%) with pyridine and B-picoline yields around 27% and 37%, respec-
tively, performing the reaction at 420°C, acrolein concentration of 20 wt.%, molar ratio
NHj/acrolein = 3.5/1, GHSV = 300 h™" and H, flow of 8.5 ml/min as optimal reaction
conditions. The presence of Cu, Ru, and hydrogen enhanced the hydrogenation/dehy-
drogenation activity of the catalyst, promoting the conversion of acrolein to
propionaldehyde, improving thus the formation of pyridine bases, notably of B-picoline.
Additionally, the catalyst was stable with TOS, maintaining the total conversion of
acrolein during 40 h, and decreasing gradually to 90.5% at 75 h of TOS.

The use of a catalyst other than ZSM-5 zeolite has been scarcely reported for the
synthesis of pyridine bases from acrolein. Specifically, Y-type zeolites with different
Si/Al composition has been reported as catalysts in the reaction between acrolein and
ammonia at 360°C, pure acrolein, molar ratio NHjz/acrolein = 2, and GHSV = 4994 h?!
[20]. The best catalytic performance was obtained with the catalyst with an atomic
ratio Si/Al = 45. The acrolein conversion was around 93% while the pyridine and f-
picoline yields were 15% and 19.1%, respectively. However, formaldehyde and acetal-
dehyde were also detected as reaction products and the catalysts were rapidly
deactivated. It was found that the total acidity of the catalysts was the key factor
for the conversion of acrolein and the type of acid sites influenced the products
selectivity.

Acrolein dialkyl acetals have also been used as reagents for the synthesis of pyri-
dines [21, 22]. When performing the gas-phase reaction between acrolein diethyl
acetal and ammonia in a continuous fixed-bed reactor, the ZnO/HZSM-5 zeolite has
shown superior catalytic performance than ZnO/HY and ZnO/a-AlL,O; catalysts. At
450°C; LHSV = 0.85 h™ % molar ratio of NH3/(acrolein diethyl acetal) = 4; TOS
between 1 and 3 h; and 1 wt.% of Zn loading, the total yield of pyridines was 61.14%,
with pyridine and p-picoline yields of 26.87% and 34.27%, respectively [21].

Similarly, the reaction between acrolein dimethyl acetal and ammonia was
performed over a series of ZSM-5 zeolites treated with Mg(NO3),, NH,F-HF, or both
[22]. The reaction products were pyridine, a-picoline, p-picoline, and 3,5-dimethyl-
pyridine. At 450°C, LHSV = 0.75h ™", molar ratio NHz/ (acrolein dimethyl acetal) = 3.5/
1, TOS = 1-3 h, and F/Mg-ZSM-5 catalyst with small particle size; the highest total
yield of pyridines was 55.4%, with 14.5% for pyridine, 0.9% of a-picoline, 34.2% of
p-picoline, and 5.8% yield of 3,5-dimethylpyridine. The catalytic activity of the cata-
lyst was related to an adequate concentration of total acid sites and a ratio B/L < 1.
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5. The effect of catalyst acidic properties on the synthesis of pyridine
bases from glycerol and acrolein

The reaction conditions and catalytic performance of representative zeolite catalysts
reported in the literature for the gas-phase synthesis of pyridine bases from glycerol,
acrolein, and acrolein dialkyl acetals in fixed-bed reactors are presented in Table 1.

The main features that affect the catalytic performance of these catalysts in the
synthesis of pyridine bases are their acidic properties, namely the type and strength of
acid sites. In the single-step process, the reaction between glycerol and ammonia takes
place through a complex network of simultaneous and subsequent reactions, among
which the most relevant for the synthesis of pyridine bases are the catalytic dehydra-
tion of glycerol to acrolein, and its subsequent condensation/cyclization with ammo-
nia to produce pyridine bases. Both reactions proceed at the same time in the single

Catalyst Feedstock T(°C)® Space- X Y (%) TOS Coke Ref.
composition® velocity (%)f (]'l)h (wt. %)i
(h™)
HZSM-5 Pure gly, NH3/ 550 1€ 100 Total=36 — 10 [9]
gly = 12/1 Py =252
oP =31
pP =63
yP = 1.0
4.6%Cu/HZSM-5 20 wtd% gly aq. 520 3009 100 Total=43 32 274  [10]
soln., NHs/gly = 7/1 Py =349
aP =24
BP =55
HZSM-5-At-acid 36 wt% gly aq. 425 0.60° 100 Total=29 11 N.R. [11]
soln., NH;/gly = 4/ Py =157
1 oP =1.9
BP = 10.0
yP =12
HZSM-5/11 20 wt% gly aq. 520 3000 100 Total=41 2  NR. [12]
soln., NHa/ Py =277
gly = 12/1 aP =2.6
BP = 10.5
Two-step process 20wt% glyaq. T;=330 0.45° 100 Total=62 11 N.R. [11]
HZSM-5-At + soln., NHy/gly = 5/1 T, = 425 Py =358
ZnO/ oP = 0.06
HZSM-5-At-acid pP =25.8
Two-step process 20 wt% gly aq. T; =280 300¢ 100 Total=60 10 N.R. [13]
FeP/y-AL O3 soln., NHs/gly =7/1 T, = 420 Py =39
Cu4.6Pr0.3/ pP =20.2
HZSM-5 2,4-L=1
HF/ MgZSM-5 Molar ratio acr/ 425 500¢ 100 Total = 59 12 N.R. [18]
H,0/NH; = 1/2/2 Py =26.6
BP = 30.4
4.6%Cu-1%Ru/ 20 wt% 420 3004 100 Total=69 75 14 [19]
HZSM-5 acr. aq. soln., Py =27
NHj/acr = 3.5/1 pP =37
2,4-L =54

57



Ethanol and Glycerol Chemistry — Production, Modelling, Applications, and Technological Aspects

Catalyst Feedstock T(°C)® Space- X Y (%) TOS Coke Ref.
composition® velocity (%)f (h)"  (wt. %)}
(h™)
Y-45 Pure acr., 360 4994 929 Total=34 0.75 22.5 [20]
molar ratio acr/ Py=15
NHa= pP = 19.1
1/2
1%Zn/ HZSM-5 Molar ratio (acr. 450 0.85° 100 Total=61 11 8 [21]
Diethyl acetal)/ Py =26.9
NH,/H,0 = 1/4/1 PP =343

“ gly = glycerol, acr = acrolein, ¥ T = reaction temperature, ° WHSV = weight hourly space-velocity, * GHSV = gas hourly
space-velocity, ¢ LHSV = liquid hourly space-velocity,* X = feedstock conversion, £ Y = product yield, Total = total yield of
pyridine bases, Py = yield of pyridine, aP = yield of a-picoline, P = yield of p-picoline, yP = yield of y-picoline, 2,4-

L = yield of 2,4-lutidine, 3,5-DMP = yield of 3,5-dimethyl pyridine, " TOS = time on stream,  N.R. = not reported.

Table 1.
Reaction conditions and catalytic performance of zeolite catalysts during the synthesis of pyridine bases from
glycerol, acrolein, and acrolein dialkyl acetals in continuous systems.

catalytic bed [9-12]. In the two-stage systems, these reactions occurred independently
in interconnected reactors [11, 13].

As presented in Eq. (3a), the production of acrolein from glycerol occurs primarily
over the Bronsted acid sites (BAS) of the catalyst. However, other dehydration prod-
ucts are obtained, that is, the conversion of glycerol to acetol proceeds over Lewis acid
sites (LAS) as in Eq. (3b), while formaldehyde and acetaldehyde can be produced
from glycerol (Eq. 3c) or acetol, either over BAS or LAS. Depending on the type of
catalyst and the reaction conditions, minor amounts of byproducts, such as aldehydes,
ketones, carboxylic acids, and alcohols, in the range of C;—C; may be obtained from
the glycerol dehydration reaction [14, 15].

O v
2H,0 NF (3a}
Af Acrolein

OH (@]
H,0
HO\/\//OH e —— OH (3b?
LAS
Acetol
-H,O BAS/LAS

BAS/LAS H,C=0 + \/O (3c)

Formaldehyde  Acetaldehyde

/
C,-C, byproducts

Furthermore, the reaction between acrolein and ammonia proceeds in acid
medium, that is, a carboxylic acid in homogeneous reactions or over a solid acid
catalyst in heterogeneous systems, mostly a ZSM-5 catalyst. Infrared spectroscopy and
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theoretical studies have demonstrated that acrolein can react with ammonia over LAS
and BAS, producing propylene imine(prop-2-en-1-imine). This compound can
undergo a Michael reaction over Brgnsted or weak Lewis acid sites, condensing with
another propylene imine, closing the ring structure, and producing f-picoline with the
liberation of ammonia, as in Eq. (4a) [23, 24].

S (4a)
+Fl |
/
- NH; N
0 o, ~ om0 (4b)
P A NH, | + CH,NH + H,
"\\ /
NH N
Propylene imine (PI)
+ Acrolein
\\
’ + CO + 2H, (dc)
/
N

Additionally, as shown in Eqs. (4b) and (4c), the formation of pyridine takes place
by a Diels-Alder reaction over strong Lewis sites, in which propylene imine conden-
sates and cyclizes with acrolein or with another propylene imine, releasing CO or
CH,NH, respectively [23, 24]. Similar reaction steps and imine intermediates have
been reported in the reaction between formaldehyde, acetaldehyde, and ammonia
obtaining pyridine, a-picoline, -picoline, and y-picoline as products [24, 25].

Experimental studies have revealed the importance of catalyst acidity on the syn-
thesis of pyridine bases. The effect of the Si/Al molar ratio of HZSM-5 zeolites on the
reaction between glycerol and ammonia has been reported [9]. The increase of the Si/
Al ratio from 25 to 80 decreased the total acidity from 580.6 to 92.4 pmol/g, resulting
in the decrease of the total yield of pyridines with 26%, 22.85%, and 20.9% for Si/Al
ratios of 25, 50, and 80, respectively. However, the pyridine selectivity increased from
67.3% to 69.3% and 72.3%, while the selectivity to B-picoline decreased from 21.4% to
17.9% and 16.1% in the same order.

The influence of acidity on the catalytic activity of a series of Cu/HZSM-5 zeolites,
with Si/Al molar ratios of 25, 38, 50, 80, and 117, has been explored [10]. The total
yield of pyridines increased from 40-43% with the change al Si/Al from 25 to 50. The
further increase in the Si/Al ratio resulted in the decrease of the total yield of pyridines
and pyridine. It was concluded that an appropriate proportion of BAS and LAS in the
catalyst is a key factor for the synthesis of pyridine bases. However, the BAS/LAS ratio
is not the only factor affecting the catalytic activity, but also the structure of HZSM-5
and the amount of Cu which enhanced the dehydrogenation/hydrogenation activity of
the catalyst.

The acidity of a series of Mg- and HF-modified zeolites affected the gas-phase
reaction between acrolein and ammonia [18]. The total yield of pyridines was 8.81%,
52.73%, and 58.86% for the MgZSM-5, HF/ZSM-5, and HF/MgZSM-5 catalysts,
respectively. The MgZSM-5 zeolite presented a large quantity of acid sites and a low
yield of pyridine bases, while the HF/ZSM-5 and HF/MgZSM-5 exhibited weaker and
fewer acid sites and high yields of pyridine compounds. A certain concentration of
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Brensted acid sites and weak Lewis acid sites may promote the formation of §-pico-
line, while a high concentration of strong acid sites favored the synthesis of pyridine
and polymers. It was concluded that the concentration and strength of acid sites
promote the formation of pyridine bases, that is, proper amounts of BAS and weak
LAS are necessary for the acrolein activation and pyridines formation, as well as the
decrease in the formation of polymerization products (coke precursors).

A critical point of these processes is the catalyst deactivation by the deposition of
carbonaceous compounds, which are formed by the polymerization of reaction prod-
ucts by the effect of the acid sites of the catalyst. Additionally, pyridine bases are
strongly adsorbed on the acidic sites of the catalyst, being decomposed into carbon
depositions [18, 20, 21]. In this sense, a proper amount and strength of acid sites can
allow to control the polymerization reactions, and thus the catalyst deactivation.

In the direct reaction between glycerol and ammonia over molecular sieves,
namely p-zeolite, MCM-41, and ZSM-5, the coke yield of the catalysts were 30.1%,
19.4%, and 13.7%, respectively, in agreement with the total acidity of the catalysts [9],
as shown in Figure 5.

The comparison of HZSM-5 and ZnO/HZSM-5 catalysts in the reaction of acrolein
diethyl acetal with ammonia, showed that both catalysts suffer a rapid deactivation
resulting in the decrease of the total yield of pyridines. However, the ZnO/HZSM-5
zeolite, with a minor amount of total acid sites and a higher amount of weak acid
sites than the HZSM-5 catalyst, exhibited the highest yield of pyridines even at
longer TOS [21].

The characterization of the catalysts after reaction by 1BC NMR, FTIR, and Raman
spectroscopies has suggested that the coke formed on the zeolites (Y and ZSM-5) was
constituted by aliphatic species with alkoxy groups, as well as large polyaromatic
compounds, when using formaldehyde, acetaldehyde, acrolein, and acrolein diethyl
acetal as reactants for the synthesis of pyridine bases [20, 26, 27].

[}
o

B zeolite

=3
o

MCM-41

15 4 ZSM-5

Coke yield (o)

10 4

W,

683.3 260

[
]
]
5]

Total acidity (umol/g)

Figure 5.
Effect of the total acidity on the coke yield of molecular sieve catalysts in the reaction between glycerol and
ammonia. Adapted from ref. [9].
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6. Conclusions

Pyridine bases can be obtained from glycerol and ammonia by an aminocyclization
reaction, either in single-step or two-step processes. Glycerol derivatives, such as
acrolein and acrolein dialkyl acetals, can also be used as raw materials for this reaction.
The main process variables are the reaction temperature, the concentration of a
reactant in water, the NHj/reactant molar ratio, and the space velocity in continuous
fixed-bed reactors. When using glycerol as feedstock in the single-step process, the
reactors operate usually at temperatures between 450°C and 550°C. The two-step
process allows us to improve the total yield of pyridines by performing separately the
dehydration and aminocyclization reactions at adequate temperatures, this is 280—
350°C and 375-450°C for the first and second reactor, respectively. Single-step pro-
cesses with acrolein or acrolein dialkyl acetals require reaction temperatures between
420°C and 450°C. The catalysts for the revisited processes are based on ZSM-5 zeolite.
The most active catalyst for the direct synthesis from glycerol is Cu/HZSM-5, while
for the two-step process, the catalyst pair (HZSM-5-At + ZnO/HZSM-5-At-acid)
exhibits higher activity and selectivity. When using acrolein, the most active catalyst
is a 4.6%Cu-1%Ru/HZSM-5 zeolite with hydrogen as a carrier gas, while a 1%Zn/
HZSM-5 catalyst showed the highest yield of pyridines using acrolein diethyl acetal as
raw material.
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Chapter 5

Catalytic Conversion of Glycerol
to Bio-Based Aromatics

Patrick U. Okoye, Estefania Duque-Brito, Diego R. Lobata-Peralta,
Jude A. Okolie, Dulce M. Arias and Joseph P. Sebastian

Abstract

Green application of biodiesel-derived glycerol will boost biodiesel production in
terms of sustainability and economics. The glycerol to liquid fuels is a promising route
that provides an additional energy source, which contributes significantly to energy
transition besides biodiesel. This pathway could generate alkyl-aromatic hydrocar-
bons with a yield of ~60%, oxygenates, and gases. MFI Zeolites (H-ZSM-5) catalysts
are mainly used to propagate the aromatization pathway. This chapter presents the
pathways, challenges, catalytic design, influences of catalyst acidity, metal addition,
reaction condition, and catalysts deactivation on glycerol conversion to hydrocarbon
fuels and aromatics. Studies revealed that time on stream, temperature, and weight
hourly space velocity (range of 0.1-1h™") influences the benzene, toluene, and
xylene BTX and benzene, toluene, ethylbenzene, and xylene BTEX yield. Acidity of
the H-ZSM-5 could be tailored by metals, additives, and binders. Bronsted acidity
promotes coke formation which results in reversible deactivation of the H-ZSM-5
catalyst. It is hoped that this study will promote intensified research on the use of
glycerol for purposes of fuel generating and valuable products.

Keywords: BTX, BTEX, hydrodeoxygenation, hydrocarbon fuels, glycerol, biodiesel

1. Introduction

To achieve complete decarbonization, there is a need to transition from fossil
fuels to renewable and sustainable alternative fuels. This is because fossil fuels are
major sources of greenhouse gas emissions, which have contributed to rising earth
temperatures and adverse climate change. Transportation sectors still rely heavily on
fossil fuels and this trend must be discouraged to minimize the emission of noxious
CO; emissions [1, 2]. Liquid fuels generated from renewable energy sources, for use
in heavy-duty vehicles are a promising option to reduce the impact of fossil fuels.
Amongst the commercialized fuels from renewable energy, biodiesel has enjoyed
wide acceptability because of lower CO, and other greenhouse emissions, can directly
be used in the current internal combustion engine without modifying the engine
design, and requires facile production processes [3, 4]. More importantly, biodiesel
can be obtained from natural sources including waste oil, second-generation non-
edible seed oil, third-generation, microalgae and fungus, animal fats, etc. [5, 6].
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The transesterification reaction of oils (triglycerides) and alcohol is a widely
established route for the synthesis of biodiesel [7]. This route involves the reaction
of a triglyceride and 3 mols of alcohol (preferably methanol) to produce 1 mol of
fatty acid methyl ester (biodiesel) and glycerol as a byproduct. The glycerol produced
in this process is about 10 g for every 100 g of biodiesel produced, which renders it
abundant [8, 9]. The produced glycerol is cheap because of impurities of methanol,
soap, and catalysts that require energy-intensive steps for purification [10, 11].
However, glycerol is a platform molecule with three hydroxyl groups which can be
transformed into fuels and fine chemicals. Many reaction pathways such as acetyla-
tion [12], carboxylation [13], etherification [14], oxidation, dehydration, gasification,
aromatization [15, 16], etc. have been adopted to valorize glycerol.

Conversion of glycerol to liquid hydrocarbon fuel is a very recent and notable
research idea, which will boost the biodiesel process. This is because the hydrodeoxy-
genation and hydroisomerization of vegetable oils to green diesel is capital intensive.
Hydrocarbon fuel is vital in energy transition because of its characteristics which
include high density and ease of transportation. This liquid hydrocarbon contains
mainly alkyl-aromatic hydrocarbons of cumene, xylene isomers, benzene, toluene,
and traces of C9+ compounds [16-18].

The feed has a significant influence on the aromatic product distribution, coke
formation, and the type of aromatic products obtained. When the compounds
with a H/C ratio is less than 2, for instance, glycerol with 0.67, are used as feed,
increasing coke formation on the catalyst is generally observed. Hence, dilution
with water or alcohol is employed. The dilution of glycerol with a solvent that has a
H/C ratio of 2 increases the H/C ratio and presents improved catalyst stability. This
preferred solvent for dilution is methanol with an effective H/C ratio of 2 [19, 20].
The conversion of glycerol and methanol to gasoline has emerged as a promising
route to valorize glycerol [21, 22]. Increasing the methanol/glycerol ratio from 10 to
40% favored the production of oxygenated compounds instead of aromatics. Also,
when methanol/glycerol are used as feeds, the formation of trimethylbenzenes and
xylenes is obvious. These compounds can be transformed into heavy C9 aromatics
by dealkylation reaction to xylene and toluene (BTX). The use of higher alcohol
like isopropanol and isobutanol for dilution results in the preferential generation
of ethylmethylbenzenes, and ethylbenzene with xylenes and trimethylbenzenes
(BTEX) from the alkylation of ethylene generated from the cracking of the alcohol
or dehydration of ethanol [18].

Notably, benzene, toluene, and xylene (BTX) and/or benzene, toluene, ethylben-
zene, and xylene (BTEX) have been the main focus of many researchers in this area
of study because of the vast industrial applications of these aromatic compounds
including their antiknocking characteristics [23]. In addition to the aromatic com-
pounds, oxygenates such as propanal, hydroxyacetone, and propenal (acrolein) are
the product of this process [24, 25]. Also, ethylene, methylene, and propylene gases
could be derived from this process. The reaction is usually carried out in a fixed bed
reactor at ~400°C under excess hydrogen, alcohols, and/or nitrogen gas flowrate at
atmospheric pressure [18, 26, 27].

To promote this reaction, zeolites of ZSM-5 or protonated ZSM-5 have been widely
used. However, the yield over these catalysts is generally low. To increase the catalytic
activity, noble metals or transition metals have been functionalized on the ZSM-5 and
used with remarkable performance [28, 29]. The noble metals of Pt, Pd, and Rh, pro-
mote the cleavage of C— O bonds of glycerol, which enhances the formation of hydrocar-
bons from polyols instead of H, and CO, gases [24, 30]. Another problem encountered
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when ZSM-5 or H-ZSM-5 is used is rapid deactivation due to sintering, coking from
reaction products, and attrition. This can be minimized by using a binder such as AL,O;
[31]. The binder stops irreversible deactivation and prolongs the catalyst life. In all these,
control of the reaction conditions such as the temperature, catalyst amount, and some-
times the atmosphere, greatly influence the yield of bio-based aromatics. The operating
reaction conditions also determine the operating cost of the process.

In this study, catalytic glycerol conversion to liquid hydrocarbon and bio-based
aromatics are investigated with emphasis on the reaction mechanistic pathway and
the influence of the reaction conditions such as temperature, time, and catalyst
weight. The catalyst design, challenges, and deactivation mechanism are discussed.
Prospects on bio-based aromatics are presented to reveal the knowledge gap and
provide future guidelines for researchers and industries.

2. Mechanism of glycerol conversion to biobased BTX and BTEX

The mechanism of glycerol to liquid hydrocarbon follows two main routes namely
hydrodeoxygenation (HDO), followed by aromatization reaction. Hydrodeoxygenation
is an established method of removing oxygen from biomass. Glycerol hydrodeoxygen-
ation is usually carried out to synthesize 1,2-propanediol, which is an oxygenate com-
pound used in pharmaceutical, tobacco, and cryogenic industries. This pathway occurs
through simultaneous C-O bond cleavage and hydrogen addition [27]. Usually, hydrogen
is added from an external source, however, recent studies have shown that in situ hydro-
gen generation from hydrogen donors such as methanol, formic acid, 2-butanol, ethanol,
etc. could eliminate the need for external hydrogen [25]. The hydrodeoxygenation also
follows two parts of hydration-hydrogenation and dehydrogenation-hydration-hydro-
genation, which is the most common pathway. The dehydration happens on the acid
catalyst sites, whereas the hydrogenation is catalyzed by the noble metals or Cu, Zn, Ni,
Sn, etc. This is because these metals promote the aqueous phase reforming of glycerol to
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Figure 1.
Reaction pathways for glycerol dehydration-hydrogenation and dehydrogenation-hydration-hydrogenation
reaction to produce aromatics [17].
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produce hydrogen that is consumed during the hydrogenation stage. Figure 1 shows the
liquid and gaseous steps for glycerol dehydration and dehydrogenation pathways.

Hydroxyacetone can be produced via dehydration or via another route that involves
dehydration to obtain glyceraldehyde, followed by hydrogenation to hydroxyacetone
[25, 27]. Also, there are other hydrocarbon mixtures of acetone, propenal, alcohols,
ketone, paraffins, and olefins of ethylene and propylene. Both liquid and gaseous
routes produce a hydrocarbon pool, which in the presence of a catalyst could be
upgraded to benzene, toluene, and xylene (BTX) or benzene, toluene, ethylbenzene,
and xylene (BTEX) and other oxygenate compounds [17]. Also, the hydrocarbon pool
can be further cracked to light paraffin or olefins. Generally, the presence of strong
acid sites results in the build up of heavy aromatics such as trimethylbenzene and
tetra- methylbenzene, whereas the reduction in the strong catalytic sites that propa-
gates cracking and cyclization reaction, inhibit the gas route. The liquid route however,
is unaffected since the aldol condensation reaction requires weak acid sites [16, 17].

3. Effect of HZSM-5 acidity, metals addition, and reaction conditions

The unique three-dimensional cage-like crystalline structure and tunable acid
properties of ZSM-5 render it a choice catalyst for many reactions including isomeri-
zation reaction, alkylation reaction, and aromatization reaction. Also, this catalyst
possesses an appreciably high surface area and has been extensively used successfully
to drive the reaction of methanol to aromatics. Studies on the glycerol to aromatics
synthesis revealed that protonated ZSM-5 (H-ZSM-5) has been effective for BTX
and BTEX production due to its acidity and shape-selective characteristics [32]. The
H-ZSM-5 contains sinusoidal channels (0.51 x 0.5 #nm) that are crossed with straight
channels of the dimension (0.53 x 0.56 nm) with intersection channel of 0.9 nm size
[33, 34]. However, the relatively large micropores of the catalysts limit the mass trans-
port of large molecules and present a diffusion barrier, which ultimately results in
undesired bulkier aromatics and cokes and eventual deactivation of the catalysts [35].
To correct this, hierarchical porous H-ZSM-5 catalysts with macro-meso-and micro-
pores have been developed to ensure hitch-free diffusion of reactants. In the synthesis
of hierarchical H-ZSM-5 catalyst, several factors should be considered (see Figure 2).
These factors are the hydrophobicity of the catalyst since the reaction most times
produce water, concentration, and strength of acid sites, presence of mesopores, and
shape selectivity of the catalyst. Also, several metals have been added to stabilize the
H-ZSM-5 and increase its acidity and efficiency [36]. This section presents the effect
of acidity and the effects of metals used to functionalize H-ZSM-5 catalysts. Also, the
influence of reaction conditions such as time on stream and reaction temperature was
presented.

3.1 Effect of catalyst acidity

The acidity of the ZSM-5 and MFI (H-ZSM-5) is vital to promoting the aromatization
or hydrodeoxygenation of glycerol. To determine the influence of the catalyst acid-
ity, several analytical characterizations can be performed. A notable characterization
technique employed is temperature desorption programming (TPD) using ammonia as
a probe molecule [37]. Ammonia is used because it is basic and can easily interact with
acid sites. The TPD can also be used to determine the number of active sites in mmol/g
by deconvolution of the peaks using gamma distribution or the gaussian model [12]. The
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Figure 2.
Considered factors in the application of hierarchical porous H-ZSM-5 [34].

TPD peaks could be classified as weak, moderate, and strong peaks. The weak peak can
be appreciated from 150 to 220°C, the moderate acid sites are around 300-350°C and the
strong sites are from 400°C and above [38]. For zeolites, only weak and strong acid sites
are usually identified [39]. Although weak and moderate peaks contribute to the deoxy-
genation and aromatization, mainly the strong acidity favors a higher yield of aromatics.

For instance, the yield of aromatics over catalyst of Zn/P/Si/ZSM-5 was lower
than Zn/P/ZSM-5 catalyst by about 14.3% because the SiO, impregantion reduced
the amount of the total acid sites by about 7.02% [38]. Also, the concentration of the
surface acid sites is more vital than the total acid sites, because it is largely a surface
dominated reaction. A similar study on atomic layer deposition (ALD) of Zn species
on Sn/HZSM-5 zeolite revealed that above 20 cycles of ALD of Zn, precisely 40Zn,
the interaction between the HZSM-5 and deposited Zn species were limited. Also,
the strong acid sites reduced significantly, resulting in a reduction of BTX yield from
close to C. 39% (for Sn/HZSM-5@20Zn) to C. 31% (for Sn/HZSM-5@40Zn) based
on carbon yield [17]. Dealumination of HZSM-5 by steaming and acid leaching could
produced different results. For instance, using 6 M nitric acid to remove extra-frame-
work aluminum from the surface and channels of HZSM-5 and steaming to achieve the
same purpose revealed significantly lower Bronsted acidity in steam treated HZSM-5.
Whereas the concentration of the strong acid sites for the acid treated HZSM-5
remained almost unchanged. However, the weak acid sites decreased significantly,
resulting in reduced total acidity. Likewise, BTX aromatic yield was higher for acid
treated HZSM-5 (C. 28.1%) compared to the steam treated zeolite (C. 18.3%) [16].

To evaluate the type and concentration of the acid site, Fourier transforms infra-
red (FTIR) of adsorbed pyridine are normally used [40]. The pyridine IR is usually
conducted by heating a known mass of the catalyst at around 150°C for 3 h, followed
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by pyridine adsorption for 2 h and subsequent desorption of the pyridine at 200°C
under vacuum [41-43].

From pyridine DRIFTS analysis, the types of acid sites normally encountered
with ZSM-5 zeolites are Bronsted and Lewis acid sites. Due to high pressure and
temperature conditions of the glycerol to liquid fuels and aromatics compounds, high
coke selectivity and consequent deactivation often occur for this type of catalyst.
Particularly, the strong acid sites, which are mainly Brgnsted acids promote the
undesired coke formation, because the coke deposits preferentially on these sites
through different proton transfer steps that occur on the Bronsted acid sites [26]. It
is important to mention that understanding of acidity types of the zeolite catalyst
can be appreciated from the Si/Al ratio [44]. Tuning of the acid strength [41] and
reduction in the acid density [45] are two notable strategies to reduce coke deposits.
The tuning of the acid strength and concentration can be achieved by modifying the
zeolite tetrahedral framework Al content of the H-ZSM-5 or exchanging the protons
that compensate for the negative charge of the Al sites tetrahedral framework. The
strategy adopted over the years to accomplish these are either post-synthesis modifi-
cation (top-down) or in situ modification during synthesis (bottom-up) [26, 32]. For
instance, the synthesis of H-ZSM-5 with different Si/Al ratios is a common bottom-up
strategy to evaluate the effect of acidity. For the bottom-up strategy, the total acid
sites increase when the Si/Al ratio decreases. Top-down strategies include dealumina-
tion by acid extraction or steam treatment and isomorphic substitution of Al or Si
atom with Zr, Fe, Ga, In, etc. [21, 46-48], other metals, heteroatoms of phosphorus,
sulfur, and alkali metals, and alkaline earth metals [16, 40, 43]. Although these
substitution strategies, which focus on the framework tetrahedral sites have been suc-
cessful, however, they often result in the damage of the framework or defects of the
crystalline structure, which adversely impacts the reactants and products diffusion to
and from the cage-like zeolite structure. Also, the accurate introduction of these met-
als could be very problematic and can lead to uncertainty in the pore dimension [26].

Evaluation of the H-ZSM-5 acidity after dealumination via washing with HNO;
and steaming revealed that the weak acid sites decreased, whereas the strong acid
sites were unaffected. It is important to note that ZSM-5 zeolites have amorphous
extra framework aluminum, which contributes significantly to the weak acid sites
(although it could contribute slightly to the medium and strong acid sites with
other silanols (Si-(OH)-Al) species), whereas the framework aluminum species are
more related to the strong acid sites. Hence, the reduction in weak acid sites after
dealumination can be attributed to the removal of the extra framework aluminum.
The steaming treatment, however, resulted in a remarkable reduction of the acid
concentration and strength, which shows the dealumination of the framework and
extra-framework aluminum [16].

3.2 Effect of metal addition

Metal addition on H-ZSM-5 is bifunctional to provide stability as well as promote
the dehydration/dehydrogenation reaction of glycerol to aromatics. A conducted
study using only H-ZSM-5 reveal that predominantly oxygenates namely acrolein
were obtained with about 11% of C6 — C9 compounds [30]. In this same study, the
addition of metals (platinum and palladium), provided bifunctional properties,
which promoted the C- O, C — H, O — H, and C — C bonds cleavages to achieve
deoxygenation of the oxygenates [24]. Palladium however showed better performance
in the conversion of the oxygenates to aromatics because of the higher H/metal ratio.
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Notably, noble metals are preferred for fast kinetic activation of hydroxyl groups of
glycerol and hydrogen dissociative adsorption [49]. Depending on the operating
temperature they generally promote the hydrocarbon formation instead of the CO
and H, pathway.

Apart from noble metals, which are usually expensive and can impact the overall
production cost of liquid hydrocarbon and biobased aromatics from glycerol, other
metals have been used with appreciable performance. Binders such as Al,O; have
been used to prolong the H-ZSM-5 catalyst life. The mesopores of the Al,O; provided
a higher capacity to store coke deposits in amorphous form. Also, the binder pro-
moted a high total BTX yield compared to H-ZSM-5 [31]. Another study investigated
the incorporation of tin (Sn) species in ZSM-5 catalysts. The composite catalysts
were treated hydrothermally using sodium hydroxide, followed by ion exchange
with ammonium chloride. The H[Sn, Al] ZSM-5/0.3AT composite catalysts after
ion exchange reaction showed a slight decrease in crystallinity, a decrease in total
Bronsted acid sites with an increase in Lewis acid sites [36]. Also, the Sn incorpora-
tion replaced some medium and strong acid sites and new acid sites were formed.
The addition of the Sn did not destroy the H-ZSM-5 morphology, and the composite
catalyst showed intra-mesopores and micropores, which benefits mass transfer of
reactants and products. Overall, the catalyst showed a higher carbon yield of BTX (C
32.1%) compared to H-ZSM-5 (C 17.8%). The H[Sn, Al] ZSM-5/0.3AT could sustain
about 13 h of time on stream reaction (H-ZSM-5 sustained the reaction for only 3 h
with severe deactivation due to coke deposits), which was attributed to the mesopores
and tuned Lewis acid and Bronsted acid sites due to alkali post-treatment. Similar
studies have demonstrated the effect of binary material of Sn, Zn incorporated on
H-ZSM-5 with appreciable BTX yield and longer catalyst life [17]. The Zn has been
reported to promote high BTX formation by suppressing H-transfer reactions and
light paraffins [29].

3.3 Effect of temperature

Catalytic pyrolysis is employed to achieve glycerol to aromatics and liquid hydro-
carbons conversion. The operating temperature is very vital because glycerol to
aromatics is a consecutive reaction steps that involves dehydration, oligomerization,
cyclization, aldol condensation, cracking, and dehydrogenation. Since these reaction
pathways occur simultaneously and parallel, different product distributions could be
obtained at different reaction temperatures. An effect of reaction temperature on
glycerol to aromatics shows that at a low temperature of ~200°C, O—H and C-H
bonds could be easily broken due to their lower activation energy. This activation
could be prevented by a possible hydrogenation reaction that is propagated by high H,
content. An increase in temperature in the range of 300-400°C facilitated the bond
cleavages of C—C and C - O species, which could happen simultaneously due to their
similar activation energy [24]. However, breaking of the C — C bond at this tempera-
ture results in the formation of coke deposits, which could be graphitic or amorphous.
Hence, the temperature should be tuned properly with the right amount of catalyst
acidity to achieve the breaking of C — O bonds, while minimally avoiding the C-C

bond. At 450°C, more of the liquid products are further cracked to gases, and syngas
formation and methanation reactions are promoted [30]. Hence, the aromatics yield
decreases, whereas the gaseous product increases as shown in Figure 3 [30]. Most
studies adopted 400°C as the optimum temperature to achieve the glycerol to aro-
matic conversion [18, 32, 50].
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Figure 3.
Effect of pyrolysis temperature using Pd/H-ZSM-5 catalyst. Conditions: 1 atm, H,/glycerol molar vatio of 10,
and 6 g cat-h/g glycerol (copyright obtained https://pubs.acs.org/doi/full/10.1021/acsenergylett.6b0o421).

3.4 Effect of time on stream

Time on stream for glycerol conversion to bio-based aromatics could be
categorized into induction time, steady-state reaction time, and deactivation time
[16]. Selectivity of the products is a clear function of the reaction time on stream;
hence, it is important to optimize this factor. This has been generally established
based on the yield of the aromatic intermediates in the cage structure of the
H-ZSM-5 zeolite during aromatization. A study revealed that polymethyl ben-
zenes and olefines, which is a very vital active hydrocarbon pools, were formed
over the H-ZSM-5 cages as a product of the dehydration of the glycerol (oxycar-
bides) in the induction period [17]. This results in improved aromatic yields with
a decrease in oxycarbides. After the induction period in a continuous reaction
set-up, aromatization of glycerol proceeds via multiple steps of autocatalytic non-
stop reaction of alkylation/dealkylation, oligomerization, and H-transfer. This
stage usually has a relatively constant BTX and BTEX yield because the consumed
hydrocarbon species are replenished. As the reaction time on stream is prolonged,
the dealkylation step is suppressed with a corresponding decrease in lighter
aromatic yield (toluene) and a buildup of heavier hydrocarbon species [38]. This
was attributed to the coverage of the strong active sites by the heavier autocata-
lytic species, which suppresses the cracking and cyclization pathways propagated
by the strong acid sites [51]. Hence, the gaseous route is mitigated allowing for
the liquid synthesis. Further extension of the time on stream for continuous
reaction set-up facilitates the conversion of the heavier intermediates (heavier
hydrocarbon species) into carbon by a condensation reaction [52]. Eventually, the
carbon formed blocks the micropores and the acid sites resulting in the catalyst
deactivation. In the deactivation phase, the BTX and BTEX yields drop drastically,
however, unconverted glycerol, acetol, acetaldehyde, and acrolein remained in
the product [15]. Table 1 shows the reported catalysts for glycerol conversion to
aromatics and reaction conditions with selectivity towards BTX.
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Catalyst Conditions Glycerol Selectivity of Ref.
conv. (%) aromatics (%)

Dealuminated H-ZSM-5 T = 400°C, glycerol/ Ca. 98 ca.32 (C% [16]
(MFI) with initial Si/ methanol = 40 wt.%, BTX)
Al=25 P = 0.1MPa, WHSV: 0.71h™",
ZSM-5 (Si0,/A1,05 = 30) T = 400°C, WHSV = 0.8 h™". 100 >30 (C% BTX) [18]
H-ZSM-5 (Si/Al, = 200) T = 400°C, WHSV = 09h™". 100 18 [36]
Hierarchical Sn-ZSM-5 T = 400°C, WHSV =09h™". 100 32 BTX [36]
H-ZSM-5/A1203 T =550°C, WHSV = 1h™", — 19.5 (C% BTX) [31]
(60/40 wt%) TOS = 0-12 h.
H-ZSM-5/A1203 catalysts T = 550°C, glycerol/ — 26.7 (C% BTX) [53]
(60/40 wt%) oleic acid = 30/70 wt.%,

TOS =12 h, catalyst = 10 g.
H-ZSM-5 (Si0,/ T = 400°C, WSHV = 1h, — 281 (C% BTX) [50]
AlLOs =23) TOS =5h, 0-5 mbar.
Nano-sized H-ZSM-5 T = 400°C, WHSV = 0.9 h-, — 35 (C% BTX) [33]
modified with catalyst = 1.2 g, glycerol/
carboxymethylcellulose methanol = 40 wt.%.

sodium, NaCl, and
sodium alginate

Nano-sized H-ZSM-5 T = 400°C, WHSV =0.96 h™?, 100 35.06 (C% [39]
produced with catalyst =1.2 g, glycerol/ BTX)
sodium alginate methanol = 40 wt.%.

(S-HZSM-5-0.75)

Zn and Sn modified T = 400°C, WHSV = 0.71 h %, — Ca. 357 (C% [17]
H-ZSM-5 (Si/Al =25) glycerol/methanol = 40 wt.%, BTX)
TOS =1.5~2h.
Table 1.

Reported catalysts for glycerol conversion to aromatics.

4. Deactivation of catalysts

Deactivation of catalyst is the loss of performance over time, and the difference in
catalyst life depends on the contaminant and application. There are several mecha-
nisms by which a catalyst can be deactivated including fouling, poisoning, sintering,
leaching of active surface, and mechanical attrition. Thermal degradation deactiva-
tion could be found with catalysts used in petroleum cracking or polymers [54].
Poisoning is a deactivation mechanism whereby a contaminant is loosely or strongly
adsorbed on the active sites of the catalyst, which prevents access to the reactant spe-
cies. This type of deactivation could be reversible or irreversible. A notable poisoning
mechanism is coking, which results in carbon deposits, which could mask the surface
of the active sites or even block the catalyst pores (pore mouth-filling). Coke forma-
tion can be investigated by temperature gravimetric analysis and visual inspection to
observe a color change, usually from off-white to black. In general, catalyst deactiva-
tion is inevitable, however, careful catalyst design and operation under mild condi-
tions could prolong the catalyst life in any given application. The design of a suitable
shape-selective catalyst with tunable acid properties could increase the peak BTX
yield, and total productivity and prolong the catalyst life.
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Aromatization reaction occurs through a series of consecutive reaction steps that
involves aldol condensation, oligomerization, cracking, cyclization, dehydrogenation,
dehydration, aromatization, etc. The strength and concentration of the acid sites
influence the yield of BTX and BTEX; specifically, the amount of Bronsted and Lewis
acids could propagate the deactivation of the catalysts. The Bronsted acid sites
promote cracking, H-transfer, and oligomerization reaction and it is principally
responsible for coke generation since it promotes the C — C bond breaking. A Survey
of the literature shows that coke deposition is the main deactivation mechanism of the
H-ZSM-5. The coking deactivation is considered reversible because the coke can be
removed by oxidative treatment. The spent catalyst is subjected to high-temperature
recalcination in the air to decompose the coke deposits. For instance, the stability
analysis for H-ZSM-5/A1,0; and H-ZSM-5 catalysts used in the synthesis of BTX
showed that the Al,O; binder had more coke accommodation capacity than only
H-ZSM-5. This was attributed to the mesoporous nature of AL,O;. Besides, the coke
formation on the H-ZSM-5/Al,0; was amorphous, whereas that of H-ZSM-5 was
graphitic [50, 55]. This implies that the decomposition temperature would vary
widely and the graphitic coke obviously would result in irreversible deactivation [31].

There are other forms of deactivation of H-ZSM-5 related to the deformation of
the structure, reduction of crystallinity, acid strength, and reduction of microporos-
ity. As stated before, this type of structural defect can manifest during the top-down
approach. A situation whereby the acidity is reduced by chemical treatment or steam-
ing. In particular, the hydrophobicity and spatial constraints of some chemical agents
such as CH;0Na and NaOH, in high concentrations could promote rapid desilication
of the H-ZSM-5, which results in the damage of the catalyst microporous structure,
diminished cage-like walls of the H-ZSM-5, and a drastic reduction in the crystal-
linity [52]. This situation presents a deformed H-ZSM-5 catalyst with low catalytic

Catalyst Total acidity ( umol NH; Total coke No. of catalyst Ref.
g ! cat fresh sample) content reuse lifetime (h)
(wt.%)

H-ZSM-5/A1,05 1051 16.0 5 8.5 [31]
(60/40 wt%)

ZSM-5 — — — 8 [19]
H-ZSM-5 1466 12 1 4 [15]
3 h500°C/HZSM-5 413 — — 8.5 [16]
H-ZSM-5/A1,0; 1051 16.8 5 12 [53]
3h450°C/0.3 M NaOH/ 615 22.82 — 3 [35]
HZSM-5

S-HZSM-5-0.75 1240 1123.90° 3 115 [39]
Sn/HZSM-5@20Zn 878 — 3 11 [17]
H-ZSM-5/ A1203 1238 15 1 53 [56]
H-ZSM-5/Si02 1286 9 1 3.66 [56]
H-ZSM-5/ Kaolinite 1318 13 1 4 [56]

'is the peak area of the coke determined by the TPO method at 395°C.

Table 2.
Reported H-ZSM-5-based catalysts, coke content, acidity, and number of reuse.
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performance towards the aromatization reaction of glycerol. Another study reported
in situ deactivation due to the conditions of the pyrolysis and reaction intermediates.
He et al. [56] in their study to produce bio-based aromatics from glycerol revealed
that dealumination of H-ZSM-5 occurred, which severely affected the crystallinity
and acidity of the catalyst. This dealumination was attributed to catalyst exposure to
steam generated by glycerol dehydration and the framework interaction with inter-
mediate oxygenates. These types of deactivation are irreversible and eventually result
in the complete deactivation of the catalyst. Table 2 shows the total acidity of some
reported catalysts, total coke content, and catalyst lifetime.

5. Prospects of catalytic glycerol to bio-aromatics

The conversion of glycerol to liquid fuels and aromatics is a notable research
effort towards the production of “green” drop-in fuels that can be used as aviation
fuel or bio-based chemicals. The glycerol is subjected to pyrolysis and sometimes in
situ hydrotreating to reduce the oxygenates under heterogeneous catalysts. Zeolites
of MFI (ZSM-5) have been widely applied because of the shape-selective nature,
tunable acidity, and structure of the catalyst that promotes dehydration and hydrode-
oxygenation reaction to produce hydrocarbon pools. In particular, protonated ZSM-5
(H-ZSM-5) has been synthesized for this synthesis with different modifications to
evolve hierarchical pores and moderate the Bronsted acidity. However, there are
continuous improvements to this strategy to increase the yield of BTX and BTEX
from glycerol pyrolysis.

Notable about this is the modification of the H-ZMS-5 with metals and steaming
to dealuminate the catalyst or alkaline treatment. These techniques are deployed to
stabilize the zeolite and achieve higher selectivity of BTX. Conducted studies have
evidenced that most strategies used to achieve dealumination or functionalization
with metals are invasive, i.e., the crystallinity is sometimes affected significantly [44].
Hence, it is pertinent to look for non-invasive methods, such as low-temperature
plasma techniques and isomorphous substitution methods [46, 48]. These methods
are capable of achieving grafting metals on the H-ZSM-5 with minimal damage to
the crystallinity or the framework structure. Also, the synthesis of the zeolite with
pore-templating agents to evolve hierarchical pores would benefit the mass transport
of reactants and products from the catalyst active sites. Another aspect that needs
further insights is the optimization of reaction conditions such as the temperature,
time on stream, weight hourly space velocity (WHSV), and methanol/glycerol ratio.
Optimization of these reaction influencing parameters will result in minimal opera-
tion cost and provide insights into the mechanistic pathways involved.

Wholistic study of the deactivation mechanism of the unmodified H-ZSM-5 based
on time and spaced resolved analysis suggested that coke deposit increases with the
time on stream. The longer time on stream, the more coke accumulation. The mecha-
nism proposed for this scenario posits that initially, coke is formed at the microporous
channel of the H-ZSM-5 catalyst, followed by accumulation on the external surface
of the zeolite as the time on stream increases [15]. The primary cause of the coke
formation is the strong acid sites of the H-ZSM-5 catalysts, which have been improved
by the design of shape-selective catalysts [35], metals, additive addition [33], and
dealumination [43]. It is important to search for more binders that are capable of
accumulating coke in amorphous form as opposed to the graphitic form, which is
energy-intensive to regenerate.
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6. Conclusions

Conclusively, the aromatization of glycerol via pyrolysis methods could be pro-
moted using MFI zeolites (HZSM-5 and ZSM-5) catalysts. The acid form of ZSM-5
(H-ZSM-5) possesses appropriate crystallinity and acidity to tailor the reaction to
produce benzene, toluene, and xylene (BTX) and/or benzene, toluene, ethylben-
zene, and xylene (BTEX) with some oxygenates. The crystalline cage-like structure,
acidity, pore size, and channel of the H-ZSM-5 catalysts influence the product’s yield
and distribution. Also, the reaction conditions such as temperature, time on stream,
weight hourly space velocity significantly influence the product distribution and the
carbon yield (BTX and BTEX). Also, these factors impact the coke formation mecha-
nism, especially the time on stream and reaction temperature. The addition of metals
like Zn, noble metals, Sn, binders (Al,03), and additives (heteroatoms) influence the
H-ZSM-5 acid concentration, acid strength, and acid type. These chemical modifica-
tions of the H-ZSM-5 catalysts substitute the framework aluminum responsible for
high Bronsted acidity, which promotes coke formation and stabilizes the catalysts.
Deactivation caused by dealumination techniques and ix situ reaction conditions
destroys the crystalline cage-like zeolite framework and is irreversible. Whereas
reversible coke deposition is removed by energy-intensive oxidation that could impact
the porosity and crystalline structure of the catalyst.

Hence, it is recommended that further studies should be conducted on the
synthesis of shape-selective and hierarchical porous H-ZSM-5 catalyst with mod-
erate Bronsted acidity to minimize coke formation and promote mass transport.
Non-invasive modification methods such as plasma techniques should be adopted
to achieve metal and heteroatoms incorporation into the cage-like structure of the
H-ZSM-5 without damage to the framework. An in-depth study on the techno-
economic analysis and life cycle analysis of the aromatization reaction will provide
insights on the associated costs for comparison and the environmental impact of this
process. Also, machine learning methods should be deployed to optimize the reaction
conditions.
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Chapter 6

Ethanol Inhalation in Treatment

and Prevention of Coronavirus
Disease (COVID-19)

Ali Amoushahi

Abstract

The goal of this study was to determine if nebulized ethanol (EtOH) is safe and
effective in treating COVID-19. A randomized controlled trial was carried out on 99
symptomatic and RT-PCR-positive patients admitted to a hospital that were given
Remdesivir and Dexamethasone. They were randomly given either a 35% EtOH spray
(intervention group, IG) or distilled water spray (control group, CG). For a week,
each group underwent three nebulizer puffs every 6 hours. Global Symptomatic
Score (GSS) comparisons between the two groups at the initial visit and on days 3,

7, and 14. Secondary outcomes include the readmission rate and the Clinical Status
Scale (CSS), a seven-point ordinal scale that ranges from death to full recovery. The
intervention and control groups, respectively included 44 and 55 patients. The GSS
and CSS considerably improved in the IG, despite the fact that there was no differ-
ence at admission (p = 0.016 and p = 0.001, respectively) (Zero vs. 10.9%; P = 0.02).
The IG readmission rate was much reduced. Inhaled-nebulized EtOH responds well
in quickly improving the clinical status and limiting the need for further therapy.
Further investigation into the therapeutic and preventative properties of EtOH is
advised due to its affordability, availability, and lack of/tolerable side effects.

Keywords: ethanol, inhalation, nebulizer, COVID-19, blood oxygen saturation

1. Introduction

Deaths from cytokine storms are frequently caused by COVID-19. Alcohol has
been shown to have in vitro antiviral effects on coronavirus glycoprotein destruction
[1] and the breakdown of the fat layer [2]. Ethyl alcohol (EtOH) has been shown to
have antiviral effects on extracellular surfaces in the past [3]. Inflammatory factors
such TLR, interleukin-6, and TL9, as well as TNF-mRNA protein and mitogen-
activated protein kinase, have been proven in immunological investigations to have
immunomodulatory effects on the innate immune system and to attenuate cytokine
storm [4, 5]. Additionally, it promotes bronchoalveolar macrophages’ chemotaxis
[6]. Other effects of ethanol include the prevention of viral multiplication through
RNA-dependent polymerase inhibition [7], bronchial dilatation by relaxing invol-
untary smooth muscles [8], patient sedation and relaxation [9], and analgesic effects
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on muscles [10]. Methanol poisoning [11], fat embolism [12], premature labor
prevention [13], preeclampsia [14], and pulmonary edema [15] have all been treated
with ethanol-specific treatments in the past. Castro-Balado et al. [16] have shown
the histological safety of inhalation ethanol treatment on rats’ lungs and respiratory
systems. Ethanol was authorized by the Food and Drug Administration. Can ethanol
inhalation treatment be beneficial in treating COVID-19? Given the effects of ethanol
on virus wall breakdown, proliferation inhibition, and immunological hyperactivity
inhibition, the use of inhaled ethanol as a COVID-19 treatment is still unknown. One
month following the COVID-19 epidemic in Iran, this concept was initially put forth
and published [17, 18]. Later, a paper explaining the justification for ethanol usage

in this area was presented [19]. Recent research on the combined administration of
dimethyl sulfoxide and ethanol in healthcare professionals, demonstrated positive
effects on COVID-19 prevention [20]. We conducted a randomized clinical study to
assess the impact of ethanol treatment on the clinical condition and prognosis of a
predetermined group of patients in an effort to discover the solution. The Medical
University of Isfahan Research and Ethics Committee accepted the study, which was
then registered at https://irct.ir/trial/58201.

2. Materials and methods

Study Design and Oversight (Figure 1). The Isabn-e-Maryam Hospital (Christian
hospital) at the Medical University of Isfahan in Iran, where this study was carried
out in September 2021, was the site of a randomized double-blind clinical trial with a
control group and parallel design. The patients were matched one to one at random.
The study was initially intended to be conducted on hospitalized patients, but because
the country’s policy had been changed to allow for the establishment of respiratory

Initial screen: 150 patients
patients removed 26, due to:

Asthma: (2 patients)

Patient refusal: (24 patients)

[ Primary Randomization: 124 patients ]

Control group: 64 patients I Intervention group: 60 patients ]

i

Withdrawal from study: 16 patients
Withdrawal from study:

Incomplete adherence to treatment (9 Ethanol intolerance: 6 patients

tient,
patient) Incomplete adherence to treatment: 10 patients
[ Enter the analysis: 55 patients ] [ Enter the analysis: 44 patients ]
Figure 1.
Flowchart of the study.
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clinics in hospitals and the prescription of Remdesivir and Dexamethasone to patients
with moderate COVID-19, the study was instead carried out in this clinic. The referral
of the patient to the respiratory clinic and this report were shared with the doctors of
patients who were being treated in hospitals.

2.1 Patients

Patients who tested positive for SARS-CoV-2-RT-PCR are the foundation of the study
population. They were admitted to the hospital’s respiratory clinic because they had
moderate COVID-19 (based on the national guideline for managing COVID-19, O2Sat
90-94% or lung involvement [21]). The following criteria were required for inclusion:
informed consent, age of at least 12 years old, no pregnancy, no history of epilepsy,
alcoholism, or asthma, no contraindications to ethanol usage, and no use of ethanol-
interacting medications. Intolerance to inhaled ethanol and incomplete or partial therapy
were the exclusion criteria. To investigate possible allergies to alcohol, a skin test with
ethanol was performed. In this study, the patient’s arm was linked to a gauze pad with an
ethanol drop on it. Symptoms including skin redness, swelling, or itching were seen after
around 7 minutes. These signs may be indicative of an alcohol allergy or intolerance.

2.2 Intervention

According to Irans national clinical norms, both the control and intervention groups
were enrolled in the standard medical treatment [21]. The national standard treatment
included intramuscular Dexamethasone, 8 mg/day (5 days), and 200 mg of Remdesivir
intravenously on day 1, followed by 100 mg of Remdesivir once daily for 4 days, infused
over\s30-60 minutes. Patients received normal care as per routine and were then
randomly allocated to either the control group (distilled water spray) or the interven-
tion group (35% ethanol spray). The delivery of two 100 ml sets of spray was done in
accordance with randomization. Each patient was told to spray the mask three times per
day (every 6 to 8 hours) and inhale deeply. We stressed that, depending on the duration
of symptoms, this procedure had to be repeated for 7 days. Patients were guided through
the process by nurses until they were able to do it on their own. At each appointment
for referrals and follow-up care, patient compliance was evaluated. Failure to follow the
protocol (spray not used or used incorrectly) resulted in removal from the trial.

3. Clinical and laboratory monitoring

The demographic and clinical information were separated into different sections
on the data collecting sheet. A qualified nurse performed the data-collecting checklist
based on clinical symptoms, clinical outcomes, and clinical examination after obtain-
ing demographic data from the patient’s records. Up to discharge, information on
study variables, such as blood oxygen saturation measured by pulse oximetry, the
requirement for supplementary care or hospital readmission, and clinical complaints
in both groups, was gathered.

3.1 Study outcomes

Primary outcomes: The global symptomatic score (GSS), which is calculated by
adding up the cumulative scores of clinical signs and symptoms like anorexia, fever,
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headache, body aches, sore throat, runny nose, chills, coughing, and loss of taste and
smell, is regarded as a gauge of a patient’s clinical condition. This index was created to
provide a concise list of clinical symptoms. Using a pulse oximeter, oxygenation status
was tracked and documented each day. The patient was not receiving any additional
oxygen at the time of the measurement and was breathing room air with a fixed pulse
oximeter. Changes in blood C-reactive protein (CRP) levels were used to characterize
the presence of inflammation.

Secondary outcomes: On day 14 of the treatment period for the investigation,
clinical conditions were evaluated using a modified 7-point ordinal scale [22].

There are seven indicators in this scale:

1.Death.

2. A patient in a hospital receiving invasive mechanical ventilation.

3. High-flow oxygen or non-invasive ventilation systems used in hospitals.
4.Hospitalized and in need of low-flow oxygen.

5.Hospitalized for any cause, requiring continuous medical care (whether linked
to COVID-19 or not), and requiring home oxygen supplementation.

6. Continued signs or symptoms of COVID-19 without requiring supplemental
oxygen, no longer require ongoing medical care.

7.Both groups reported and dealt with full recovery as well as any potential side
effects.

The necessity for critical care unit admission, adverse medication reactions,
clinical symptoms, and death in the research samples were noted and tracked in both
groups. The last follow-up was scheduled on the day fourteenth of the illness. Physical
examinations, history-taking, phone calls, reviews of patient records, and documents
from the hospital information system were all used during follow-up. After receiving
informed consent, side effects were documented. The main endpoints have under-
gone some alterations. This was due to the study’s implementation restrictions, which
coincided with the disease’s peak in Iran, and the fact that patients who required
hospitalization were followed up on an outpatient basis in the respiratory clinic. We
informed the sponsor and institutional review board in great detail of the protocol
revisions. The length of stay was the key anticipated result. This index was replaced
with a more detailed clinical status since all moderate patients were treated on a 5-day
regimen during the surge.

3.2 Sampling

An easy random sample technique was used to do the sampling. Random assign-
ment was performed using a computerized random number table. The order of the
random distributions was decided by one nurse. Each participant who was qualified
and gave their agreement to participate in the experiment was randomly assigned
from a list that she kept confidential. One by one, a different nurse added 100 ml of
diluted distilled water or ethanol-35% to the sprays (nebulizers) and labeled them
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with the numbers from the list. Each spray was given to a participant, who was then
instructed on how to use it by their family or companion. Blinding was carried out by
analysts, nurses, and clinicians.

4. Statistical analysis

Using a 2-sided significance level of 0.05, we calculated that 88 patients (44 in
each group) would offer higher than 90% power to detect an odds ratio of 3 for the
ethanol group vs. the placebo group. The analysis was restricted to individuals who, in
accordance with the research protocol and inclusion criteria, got full treatments and
contributed to the outcomes, as per the “treatment-on” or “per-protocol” method.
Means, standard deviations, and percentages (%) were used to report both quantita-
tive and qualitative information. The chi-square test was used to evaluate qualitative
characteristics between the two groups, and a mixed model was used to compare
SpO2 readings and GSS on days 1, 3, 7, and 14. Repeated-measures analysis was used
to calculate the average changes from baseline values. With the use of Mauchly’s
statistics and the Geisser-Greenhouse adjustment, the sphericity hypothesis was dis-
proved. The cumulative odds ordinal logistic regression with proportional odds was
used to compare clinical status between the two groups on day 14, and the two test
was used to determine the proportion of patients in each group who required addi-
tional medical care after 14 days. These tests were carried out at 0, 3, and 14 days after
the intervention. For the intervention group compared to the usual care group, an
odds ratio larger than 1 showed changes in clinical status across all categories toward
category 7. For clinical status, if a patient recovered, the ordinal score was recorded as
7 on the day of recovery and all subsequent days unless the patient was hospitalized
for COVID-19-related reasons or others; all statistical analyses were performed using
SPSS software version 22 (SPSS Inc., Chicago, IL, USA), and p < 0.05 was considered
significant. The outcome markers were adjusted for the patient’s gender.

5. Results

Patient Characteristics from September to November 2021, 150 patients from
the COVID-19 Respiratory Outpatient Clinic of the Isabn-e-Maryam Hospital of the
Isfahan University of Medical Sciences were assessed for participation in the research
based on the positive outcome of the RT-CPR test. A total of 24 patients disagreed
with the research, and 2 patients did not meet the inclusion requirements. Randomly,
124 more patients were divided into two groups (Intervention and Control). In the
next days, 25 participants were removed from the trial due to intolerance to ethanol
inhalation (6 patients); their intolerance was mostly caused by hiccups, eye irritation,
coughing, shortness of breath, sneezing, and the unpleasant odor of alcohol. On the
other hand, 19 patients (9 in the control group and 10 in the intervention group) were
disqualified from the trial because of irregularities or failure to adhere to the sug-
gested procedure. Finally, 99 patients entered the analysis: 44 patients in the IG and
55 patients in the CG (Table 1).

Table 1 summarizes the baseline characteristics and demographics of the two
groups of patients. The male-to-female patient ratio was 43/56 (42.4/56.6%). The
patients were 46.4 years old on average. A total of 38 patients had multiple conditions.
Diabetes mellitus was the most prevalent underlying condition in both groups, with 6
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Index Control group N =55 Intervention group N = 44 Pvalue
Age (years) (Mean + SD) 46.15 + 1315 4591 +12.58 0.928
BMI (Kg/m2) (Mean + SD)
Normal weight 16 (29.1) 9(20.5) 0.804
Overweight 25 (45.5) 22 (50)
Obesity 10 (20) 10 (22.7)
Excessive obesity 3(5.5) 3(6.8)
Gender N (%)
Female 37 (673) 19 (43.2) 0.024
Male 18 (32.7) 25 (56.8)
Education Level N (%)
Illiterate and Elementary 3(54) 8 (16.3) 0.251
Secondary 8 (14.3) 7 (14.3)
Diploma 28 (50) 16 (32.7)
Bachelor-higher 16 (26.8) 16 (30.6)
Unknown 2(3.6) 3(6.1)
Risk factors for disease N (%)
Not any 23 (52.3) 38 (69.1) 0.614
1risk factor 19 (43.2) 12 (21.8)
2 risk factors 2 (4.5) 4(7.3)
3 risk factors 0 1(1.8)
Table 1.

Demographic chavacteristics in two vesearch groups.

(14.3%) in the intervention group and 4 (7%) in the control group. Seven individuals
had high blood pressure and seven others had additional cardiovascular issues. The
two groups’ mean ages, weights, levels of education, and total number of risk vari-
ables did not significantly differ from one another.

5.1 Clinical signs and symptoms at the time of admission

The interval between the onset of symptoms and admission, lung involvement,
and early clinical signs and symptoms at baseline did not substantially differ among
the patients. The clinical signs and symptoms of the patient’s fundamental character-
istics are listed in Table 2.

Cough, body pains, chills, and headaches were the intervention group’s main
clinical complaints. The control group had a higher prevalence of anorexia, olfac-
tory disturbance, and cough. There was no discernible change in symptoms. Overall
Symptom Score The GSS was evaluated at the start of therapy, 3, 7, and 14 days
afterward in two groups. The results are shown in Figure 2.

The GSS of the two groups was equal at the start of the research, according to
statistical analysis, but in the IG group, clinical symptoms reduced more quickly than
in the placebo group. The statistical significance of this difference was (p = 0.016).

5.2 Blood oxygen saturation
At the time of the trial, there was no noticeable change in the two groups’ blood

oxygen saturation levels (92.07 + 4.6 in the control group vs. 91.56 + 3.39 in the
intervention group). As seen in Figure 3.
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Characteristic Control group N =55 Intervention group N = 44 Pvalue

Distance from onset of symptoms 9.36 +513 8.50 £ 3.52 0.338
to Start treatment (Mean + SD)

Pulmonary Involvement
(CTscan) N (%)

Less than 30% 22 (40) 19 (43.2) 0.153
30-49% 25 (45.5) 15 (34.1)

50% and above 2(3.6) 2 (4.5)

Unknown 6(10.9) 8 (18.2)

Fever N (%) 21 (38.2) 25 (56.8) 0.072
Chills N (%) 35 (63.6) 30 (68.2) 0.675
Cough N (%) 49 (89.1) 41 (95.3) 0.262
Headache N (%) 35 (63.6) 30 (68.2) 0.636
Short Breath N (%) 37 (67.3) 24 (54.5) 0.196
Sore throat N (%) 27 (49) 16 (36.4) 0.204
Rhinorrhea N (%) 18 (32.7) 9 (20.5) 0.173
Body pain N (%) 36 (65.5) 36 (65.5) 0.069
Anorexia N (%) 38 (69.1) 29 (65.9) 0.737
Anosmia N (%) 39 (70.9) 26 (59.1) 0.219
Lack of taste N (%) 32 (58.2) 27 (61.4) 0.749
Global Symptomatic Score (GSS) 6.67 (2.09) 6.72 (2.07) 0.910

Table 2.

Preliminary chavacteristics of signs and symptoms, risk factors, and laboratory values in baselines.

8/00

~6/72

7/00
6/00
5/00

4/00
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Day 0 Day 3 Day7 Day 14

e ntervention =Control

Figure 2.
Comparison of global symptomatic score (GSS) in the intervention and control groups at the beginning of
admission, days 3, 7 and 14 after admission.
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Figure 3.
Comparison of mean blood oxygen saturation (SPO2) in intervention and control groups at the beginning of
admission, days 3, 7 and 14 after patient admission.
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Figure 4.
Comparison of CRP (C-reactive protein) in the intervention and control groups at the beginning of admission
and three days after patient admission.

Both groups had an improvement in blood oxygenation, however, the ethanol
group’s slope of oxygenation was greater. The change is not statistically significant,
though (p = 0.097) inflammatory factor (CRP) Multiple assessments and statistical
comparisons between the two groups revealed a declining trend in CRP (Figure 4).

However, the rate of reduction was much faster and more intense in the IG
(p = 0.05). Two sets of CSS based on the modified 7-point ordinal scale were com-
pared. On day 14, the intervention group had 5.7 times the chance of having superior
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Characteristic and Score N (%) Intervention Control
N=44 N=55

1. Death 0 0

2. Hospitalized, on invasive mechanical ventilation 0 0

3. Hospitalized, on non-invasive ventilation or high flow oxygen devices 0 0

4. Hospitalizations for any reason and need oxygen 0 (0) 2 (3.63)

5. Requiring ongoing medical care or supplemental oxygen at home 2 (4.54) 10 (18.18)

6. Continue signs or symptoms without requiring supplemental 13 (29.54) 29 (52.72)

oxygen - no longer requires ongoing medical care
7. Complete recovery 29 (65.90) 14 (25.45)
Table 3.

Comparison of clinical status scale (CSS) of intervention and control groups on the 14th day of admission.

CSS than the control group (95% CI, 2.47-13.19), which is a statistically significant
difference (Wald 2 (1) =16.67, p = 0.001). Table 3 provides details.

Six patients (10.9%) from the control group were readmitted after the therapy
period had ended in order to obtain further care or hospitalization. None of the
patients were readmitted to the ethanol group (p = 0.02).

5.3 Adverse events and safety

Six out of 50 patients in the ethanol group (12%) quit taking it due to adverse effects
that started as soon as inhalation began, and we eliminated them from the research. Only
one instance of each negative effect was noted, and it vanished after ethanol consump-
tion was discontinued. Hiccups, eye discomfort, coughing, shortness of breath, sneez-
ing, and a strong alcohol odor were a few of the undesirable side effects.

6. Discussion

The impact of adding nebulized Ethanol inhalation has been researched in this
clinical study on patients having positive RT-PCR test results, mild clinical symptoms,
and suitability for Remdesivir and Dexamethasone treatment, according to the Iran
Ministry of Health protocol. The rationale for the use of EtOH in COVID-19 has been
well discussed [19]. There is no question regarding the ability of ethanol in killing
or making SARS-CoV-2 inactive, even at concentrations as low as 30% v/v and for
only 30 seconds [23]. The virus’ fat layer is broken down by the virucidal effects of
EtOH, which then stop the virus from multiplying. EtOH has also been demonstrated
to reduce the immune system’ hyperactivity during COVID-19. It seems likely that
ethanol is ineffective against intracellular viruses. It is crucial to continue ethanol
inhalation for at least 3 days since viral multiplication happens within 48-72 hours,
followed by cellular death and shedding. Additionally, ethanol is fundamentally
effective against all SARS-CoV-2 variants and other “enveloped” viruses due to its
non-specificity. The abnormal presence of Mycoplasma salivarium in the lower
tract or the lack of Clostridia in the upper tract was linked to worse outcomes in ICU
patients [24]. It is interesting to note that ethanol completely inactivates Mycoplasma
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and SARS-CoV-2 (Eterpi et al.) [25]. Additionally, certain strains of Clostridia
synthesize endogenous ethanol [26]. According to a hypothetical scenario, the lack

of nasopharyngeal Clostridia would prevent the local generation of ethanol, which
would prevent or drastically limit the inactivation of SARS-Cov-2 at this level,
allowing the virus to propagate to the lower respiratory tract. A lot of concern has
been expressed regarding the potential mucosal harm that breathed ethanol might
cause. Castro-Balado et al. careful research [16] appears to have completely dispelled
these concerns. It should be noted that spraying into the mask prolongs the action

of the nebulized liquid and maintains its efficiency by reducing the dispersion and
evaporation of the liquid. The different smells of the two solutions indicate a potential
inherent bias. Patients could only recognize that one spray was different from another
since they were unaware of the actual ingredient in the spray. To put it differently,

the medication may have been in an odorless spray. Dexamethasone and Remdesivir
are administered intramuscularly as part of the COVID-19 standard therapy [21].
According to a recent trial, introducing early antibiotic therapy for COVID-19 pneu-
monia had no positive effects on 30-day mortality [27]. Despite what was predicted
[28, 29], the authors [27] did not discover any appreciable vaccination benefit in
reducing illness severity and death among patients with COVID-19 pneumonia. The
GSS fell more in the Intervention group than in the control group, according to our
findings, and these data reached a statistically significant level (p = 0.016). Nebulized
EtOH inhalation had positive effects on lowering CRP levels, which was a significant
advantage (p = 0.05). This result supports EtOH’s positive immune- modulation
effects [3]. On the other hand, blood oxygenation increased more quickly and had a
greater slope in the ethanol than it did in the control group. Regarding blood oxygen-
ation, between the two groups, there was, however, no statistically significant differ-
ence (p = 0.097). In terms of CSS, the intervention responded better than the control
since no patient had to be readmitted, as opposed to the control where 6 patients
(10.8%) had to repeat the normal therapy or be hospitalized. These results provide
credibility to EtOH’s virucidal properties.

7. Conclusions

Overall, recovery from moderate COVID-19 is greatly improved by adding EtOH
to the conventional therapy (Remdesivir+Dexamethasone). It is advised to do more
research and invest more in order to assess ethanol’s therapeutic and preventative
effects in the early stages of COVID-19 given its accessibility, low cost, and lack of
substantial adverse events. The patients in this experiment were far from our rigorous
oversight and switched to other treatments, which was one of its shortcomings. The
healthcare system is also concerned about unpleasant alcohol consumption and the
potential for non-inhaled alcohol intake. This study is constrained by chance (due to
the small sample size), confounding factors (due to the imbalance in gender distribu-
tion), and low power, among other things. The randomization sequence is broken by
a per-protocol analysis, which also introduces bias into the study.
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Chapter7

Nebulized Ethanol: An Old
Treatment for a New Disease

Steven W, Stogner

Abstract

Ethyl alcohol (ethanol) is known to inactivate SARS-CoV-2, and therefore, direct
delivery to the upper and lower respiratory tracts hypothetically would inhibit the
progression of COVID-19. After informed consent, nebulized EtOH was given to
inpatients admitted with COVID-19, and outcomes were retrospectively compared to
randomly selected controls. Benefits of nebulized EtOH included decreased aver-
age length of stay, improved inpatient survival, decreased intubation rate and need
for transfer to intensive care, improvement in hypoxemia, and decreased need for
transfer to another facility for ongoing post-acute care. Also, fewer patients required
supplemental home oxygen after discharge to home. Interpretation: Nebulized EtOH
is beneficial in the treatment of COVID-19. Further study is warranted.

Keywords: inhaled ethanol, COVID-19, SARS-CoV-2, hypoxemia, virucide

1. Introduction

The virus that causes COVID-19 Disease (designated SARS-CoV-2, Severe Acute
Respiratory Syndrome Coronavirus 2) has caused severe morbidity and mortality
around the world. In addition to the human toll of disease, the pandemic triggered
stark social as well as economic disruption around the world, affecting a global reces-
sion [1]. Supply shortages (including food), travel restrictions, business restrictions
and closures, workplace hazard controls, quarantines, testing systems, and tracing
contacts of the infected has been costly in not only financial terms as governments
attempted to control the pandemic but also in societal customs and “norms” as well.
Near-global lockdowns of educational institutions and other entities were partially
or completely closed in many areas, as well as the postponement of needed surgeries
placed major stress on communities across the globe, often resulting in a political
uproar. In truth, the world has not experienced a similar pandemic and its results
since the 1918 Flu Pandemic (February 1918 until April 1920 in four successive waves
affecting 500 million people) [2, 3].

As of August 2022, COVID-19 has infected more than 600 million people and
caused almost 6.5 million confirmed deaths worldwide—one of the deadliest in
history [3]. First identified in Wuhan, China, in December 2019, the COVID-19
virus outbreak was identified by the World Health Organization (WHO) as a public
health emergency of international concern on January 30, 2020, and the astronomical
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trajectory continued with it being declared a global pandemic only 2 weeks later [4].
In March of that year, hospitals and outpatient clinics alike found themselves over-
whelmed with astonishing volumes of patients which stressed healthcare resources
to the edge, to the point of having to contemplate the rationing of care [5], including
intensive care beds and mechanical ventilators.

In addition to inadequate resources at the onset of the pandemic—other than stan-
dard treatment measures for respiratory failure, including ARDS—specific treatment
for the COVID-19 virus did not exist. Healthcare workers found themselves having
to care for critically ill and dying patients who were most often isolated from their
loved ones. Saddled with the grim fact of no specific treatment, the apprehension of
becoming infected themselves and transmission of the virus to their own loved ones
at home, and the emotional (and ethical) nightmarish thoughts which occurred as
the potential of rationing healthcare loomed, it is no shock the common burn-out of
healthcare workers that ensued [6].

2. COVID-19: the disease

The degree of disease caused by COVID-19 ranges from undetectable to lethal, but
most commonly includes fever, nonproductive cough, fatigue, and loss of taste and/
or smell in 40 percent of cases [7]. While severe illness such as organ failure occurs
most frequently in elderly patients, it is also seen in younger patients with certain
comorbidities such as chronic obstructive pulmonary disease, heart failure, malig-
nancy, obesity, chronic steroid or immunosuppressive use, etc. [8]. Transmission
occurs when people inhale droplets of airborne particles containing the virus, but also
when viral-contaminated fluids reach the eyes, nose, mouth, and even contaminated
objects (i.e. hands, etc.).

3. Pathogenesis: a clue for an effective treatment

The COVID-19 virus contains genetic material (RNA) packaged in a protein coat
which is surrounded by an envelope composed of a lipid bilayer derived from the host
cell membrane [9-11]. SARS-CoV-2 affects the upper and lower respiratory tracts,
where its entry genes are highly expressed in epithelial cells of the nasal cavity and
into the alveolar cells. Thus, the portal of entry of SARS-CoV-2 is the upper respira-
tory tract where the acute infection begins, then subsequently travels to the alveoli
by viral aspiration. A “cytokine storm” can then ensue, likely due to an interleukin-6
amplifier resulting in a hyper-activation process that regulates the nuclear factor
kappa B (NF-kB) [12-14]. Ultimately, this cascade of events can be fatal in 75% of
cases due to the development of ARDS and other acute organ failures including
thrombotic complications [15].

4. Nebulized ethanol: potential benefits and risks

Potential benefits: Direct delivery of a drug with viricidal activity against SARS-
CoV-2 (or other susceptible respiratory viruses, i.e., influenza) to the epithelial cells
of the upper and lower respiratory tracts in an effort to destroy the virus before
severe disease can ensue seem advantageous—and is logical. Ethanol/ethyl alcohol/
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EtOH suits this purpose. Ethanol is volatile and has long been used as an antiseptic/
disinfectant, and constitutes the basis for many hand rubs and disinfectants used in
healthcare settings [16, 17] as well as by the general public. Ethanol and other alcohols
are known to inactivate many enveloped viruses like SARS-CoV-2 by dissolving the
virus’ lipid membrane causing its destruction [18-20]. Notably, alcohol-based hand
rub solutions have been shown to inactivate SARS-CoV-2 in as little as 30 s [21]. In
addition to coronavirus, the effective viricidal activity of ethanol against many other
common viruses (i.e., influenza, adenovirus, etc.) as well as Zika and Ebola has been
demonstrated [22].

Ethanol is presently used worldwide as a generally nontoxic antiseptic and dis-
infectant and has been effectively and safely used in medicine for methanol poison-
ing [23], and as late as the 1950s as an inhalational treatment of pulmonary edema
[24, 25] and alcohol withdrawal [26, 27].

Published reports suggest promise for the use of inhaled ethanol in the treatment
of ARDS [28]. Ethanol is a well-known efficient surfactant (wetting agent), as it is an
amphiphilic chemical compound possessing both hydrophilic and lipophilic proper-
ties. Surfactant proteins are critical components of alveolar function, and labora-
tory studies on animal lungs indicate ethanol has the potential to restore surfactant
activity in experimentally-induced non-compliant lungs (produced with nebulized
saline) [29]. Notably, analysis of SARS-CoV-2-infected lung tissues has revealed that
surfactant proteins are indeed severely downregulated in infected lungs, causing
respiratory distress [30].

Ethanol has mediator effects on inflammation [31] and thus could potentially have
a beneficial effect on the prevention of cytokine storms [13]. In addition, there may
be a possible benefit with ethanol in the prevention of thrombus formation shown by
autopsy findings to frequently occur in COVID-19 [15, 32, 33]. Ordinarily, cutting of the
fibrin mesh by plasmin enzyme leads to the production of circulating fragments that are
cleared by other proteases or by the kidney and liver. Tissue plasminogen activator (t-PA)
and urokinase then convert plasminogen to the active plasmin, allowing normal fibrino-
lysis to occur. Ethanol has been shown to “upregulate” the urokinase receptor in human
endothelial cells and thus may be helpful in the elimination of thrombi [34].

Potential risks: Ethanol is flammable and combustible, and if ignited, can cause
severe injury or even death. Appropriate cautionary measures are absolutely manda-
tory with its usage.

The risks and negative health effects on the immune, cardiovascular, pulmonary,
gastrointestinal-hepatic, and neurologic systems of chronic oral consumption of
ethanol are well-known [35]. Even acute oral consumption of large amounts is known
to have the potential for serious health consequences, including even fatal toxicity.
Vaporized ethanol used recreationally (AWOL = “alcohol without liquid”) appears
to some extent becoming more prevalent, and serious concerns have appropriately
been raised about its acute and unknown long-term health consequences, especially in
young adults. However, a review of the literature fails to show any significant acutely
negative effects of the short-term intake of small amounts of ethanol on the immune
system or other organ systems [36-40].

Inhaled ethanol can irritate the eyes, as well as the nose, throat, and plausibly
the lungs [41, 42]. In one small study, a decrease in ventilator flow rates on partial
expiratory flow volumes [43] was found up to ninety minutes after inhalation, but
no significant change in FEV; (forced expiratory volume) occurred compared to
placebo (inhaled saline solution). Interestingly, pretreatment with disodium cromo-
glycate considerably diminished the acute reductions of flow rates caused by ethanol
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inhalation, suggesting that ethanol in some persons may act, at least partly, through
the release of mediators with bronchoconstrictive action.

As with any nebulized treatment, nebulized ethanol poses a risk for aerosolization
of respiratory viruses like SARS-CoV-2 and transmission of the disease. Appropriate
infection control precautions must be strictly followed when such conditions exist.

In the swarm of patients requiring inpatient care for acute hypoxemic respiratory
failure due to SARS-CoV-2 in March 2020, those patients who deteriorated neces-
sitating intubation for adult respiratory distress syndrome (ARDS) were having
mortality exceeding 75% [3]. While governments were scrambling to issue emer-
gency-use authorization for experimental treatments as well as civil protections
for healthcare providers trying to best care for these patients, patients continued to
literally smother ultimately requiring intubation and mechanical ventilation. The
situation was not only grim, but it seemed hopeless. The urgency to find an effective
treatment for this novel virus had never before been witnessed in the lives of most
medical professionals. While some treatments were showing promise (i.e., rem-
desivir, dexamethasone, etc.), there remained an existential need for an effective
readily available treatment. Given its proven viricidal efficacy, history of harmless
use in the treatment of other medical conditions, as well as a lack of evidence for
acute detrimental health effects when used in mild, non-chronic, non-excessive
intake, the reasoning that nebulized ethanol may prove beneficial in the treatment
of COVID-19 is rational.

5. Nebulized ethanol for treatment of COVID-19: results of a clinical study

In March 2020, at Forrest General Hospital (a non-profit community hospital in
Hattiesburg, Mississippi) due to the emergent onslaught of this lethal and “untreat-
able” disease, and out of necessity and companionate care, a novel treatment regimen
of nebulized ethanol was developed to offer patients with COVID-19 who required
inpatient treatment for acute hypoxemia as a sole or supplemental treatment option,
at the discretion of their attending physicians. While Shintake [44] had proposed
the potential use of inhaled ethanol to eradicate the virus in the respiratory tract,
extensive research of the medical literature otherwise revealed no reports of inhaled
ethanol for treatment of COVID-19 infection' (or any other viral respiratory infection
for that matter).

As a sole or additional option, a protocolized order set for the administration of
nebulized ethanol was made available to hospital physicians in the electronic medical
record beginning in April 2020. Education of all involved healthcare personnel was
conducted prior to making the order set available. Administration of all nebulized
treatments was performed by respiratory therapists, who in addition to nurses,
monitored the patients. Access to and dispensing of the ethanol was meticulously
controlled by the hospital pharmacy, which also confirmed that all of the following
criteria were met prior to dispensing:

1. Admission for COVID-19 with dyspnea and/or hypoxemia;

2. Non-intensive care unit admission (general medical floor);

! The results of this study have not been published elsewhere.
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3. Positive PCR (polymerase chain reaction test) via nasopharyngeal swab;

4.Pulmonary infiltrates typical of COVID-19 on chest radiographs or chest
tomography (CT);

5.No contraindication to the intake of ethanol;
6.Informed consent.
5.1 Dose and administration

Ninety-five percent pure grain ethanol was used for a three-day regimen (3 total
doses). Each daily dose was weight-based (actual body weight): female patients = 0.31
g/kg, and males = 0.33 g/kg. An equal volume of sterile water was mixed with the
ethanol for a final concentration of 47.5%, and given continuously via face mask
over approximately 60-75 min using a standard large-volume nebulizer driven by
wall oxygen or air (determined by the patient’s pre-treatment supplemental oxygen
requirement) at a flow rate of 10 1/min. An anti-viral filter was connected to the
exhalation port of the face mask. Respiratory therapists closely observed the patients
and monitored SpO2 (oxygen saturation via pulse oximetry) during treatments,
and nurses recorded pre-treatment blood pressure, pulse and respiratory rates, and
temperature, as well as every 15 min during and for one-hour post-treatment. No
other persons were allowed in the room during or post-nebulization except per hos-
pital policy, which included strict adherence to isolation precautions and protection
measures such as personal protection equipment.

5.2 Data collection, statistical analysis, and outcomes

Demographic, clinical, and outcomes data were collected by retrospective review
of the medical records of three hundred-six patients admitted for COVID-19 with
respiratory disease from April through December 2020. Patients who completed the
three-day regimen (Ethanol Group) were compared to randomly selected patients
(Control Group) who had been admitted to the general medical floor during the same
time-period but had received only “standard” therapy for COVID-19 (i.e., no ethanol
treatment). Statistical analysis was performed using the T-Test and Fisher’s Exact Test,
with a statistical significance of p-value < 0.05.

5.3 Demographics

Ninety-one patients received one or more doses of nebulized ethanol, while two
hundred twenty-five randomly selected “control” patients were identified. Of the
ninety-one patients who received any ethanol treatment, eighty-one (89%) com-
pleted the three-day regimen. (Note: The total number of patients who were offered but
refused treatment with alcohol is not known.)

5.4 Severity of hypoxemia

The severity of hypoxemia was assessed in all patients before receiving any
COVID-19 treatment, at 96 h after the first treatment, and again at the time of dis-
charge from the hospital, using the SFR (SpO,/FiO, ratio; “normal” > 4.57) [45-47].
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5.5 Outcome metrics

The following data and clinical outcomes of the two groups were collected and
compared:

1. Change in level of SFR from admission to discharge;
2.Need for transfer to ICU for progression of disease severity;
3.Need for intubation for invasive mechanical ventilation;
4.Inpatient mortality and survival;

5.The average length of stay (ALOS);

6. Discharge disposition: home, need for supplemental home oxygen, home health
services, hospice, or post-hospitalization admission/transfer to another health-
care facility, i.e., nursing home, skilled-nursing facility, rehabilitation center, or
long-term acute care center.

5.6 Results

Eighty-one patients completed the three-day regimen (Ethanol Group), and were
compared to the Control Group (225). Ten patients (11%) who initially gave informed
consent to try inhaled ethanol treatment did not complete the three-dose regimen
and were not included in the final data analysis. One was in the respiratory extremis
prior to starting the first treatment and received an unknown quantity before requir-
ing emergent intubation and immediate transfer to the ICU, and received no further
ethanol treatments. This patient subsequently expired after a prolonged hospital stay
on mechanical ventilation. The other nine (9.9%) did not complete the first treatment
dose or refused the second dose due to a universally reported side effect of immediate
mild coughing and / or burning sensation in the naso-oropharynx. Two of these nine
patients (22.2%) later required transfer to ICU and intubation for disease progres-
sion, and both subsequently expired. Seven of the nine patients (77.8%) improved
after prolonged hospital stays and were subsequently discharged from the hospital
with home health or to a skilled nursing facility.

As shown in Table 1, average age of both groups was similar: 63.6 years (median
64; range 41-96) in the Ethanol Group, compared to 65.5 years (median 62; range
28-99) in the Control Group (p = 0.50). Gender distribution was also comparable
between the two groups: 42% (34) females and 58% (47) males, 51.6% (116) females
and 48.4% (109) males in the Control Group (p = 0.15). Average BMI (body mass
index = kg/m2) was similar: 35.3 (median 34), compared to 33.4 (median 34) in the
Control Group (p = 0.06).

Likewise, the presence of one or more significant co-morbidities was similar in
both groups, including diabetes mellitus, chronic obstructive pulmonary disease,
drug-induced immunosuppression (i.e., chemotherapy for cancer), obesity, hyper-
tension, end-stage renal disease, and autoimmune disease (i.e., rheumatoid arthritis):
92.5% (75) in the Ethanol Group, and 87.1% (196) in the Control Group, (p = 0.22).
The average pre-treatment SFR was statistically worse (p < 0.001) in the Ethanol
Group (2.86) compared to the Control Group (3.83).
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Demographic Ethanol group Control group p-value*
(n = 81) (n = 225)

Average age (years) 63.6 65.5 0.50

Median; range 64; 41-96 62;28-99

Gender M = 58% (47) M = 48.4% (109) 0.15

M = male; F = female F = 42% (34) F = 51.6% (116)

Average BMI™* 353 334 0.06

Median 34.5 34

Comorbidities > 1%** 92.6% (75) 87.1% (196) 0.22

Average Pre-treatment SFR*™*** 2.86 3.83 <0.001

Range 2.65-3.07 3.33-393

*Statistical significance: p < 0.05.

“*BMI = body mass indesx, kg/m?.

***Comorbidities include diabetes mellitus, chronic obstructive pulmonary disease, drug-induced. immunosuppression
(i.e. chemotherapy for cancer), obesity, hypertension, end-stage renal disease, and autoimmune disease (i.e. rheumatoid
arthritis).

****SFR = SpO,/FiO, Ratio (Example: “normal” SFR: SpO, 0.98/0.21 = 4.67).

Table 1.
Demographic data.

Table 2 shows the use of “standard” (non-ethanol) treatments in both groups were
similar, with all patients having received one or more of the following drugs: rem-
desivir, tocilizumab, azithromycin, intravenous steroids (dexamethasone or meth-
ylprednisolone), and convalescent plasma. The most frequent in both groups were
remdesivir and intravenous steroids, but no statistical difference was found between
both groups for anyone “standard” treatment (p = 0.07-0.86).

Table 3 shows pre-treatment SFR, and average post-treatment SFRs for both
groups. In the ethanol group, the average SFR at 96 h (2.89) compared to pre-treat-
ment (2.86) was unremarkable. Notable, the average SFR at 96 h in the Control Group
had decreased from 3.83 to 3.69, but not statistically significant from the Ethanol
Group (p = 0.21). Although not quite statistically significant (p = 0.06), the Ethanol
Group had considerable improvement (21.7%) from the average pre-treatment SFR

Medication® Ethanol group Control group p-value™
(n = 81) (n = 225)
Remdesivir 457% (37) 56.4% (127) 0.22
Tocilizumab 4.9% (4) 8.9% (20) 0.34
Convalescent Plasma 17.3% (14) 16.4% (37) 0.86
Intravenous Steroids™** 55.6% (45) 70.2% (158) 0.26
Hydroxychloroquine™** 6.2% (5) 53.3% (12) 0.78
Azithromycin 28.4% (23) 14.7% (33) 0.07

"All patients in both groups received vitamins C, D3, and zinc.

**Statistical significance: p < 0.05; no statistical difference was found between the two groups.
***Dexamethasone or methylprednisolone.

****Removed from hospital “COVID-19 Formulary” in July 2020.

Table 2.
“Standard” COVID-19 medications received.
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Time of SFR' EtOH group Control group p-value
Average SFR Average SFR
(Range) (Range)
Pre-treatment 2.86 3.83 <0.001
(2.65-3.07) (3.33-3.93)
96 h post-treatment 2.89 3.69 0.21
Discharge from hospital 348 3.88 0.13
(3.28-3.68) (3.87-3.89)
A pre-treatment versus 96 h +1% =37 0.23
A pre-treatment versus discharge +21.7% +13 0.06

'SFR = SpO,/FiO, ratio; “normal” SFR: Sp0? 0.98/0.21 = 4.67.

Table 3.
Pre- and post-treatment SPO,/FIO, ratios.

(2.86) to discharge (3.48), compared to the Control Group which had a minor increase
(1.3%) from the average pre-treatment SFR (3.83) to discharge (3.88).

Comparison of clinical outcomes is shown in Table 4. Progression (e.g., worsen-
ing) of COVID-19 disease requiring transfer to the intensive care unit (ICU) occurred
less in the Ethanol Group compared to the Control Group: 8.6% (7), and 14.7% (33),
respectively (p = 0.18), equating to a 41% less chance of requiring transfer to ICU
for disease progression in the Ethanol Group. Intubation was necessary for all seven
patients in the Ethanol Group who required transfer to ICU, compared to 82% (27) in

Clinical metric EtOH group Control group p-value
(n=81) (n=225)
Transfer to ICU 8.6% (7)* 14.7% (33) 018
Intubation 8.6% (7) 82% (27) 0.57
ALOS (days) 6.88 9.98 0.03
Median 5.5 8
Range 427 6-33
Inpatient overall mortality 74% (6) 17.8% (40) 0.03
Overall survival 92.6% (75) 82.2% (185) 0.03
ICU mortality 71..4% (5) 48.5% (16) 0.41
Home 81.4% (66) 40.9% (92) <0.001
Home oxygen 45.7% (37) 64.4% (82) 0.15
Home health 34.6% (28) 28.9% (65) 0.40
DC to another facility** 6.2% (5) 38.2% (86) <0.001
Hospice 4.9% (4) 3.1% (7) 0.49

*One patient developed hospital-acquired pneumonia and progressive shock due to S. marcescens on day 5.
hospitalization; another vequired intubation for sudden cardiac arrest the day after 3rd EtOH
treatment.**Facility = long-term acute cave, nursing home, other skilled nursing, or vehabilitation.
Abbreviations: ALOS = average length of inpatient stay; DC = dischayge from hospital.

Table 4.
Clinical outcomes.
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the Control Group but was not statistically significant (p = 0.57). Notably, one of the
seven patients in the Ethanol Group who required transfer to ICU had developed pro-
gressive respiratory failure and sepsis due to hospital-acquired pneumonia (Serratia
marcescens) on day five of admission (two days post-third ethanol treatment), requir-
ing intubation and vasopressor support for shock, and subsequently expired in ICU.
Another patient expired having required transfer to ICU after emergent intubation
for sudden cardiac arrest the day following the third EtOH treatment, although hav-
ing been stable pre-arrest with no worsening hypoxemia or hemodynamic instability.

ALOS was less in the Ethanol Group (6.88 days, median 5.5, range 4-27) versus
the Control Group, (9.98, median 8, range 6-33) and was statistically significant
(p =0.03).

Inpatient mortality was also statistically less in the Ethanol Group (6) compared
to the Control Group (40): 7.4% and 17.8%, respectively (p = 0.03), translating to
a significantly improved survival in the Ethanol Group of 92.6% (75) compared to
82.2% (185) in the Control Group (p = 0.03). The mortality rates of patients who
required transfer to ICU because of disease progression were not statistically different
between the two groups (p = 0.41), although a larger percentage of patients in the
Ethanol Group (71%; n = 5) died compared to the Control Group (48.5%; n = 16).
Note: Post-discharge mortality vate is not known at this time.

Interestingly, and statistically significant, 81.4% (66) in the Ethanol Group were
able to be discharged to their homes compared to 40.9% (92) in the Control Group
(p < 0.001), and only five (6.2%) in the Ethanol Group required discharge/transfer
and admission to another healthcare facility for ongoing care (i.e. long-term acute
care, nursing home, skilled nursing, or rehabilitation) compared to 38.2% (86) in the
Control Group (p < 0.001). Four survivors (4.9%) in the Ethanol Group were dis-
charged to hospice care, comparable to 7 (3.1%) in the Control Group (p = 0.49). The
need for home health services post-discharge was similar: 34.6% (28) in the Ethanol
Group, and 28.9% (65) in the Control Group (p = 0.40). Considerably fewer patients
required supplemental home oxygen in the Ethanol Group (45.7%; n = 37) versus the
Control Group (64.4%; n = 82), though not statistically significant (p = 0.15).

5.7 Discussion

The results of this study suggest a number of positive benefits of inhaled ethanol
in the treatment of COVID-19 in non-ICU patients with acute hypoxemia. Statistically
significant benefits included decreased ALOS, improved survival, and increased
chance of discharge to home as opposed to requiring post-hospital treatment in long-
term acute care, extended care facility (i.e., nursing home), or other skilled nursing
facility (i.e. rehabilitation center, etc.). Other benefits included the decreased need
for transfer to ICU due to disease progression, decreased need for intubation and
decreased need for home oxygen. If such outcomes are confirmed in larger studies,
the benefits to patients and healthcare systems worldwide would be incredible.

The science is sound as noted by other researchers [48, 49] regarding the potential
use of inhaled ethanol as a treatment for COVID-19. Ethanol is rapidly absorbed in
the respiratory tract and then transported via the circulatory system to other tissues.
Nebulization into the nares (and mouth) has the benefit of direct deposition and
contact with the virus in the upper and lower respiratory tissues, from which it can
then circulate to other tissues where the virus has been shown to be present in autopsy
findings [12], allowing ethanol to circumvent the “first pass” metabolism by alcohol
dehydrogenase in the liver. The hypothesis is logical: direct deposition of ethanol
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on respiratory tissues may inactivate the virus in the respiratory epithelium thereby
inhibiting viral replication and thus decreasing the viral load—and the risk of the
inflammatory response (i.e., cytokine storm) which is responsible for organ failure
(i.e., ARDS, acute kidney injury, etc.). The clinical results in this study support the
hypothesis.

Obviously, while ethanol is known to inactivate SARS-CoV-2 on skin surfaces, the
amount needed to inactivate SARS-CoV-2 in the respiratory tract (and other human
tissues) is not known. The dose in this regimen was weight-based (0.31 g/kg for
females, and 0.33 g/kg for males), estimated to produce a blood alcohol concentration
of less than 0.08 mg %. Five ounces or 148 ml of wine is 12% EtOH by volume and
contains about 14 g of EtOH, or 0.095 g/ml, whereas 95% EtOH contains 0.75 g/ml.
Thus, in this regimen, for example, a 70 kg male would receive a nebulized dose of
EtOH of about 23 cc of EtOH or about 17 g of EEOH—3 g more than that in one glass
of wine [50]. (Of note, serum EtOH levels were not detectable 1-h post nebulization
treatments.) While the dosing of EtOH in this study showed benefits, the optimal
dosing and method of administration need further study. Plausibly, different dosing,
frequency, and duration of therapy may prove even more beneficial, and it may prove
more beneficial if initiated earlier, or within a specified time period of the initial
onset of COVID-19 symptoms. (Note: In this study, the duration of symptoms before
seeking treatment is not available.)

This regimen proved safe and was well tolerated in the great majority (89%) of
patients who were known to have been offered the treatment. No severe adverse or
untoward events were reported or discovered on review of the medical records. No
patient reported a feeling of intoxication, and none became noticeably intoxicated
during observance by medical personnel. All patients had onset of a temporary minor
cough and/or burning sensation in the nasopharynx and throat, which lasted about
2 min, but these were the reasons given by those who initially gave consent to try the
nebulized EtOH but refused subsequent treatments. No patient who received any or
all of the three-day regimen was found to have physical evidence of naso-oropha-
ryngeal mucosal inflammation. Likely, dilution of the nebulized weight-based dose
with sterile water by one-half is beneficial in reducing the mild cough and/or burning
sensation.

6. Where we currently stand

The ability of COVID-19 to cause widespread morbidity, mortality, and profound
stress on healthcare systems worldwide has been harrowing. Not only increased costs
of healthcare due to COVID-19 on the world economy, but this pandemic has had
major negative effects on the entire well-being of society—previously unseen for
many decades. No other disease has affected the current generation of medical profes-
sionals (or the world) like COVID-19. While other diseases exist for which there is
no effective treatment, the mere volume of cases of COVID-19 has made its indelible
mark.

From its beginning, the entire world felt the urgent need to find an effective
treatment for this novel virus, and the discovery and development of new treatments
for SARS-CoV-2 have been remarkable. Published data suggest definite benefits with
a variety of medications including antivirals, monoclonal antibodies [51, 52], and
high-titer convalescent plasma [51]. Based on COVID-19 pathogenesis, therapies that
attack the virus itself are more likely to work early in the course of infection, whereas
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treatments that restrain the immune response (cytokine storm) may have more influ-
ence later in the disease [13, 14, 53]. Unfortunately, these medications are costly,
and the prescriber of such treatments as the antiviral nirmatrelvir-ritonavir must
also consider the potential for significant adverse reactions and interactions with a
wide variety of other common medications that are highly dependent on CYP3A for
clearance and for which elevated concentrations are associated with serious and or
life-threatening reactions [54].

Obviously, as new COVID-19 variants arise, current therapy guidelines will need
to be amended. For example, bebtelovimab has activity against Omicron BA.2, but
there is a paucity of good clinical data showing an associated reduction in COVID-19
mortality [55, 56]. Monoclonal antibody therapies like sotrovimab, casirivimab-
imdevimab, and bamlanivimab-etesevimab have shown a reduction in death and the
need for hospitalization in outpatients who have a non-severe disease but at risk for
progression [57, 58]. However, these formulations are not appropriate for use in areas
where COVID-19 infection is most probably due to SARS-CoV-2 variants that are not
susceptible (i.e., Omicron, subvariants, etc.) [59].

Beyond question, prevention of this devastating disease is of utmost impor-
tance, and vaccines are very promising. Several COVID-19 vaccines are available
globally, but unfortunately, there are areas and populations of people who do
not have access to vaccinations [60, 61]. In addition, as with current therapeutic
treatments (e.g., anti-virals, monoclonal antibodies, etc.), the existing and future
effectiveness of vaccines is a genuine concern given the recurrent mutations
already witnessed in the SARS-CoV-2 genome. However, while vaccinations are a
mainstay of prevention, there will always remain a need for efficacious treatment for
those who become acutely infected.

6.1 Final comments

The results of this novel study should not be ignored. Not to downplay the
importance of new treatments and vaccines which have been developed since the
start of the COVID-19 Pandemic, unfortunately for the foreseeable future as new
variants arise, the proclivity of SARS-CoV-2 to mutate and cause widespread infec-
tion and wreckage to the health of individuals and society alike remains a global
health concern. The world needs an effective, safe, widely-available, and inexpen-
sive treatment for COVID-19—and inhaled ethanol may well be that needed treat-
ment. Extensive studies are needed to confirm and better define the use of inhaled
ethanol in combatting this disease—and other susceptible respiratory viruses (i.e.
influenza, etc.). If confirmed, inhaled ethanol has the potential to prevent morbid-
ity, and save lives, healthcare resources, and economies the world over. Extensive

research is needed to confirm the findings herein, but the results must not be
unheeded.’

> Addendum: Since this writing, data that suggests the benefits of inhaled ethanol in the treatment of
COVID-19 has been published, and supports the findings in this study [62].
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Chapter 8

Theoretical Bases for the
Disinfection of the SARS-CoV-2-
Contaminated Airways by Means

of Ethanol Inhalation

Pietro Salvatori

Abstract

Ethyl alcohol, or ethanol (EtOH), is a linear alkyl chain alcohol, whose condensed
structural formula is CH;CH,0H. Besides the common industrial and recreational
uses (spirits, cosmetics, fuelling, etc.), EtOH is considered a medicament and listed
in the European and US Pharmacopeias. Medically, EtOH is mainly employed as an
antidote in methanol and ethylene glycol poisoning, as an excipient in many medica-
ments, as a sclerosant agent, and as a powerful disinfectant. Less recently, EtOH
was shown to be both effective and safe in the treatment of pulmonary edema and
cough. This chapter deals with EtOH use in SARS-CoV-2 infection and COVID-19
treatments.

Keywords: SARS-CoV-2, COVID-19, ethanol, inhalation, public health

1. Introduction

This section resumes and adequately updates as of September 4, 2022 my
published article [1].

The SARS-CoV-2 outbreak has hit the global community and we are experiencing
the third wave after the first phase—and likely, a fourth one—as well as more aggres-
sive variants surge (Delta and Epsilon, Omicron, Centaurus). To this day, no specific
therapy has been identified as effective. While mass immunization campaigns take
along time, and pose questions about their effectiveness against new variants and
long-lasting protection, they are very likely to dramatically improve disease control.
As consequence, attempts to understand the cold chain and potential active eradica-
tion of the virus become of the highest significance and the emphasis on prevention
over pandemic control grows. In fact, the main objective still to be achieved for the
control of any contagious disease is the individuation and—possibly—treatment of
spreading subjects. According to this, research has been done on conjunctival cells,
upper respiratory tract goblet cells, type 2 pneumocytes, and enterocytes as the main
targets of the virus-binding receptors. Actually, epithelial cells of the nasal cavity
and lower respiratory tract, including alveolar cells, are associated with SARS-CoV-2
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entry factors, mainly angiotensin-converting enzyme 2 (ACE2) receptors [2] and
therefore, COVID-19 infection occurs initially in the epithelial layer of the upper
respiratory tract, followed by transfer to the lower respiratory tract [3]. According

to Madas et al. [4], pneumonia may be prevented by stopping or significantly limit-
ing the transit of viruses into the acinar airways during the gap between the start of
early symptoms and any potential clinical worsening. As a result, even non-specific
therapies like disinfecting the mouth, nose, and throat successfully keep the viral
load in the upper airways low enough to stop or delay the disease’s progression. A
very comprehensive study [5] on Wuhan’s population (about 10,000,000 individu-
als) demonstrates that, following a period of isolation, the incidence of symptomatic
individuals was reduced to 0.00303%, providing an indication of the success of
containment. Many of these infected individuals do not have any clinical manifesta-
tions of the disease; they are also known as “asymptomatic positives” or PAS (healthy
carriers?). Observations show that PASs have a noticeable SARS-CoV-2 viral load, and
this surely draws attention to their contribution to the epidemic’s progression. Among
a group of students, Nelson et al. [6] recently discovered that, in said group, contacts
of people who tested positive returned positive at rates of 10.4 and 4.8% after 3 and

9 days, respectively. One of the latest researches by Atripaldi et al. [7] discovered that
asymptomatic patients had a noticeable SARS-CoV-2 viral load. This highlighted the
importance of asymptomatic (and pre-symptomatic) individuals in the development
of the epidemic.

There still are no established criteria for identifying asymptomatic patients who
will spread the infection to other subjects; thus, all of them should be regarded as
being suitable for disinfection. Thus, early detection and potential treatment of
asymptomatic positive people are of major importance The goal is to terminate the
transmission chain and reduce or even end confinement time (and the related finan-
cial, social, and psychological costs), and promptly reintroduce recovered patients
back in society. The 14-day quarantine is undoubtedly the only option that now is
currently given to asymptomatic positive patients. It may be deduced from Liu et al’s
[8] study of SARS-CoV-2 contamination in quarantine rooms that unless the patient
lives alone, or each person present in the household has their own private rooms, the
strategy is likely to be unsuccessful. The objective is to highlight the extent of the
issue, illustrate available solutions, and investigate the effectiveness and toxicological
aspects that would support the use of inhaled ethanol (or ethyl alcohol) for airway
disinfection in SARS-CoV-2-infected patients who are asymptomatic. For research
publications published up to July 29, 2021, databases such as MEDLINE, Embase,
Europe PubMed Central, medRxiv, and bioRxiv, as well as the gray literature, have
been examined. Key findings were covered in our case reports (with five or more
participants), cohort studies, randomized controlled trials, and records of trial
registration:

* epidemiological data highlighting the extent of the problem;
* ongoing efforts in disinfection of SARS-CoV-2-positive asymptomatic patients;

* the ability of ethanol to eliminate or inactivate viruses, and SARS-CoV-2 more
specifically.

* potentially positive effects of ethanol on the airways.

118



Theoretical Bases for the Disinfection of the SARS-CoV-2-Contaminated Airways by Means...
DOI: http://dx.doi.org/10.5772/intechopen.108979

* ethanol’s both local and general harmful effects when ingested or inhaled.
* data allowing the identification of the therapeutic window for ethanol inhalation.

The explanation for the suggested novel technique was supported (or rejected)
based on reliable data.

2. Results
2.1 Extension of the problem

As of now (September 4, 2022), the world’s active cases are 610,144,519 and total
deaths reached 6,503,374 [9]. Thus, lethality accounts for 1.07%. Between 17 and
20% of positives are asymptomatic (healthy carriers) [10]. Within 8 days (mean),
43% of asymptomatic positive patients develop symptoms (of any kind) [11]. As even
more nations implement some form of quarantine laws, the effects on the social and
economic sectors are extremely detrimental. The mean viral load elimination time for
the upper and lower respiratory tracts, respectively is 14 days and 17 days, according
to a fairly recent meta-analysis [12]. Interestingly, no live virus has ever been found
9 days after the sickness first appears. Patients who were asymptomatic and those
who had symptoms were compared, and the results for the elimination time between
the two groups were inconsistent. Among health workers, Bongiovanni [13] reports
an average viral load elimination time of 22 days, which may be explained by their
propensity to receive a higher viral load in their work environment, compared to the
average population.

2.2 Current efforts

Metformin, ivermectin, and fluvoxamine have been studied in less severe COVID-
19 infections [14].

Protease inhibitors are currently used in high-risk patients [15].

Highly specialized medications such as monoclonal and polyclonal antibodies are
now being studied and used, but their high cost and possibility for effectiveness loss
caused by the spread of new variations severely restrict their potential advantages [16].

It is necessary to investigate the potential of nonspecific medications in the
absence of particular, well-established therapies for respiratory disinfection.
Guenezan et al. [17] made an effort to disinfect positive but asymptomatic individu-
als. Povidone iodine mouthwash and nasal spray both significantly increased viral
titer in a single small-randomized clinical study, although they had no impact on the
lower respiratory tract.

According to a recent randomized clinical trial [18], medical professionals could
significantly reduce their risk of contracting COVID-19 by using a nasal spray solu-
tion composed of dimethyl sulfoxide and ethanol.

2.3 Ethanol efficiency

Ethyl alcohol or ethanol is widely used in disinfection procedures. Additionally,
a substantial amount of integrated evidence shows that ethanol does indeed have
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antiviral properties, which may be related to the solvent’s effects on lipids (pericap-
sid) and the denaturation of proteins (capsid) [19]. The temperature and phase in
which the pericapsid is located (which derives from the cell membrane of the infected
host) affect the outcome. The effectiveness of ethanol in an aqueous solution of 35.2%
by weight (equivalent to 44% by volume) is the highest at about 50°C (crystalline
phase) and diminished or rendered ineffective at about 25°C (gel phase) [20]. It

is possible to assume an intermediate impact at human body temperature. Human
coronaviruses, including Severe Acute Respiratory Syndrome Coronavirus (SARS),
Middle East Respiratory Syndrome (MERS), and Human Endemic Coronavirus,

have been demonstrated to be significantly affected by ethanol where, on surfaces
such as plastic and glass, these viruses can survive for days. Disinfectants, such as
EtOH, have been demonstrated to diminish the coronavirus’s infectiousness in a short
amount of time. The said demonstrations showed a 62-71% effectiveness. Thankfully,
SARS-CoV-2 is an enveloped virus that is extremely sensitive to ethanol; current
experimental data show that an ethanol concentration of 30% v/v is able to inactivate
SARS-CoV-2 in 30 seconds [21].

* The quantity of alcohol required to reduce the SARS-CoV-2 viral load affecting
the lungs was determined by Manning et al. [22].

* According to estimates, COVID-19 has a viral load of 20 million copies per mil-
liliter of lung tissue.

* Adult lung tissue contains 120 * 109 (billions) (rounded to 200 * 109 (billions))
virus particles, many of which are infected cells.

* Itis estimated that 10 * 106 million molecules of ethanol are required to disinfect
or render a virus particle inactive.

* Ethanol has a density of around 0.8 g/ml = 800 g/1 = 800,000 mg/1 = 80,000 mg/
dl = 800 mg/ml. Its molar mass is 46 g/mol. A mole contains N = 6.02252 * 1023
molecules, which is equal to Avogadro’s number.

« To remove 200 * 10° (billions) of viruses, (10 * 10°) * (200 * 10°) = 2 * 10*®*mol-
ecules of ethanol will be needed (molar mass = 46 g /mol).

(2*10™® EtOH) / (N * 102EtOH/mol) = 3.3 * 10~® moles of ethanol

(33*10°°) * (46 g/mol) = 0.000153 gr = 153 pg of ethanol or 191.25 L.
2.4 Effects of ethanol on respiratory cells and microbiota

1.The relationship between alcohol exposure time and dose and the effect it has
on respiratory hairy cells is bimodal. Sisson [23] demonstrated (in vitro) that
ethanol (10 mM concentration = 0.46 mg/ml) caused a 40% increase in beat
frequency (6 Hz to 8.5 Hz) after only 10 minutes of treatment. A mechanism that
is dependent on nitrogen oxide is responsible for this result. However, the same
experiment performed with ethanol at a greater concentration (1 M = 46 mg/
ml) resulted in a decrease in the beat frequency, demonstrating that etha-
nol could a harmful impact by desensitizing ciliary motility, which makes it
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stimulation-resistant (a process known as Alcohol-Induced Ciliary Dysfunction
mediated by oxidative stress) [24].

2.Up to the 1950s, inhalations of EtOH were proven to be both safe and effective
for treating coughs and pulmonary edema [25-28].

3. Up to 9 mg of ethanol per actuation is frequently used as an excipient in inhala-
tion treatment for asthma and chronic obstructive pulmonary disease [29].

It is possible that EtOH might have a harmful effect on the respiratory microbiome,
but there is no solid evidence of this in the medical literature. In contrast, some helpful
remarks could emerge from this. As a matter of fact, Sulaiman et al. [30] discovered
that a poor clinical outcome was connected to an enrichment of the lower respiratory
tract’s microbiota with an oral commensal (Mycoplasma salivarium) and an enhanced
SARS-CoV-2 virus load in a group of patients intubated with COVID-19. Intensive care
patients with SARS-CoV-2 showed full depletion of Bifidobacterium and Clostridium,
according to Rueca et al’s [31] study of the nasal/oropharyngeal microbial flora.

2.5 Ethanol toxicity

The toxicity of acute inhalation of ethanol has mostly been researched in four
real-world scenarios. From a toxicological perspective, there is a significant difference
between ingested and inhaled ethanol, since the latter bypasses the first necessary
metabolic step of ingested ethanol and instead travels straight to the left ventricle of
the heart and the brain [32].

Surgical disinfection of the hands. Bessonneau [33] has demonstrated that the
cumulative dose of ethanol inhaled in 90 seconds while surgically disinfecting hands
with a gel containing ethanol at a concentration of 700 g/1is 328.9 mg. The blood
alcohol content would be 203.9 mg, giving blood alcohol content (BAC) of 40.6 mg/L
because the inhalation/absorption rate (i.e., the amount of ethanol that passes from the
alveoli to the bloodstream) is 62%. Hypothetically, even if ethanol absorption was to
happen instantly (rather than during 90 seconds), the blood alcohol level would still be
well below the limit that is deemed toxic (500 mg/L in Italy and 800 mg/L in the major-
ity of the United States). Healthcare workers may disinfect their hands up to 30 times
per day [34], which results in a daily dose of inhaled ethanol of 9.86 grams, depending
on the frequency of surgical hand disinfection associated with appropriate care activi-
ties with a high risk of contamination (for instance, by washing incontinent patients).

Liquid contained in some “e-cigarettes” (electronic cigarettes) may contain ethanol
in various proportions. The usage of electronic cigarettes containing 23.5% ethanol and
utilized with various suction mechanisms is reported in the study by More [35] along
with statistics on ethanol absorption. The said statistics showed that the absorption
of ethanol never exceeded 0.85 mg/l. The calculated blood alcohol content never went
over 0.85 mg/l. The estimated blood alcohol level by projecting to triple or quadruple
concentrations should be 0.85 mg/Ix 3 = 2.55 mg/L in the first hypothesis and 3.4 mg/L
in the second, which are both substantially below the toxic limit.

Patients with COVID-19-pneumonia are now being researched to see if ethanol
inhalation could be a viable therapy option [36].

Additionally, a phase II clinical trial has been filed to assess the effectiveness and
safety of inhaled ethanol in the early stage of COVID-19 therapy. The trial is now
actively recruiting new participants [37, 38].
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In rodents breathing, 65% v/v ethanol for 15 min every 8 hours (3 times a day),
for five consecutive days (flow rate: 2 L/minute), Castro-Balado et al. [38] examined
the mucosal or structural damages to EtOH in the lung, trachea, and esophagus. The
calculated absorbed dosage was 1.2 g/kg/day. Under the same conditions, this dosage
in humans would be equivalent to 151 g per day. Notably, neither the treated animals
nor the controls’ histology samples showed any signs of damage.

Numerous studies suggest that industrial exposure is not a problem in reproductive
medicine (Irvine) [39] nor in oncology (Bevan) [40], despite the toxicity of chronic
ethanol inhalation. In Bevan’s [40] research, the occupational exposure limit (OEL)
for the United Kingdom was examined (1000 ppm of ethanol = 1910 mg/m3 over an
8-hour shift). It was also determined that ingesting 10 g of ethanol (roughly one glass of
alcohol) per day would be perfectly in line with the occupational exposure limit (OEL).
These numbers are in perfect agreement with Bessonneau’s [33] and Boyce’s [34] reports.

Chronic ethanol use is not the same as chronic ethanol abuse, which can result in
lung damage (alveolar macrophage dysfunction, increased susceptibility to bacterial
pneumonia, and tuberculosis) [41].

The greatest amount of ethanol that can be instantly administered to a healthy
adultis 2.5 g, given that the blood volume is roughly 5 L and the maximum permis-
sible blood level of ethanol is 500 mg/L.

Elimination of ethanol occurs at a rate of 120 to 300 mg/L/hour [42]. Alcohol
dehydrogenase breaks down 95% of EtOH that has been consumed (or breathed),
while the remaining 5% is removed—unaltered—by exhaled air, urine, perspiration,
saliva, and tears.

2.6 Inhaled ethanol therapeutic window

On this subject, no focused research was found.

The highest permitted ethanol dose or concentration, however, will be determined
using previous data from regulatory reports [40].

Each type of inhalation treatment is potentially more effective compared to any
other mode of delivery for treating airway diseases [22].

3. Discussion
3.1 Dimension of the problem

The SARS-CoV-2 outbreak pattern exhibits a rather steady trend combined with
local upsurges, most likely as result of variant selection and superspreader events
[43]. In addition to the immeasurable worth of the suffering and lives lost (4,203,776
to date), the world’s lost economic output has tremendously increased to roughly 3.94
trillion U.S. Dollars [44]. These findings logically support the intensive treatment of
positive asymptomatic people in an effort to limit or, ideally, stop the spread of the
infection.

3.2 Current efforts

In a study evaluating metformin, ivermectin, and fluvoxamine, none of the drugs
were effective in avoiding hypoxemia, ER visits, hospital stays, or deaths related to
COVID-19 [14].
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Protease inhibitors seem to have the potential to cause a rebound infection and
appear to be ineffective against some SARS-CoV-2 strains [45, 46].

There is currently no published research on the regular use of monoclonal anti-
bodies to treat SARS-CoV-2 positive and asymptomatic individuals. Furthermore,
their high price and the probable loss of efficacy owing to variants seem to substan-
tially restrict any benefit.

In the pharynx and oral cavity, povidone-iodine [17] has demonstrated excellent
efficiency in lowering the viral titer. Povidone-iodine gargles, however, does not reach
the lower respiratory tract, which is a notable limitation. However, as it focuses on the
management of a crucial stage in the chain of viral transmission, this work deserves
special attention. Of course, inhaling ethanol removes the previously mentioned
limitation.

Actually, the experience of Hosseinzadeh [18] has shown that ethanol (together
with dimethyl sulfoxide) can be delivered as a nasal spray in a safe and efficient way.
In this randomized clinical trial involving volunteer healthcare providers without a
history of SARS-CoV-2 infection or COVID-19, it has been clearly demonstrated that
such a prophylactic measure can considerably prevent COVID-19 in the treated group.
Namely, the risk of COVID-19 was about eightfold higher in those who used routine
care than in those who used dimethyl sulfoxide-ethanol spray.

3.3 Ethanol efficiency

There is no question regarding ethanol’s ability to kill or inactivate SARS-CoV-2,
even at concentrations as low as 30% v/v in just 30 seconds, according to experimen-
tal and clinical data [21].

Alcohol is probably ineffective against intracellular viruses. It is crucial to
extend ethanol inhalation by at least 3 days, since viral multiplication happens in
48-72 hours, which is then followed by cellular death and shedding. Additionally,
ethanol is fundamentally effective against all SARS-CoV-2 variants and other “envel-
oped” viruses due to its non-specificity. This particular characteristic broadens the
ethanol’s range of activity against the SARS-CoV-2 pandemic and suggests its use in
potential future viral epidemics.

The determined theoretical lowest dose of ethanol (= 153 pg) required to eradicate
the fictitious virus load is relatively low when compared to daily exposure to many

different jobs.
3.4 Ethanol effects on respiratory cells and microbiota

Alcohol’s impact on respiratory hairy cells has been demonstrated by Sisson [23]
to be a bimodal function of both exposure time and dosage. Low concentrations of
ethanol (10 mM = 0.46 mg/ml) cause an increase in ciliary clearance, which may help
to speed up the viral load’s elimination once it has, theoretically, been made inactive
by ethanol’s own physicochemical features.

There is currently not enough research on how short-term ethanol administra-
tion affects respiratory microbiome. On the other hand, certain recommendations
can be made in this regard. In fact, patients in the intensive care unit who had
abnormally high levels of M. salivarium in the lower tract or low levels of clostridia
in the upper tract had worse outcomes. It is noteworthy that ethanol totally inacti-
vates SARS-CoV-2, mycoplasma, and SARS-CoV-2 (Eterpi et al.) [47]. Additionally,
certain strains of clostridia are known to independently produce ethanol on their
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own [48]; this ability has been used in commercial ABE fermentation to create
acetone, butanol, and ethanol [49]. The lack of nasopharyngeal clostridia may hypo-
thetically result in decreased or nonexistent local ethanol production, which would
then let SARS-Cov-2 remain active at this level and move to the lower respiratory
tract [3].

3.5 Ethanol toxicity

Rules governing acute ethanol exposure vary by nation or state and are subject to
laws. The maximum Blood Alcohol Concentration (BAC) for the general public in
the USA is between 500 and 800 mg/L. The regulation also restricts the maximum
amount of chronic ethanol exposure in the workplace. For instance, the occupa-
tional exposure limit (OEL) for ethanol in the United Kingdom is 1000 parts per
million (ppm) of ethanol, or 1910 mg/m3, during an 8-hour shift, which is equiva-
lent to consuming 10 g of ethanol (about one glass of alcohol) daily, according to
estimates [40]. These numbers much exceed the amount that would theoretically be
needed to reduce the virus load in the respiratory tract. There have been many and
vocal concerns made concerning the potential mucosal harm that inhaled ethanol
might cause. These worries appear to have been completely dispelled by the thor-
ough study by Castro-Balado et al. [38]. Interestingly, in the RCT from Hosseinzadeh
[18], collateral effects are not mentioned, perhaps because were lacking or minimal
and tolerable.

3.6 Inhaled ethanol therapeutic window

One must inevitably connect to the current experience because no focused
research on this subject was found [33, 40].

Therefore, it appears acceptable and rational to declare that the hazardous risk
of such acute inhalation—that is, about 330 mg—may be viewed as negligible [33].
This is because surgical cleaning with 70% ethanol for 90” is a daily habit and should
generally be suggested and implemented. In reality, even if this dose was adminis-
tered instantaneously to a healthy adult, the amount of ethanol in the air patients
would inhale would be 0.078 mg/ml or 330 mg/5 L (airway volume). This quantity
is significantly lower than both the legal limit of 500 mg/L (0.5 mg/ml) and the
experimentally determined threshold of alcohol-induced ciliary dysfunction, which is
46 mg/ml [23]. Given that the lung and blood volumes are similar, equivalent num-
bers for the blood’s ethanol concentration—which is far lower than the 500 mg/L legal
lethal dose— could be derived.

However, this dose is a thousand times greater than the minimal dose of 153 pg
needed to inactivate the calculated viral load in the lungs [22].

Each type of inhalation treatment is potentially more successful than any other
method of administration for treating airway diseases [22]. Aerosol treatment enables
lower doses, access to “hidden” regions, improved targeting of certain cells or com-
partments, etc., all of which boost the bioavailability of medications.

The size of the particles generated—classified according to the Aerodynamic
Median Mass Diameter, or AMMD—well relates to the site to be treated. For the
purpose of this chapter, the AMMD of the aerosol particles should be 5 pm.

Because of the relatively fresh technique suggested in this chapter, it is expected
that there are little consolidated data in medical literature.
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Focusing on the issue’s dimension revealed that, in terms of threats to personal
and societal health as well as associated economic costs, the disinfection of asymp-
tomatic positive patients is crucial. There are currently no viable or affordable
solutions to the issue.

Within a well-defined framework, the review and update of information attest
to the high effectiveness and tolerable toxicity of inhaled ethanol. As a result, it is
appropriate to administer inhaled ethanol to SARS-CoV-2-positive patients who are
asymptomatic. A clinical trial should be carried out to examine its efficacy and toler-
ance in particular scenarios, as already suggested by Prof. Shintake [50] on March 17,
2020, and Dr. Amoushahi et al. [51] on May 25, 2020. Certainly, the research would be
speedy, affordable, and straightforward to carry out.

The Authors post the following propositions:

It must be made clear that ethanol treatment is not believed to be an alternative to
vaccination but rather must be considered complementary with it because vaccina-
tion appears to not prevent infection and disease from subintrant variants [52]. IF IT
IS FOUND THAT THIS TREATMENT IS EFFECTIVE, THE FOLLOWING HEALTH
BENEFITS COULD BE EXPECTED:

reduction of the viral load on the respiratory tract, if not elimination, in a period
of time much less than the duration of the normal cycle.

lowering the viral pressure on the immune system of the infected person to
decrease the disease’s course.

decrease in the quantity of virus that is actively released when someone coughs or
sneezes.

reduction in the spread of the infection.

Minimal biological/health consequences (lethality, pulmonary fibrosis, psychiat-
ric disorders, etc.).

4. Proposal for a study
4.1 Aim and scope

A study in which ethanol is administered as an inhaled vapor to SARS-CoV-2-
positive asymptomatic patients.

The aim is to eradicate or, at the very least, lower the viral load of the respiratory
tract, of course, in a span of time much shorter than the natural one.

The predicted health advantages include the following:

* Reduction of the viral pressure on the infected subject’s immune system to halt
the disease’s progression.

* A decrease in the quantity of virus that is actively released when someone coughs
or sneezes.

* A reduction in the infection’s spread.

* Less biological/health harm (lethality, pulmonary fibrosis, psychiatric disorders,
etc.)
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4.2 Dosage and timing

Given that the lowest concentration of ethanol that is effective against SARS-CoV-2 is
30% v/v (Kratzel) [20], it is considered reasonable and wise to use a concentration that is
between the one mentioned above and the one used for surgical disinfection (70%) [33].

In essence, the following dose is suggested: 1 ml of normal saline solution at 50%
v/v (galenic preparation) =390 mg (i.e., 50% by volume = 39% by weight, then 1 ml
=390 mg), in 2 at 5 minutes. Although the proposed dose is in absolute terms slightly
higher than the dose inhaled during surgical disinfection, it can be assimilated
because it is delivered over a longer time.

4.3 Delivery system

Each type of inhalation treatment is potentially more successful than any other
method of administration for treating airway illnesses [22]. Aerosol treatment enables
lower doses, access to “hidden” areas, improved targeting of certain cells or compart-
ments, etc., all of which boost the bioavailability of medications.

According to the Aerodynamic Median Mass Diameter, or MMAD, the size of the
particles produced is closely tied to the area that has to be treated.

1.1t is advised that patients utilize a nebulizer, a medical aerosol device, and a
mask that covers their mouth and nose. The patient should start nasal inhalation
with the mask at a comfortable distance from the face, gradually lowering this
distance as much as possible to avoid or reduce the initial (moderate) burning
sensation. According to the distillation curve, the ethanol breathed in the begin-
ning is at a higher concentration (approximately 65% v/v) while nearing the
ending of the session, in obedience of the distillation curve.

2.The mass median aerodynamic diameter (MMAD) of the aerosol particles
should be 5 pm.

4.4 Scheduling
Every 8 hours (6- to 10-hour intervals), for 7 days, there will be one activation
(treatment), for a total of 21 administrations. When two-thirds of the solution has

been administered, the administration might be terminated, according to the distilla-
tion curve.

4.5 Candidates
1.Individuals that turned a positive rapid antigenic test or RT-PCR for COVID-19.
2. Absence of symptoms (fever, anosmia, ageusia, cough, ultrasound, or CT as-
sociated with infiltrating/interstitial pneumonia, diarrhea) at the time of testing
positive. The potential development of symptoms while undergoing the adminis-
tration is not a requirement for exclusion.

4.6 Inclusion criteria

Age > 18 years old; ability to give informed consent.
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4.7 Exclusion criteria

Alcoholism or a history of adverse reactions to ethanol, drug addiction or previ-
ous treatment for alcoholism/drug addiction, currently on disulfiram or cimetidine,
non-drinkers of alcohol (no absolute criteria), any liver disease, uncontrolled
diabetes, acute or chronic pancreatitis, serious respiratory diseases, tuberculosis or
other mycobacterial infections, confirmed or suspected pregnancy, active psychosis,
inability to give legally valid informed consent.

4.8 Measures

o After 1 week or at least 10 ethanol doses, nasopharyngeal antigen and molecular
swabs (RT-PCR) should be collected. Depending on the current quarantine laws
of local, regional, and national health authorities, values are articulated as either
positive or negative dichotomies.

* A negative sample must be taken at the conclusion of the quarantine or just
before the individual is readmitted in community, all of this, depending on local
regulations.
* Determination of viral strain is considered a plus.
4.9 Type of study

Randomized clinical trial.

Arm A: treatment as above, quarantine as prescribed.

Arm B: no treatment, quarantine as prescribed.
4.10 Sample size

This is to be estimated with accuracy using biostatistical knowledge. Although the
predicted difference between the two groups (treatment and controls) is projected
to be roughly 60%, if we anticipate recruiting 150 participants in total, we are not far
from very concrete evidence.

4.11 Primary outcome

Reduction of the mean time to eliminate the viral load (see MEASURES) from 17
to 7 days.

4.12 Secondary outcome

* A decrease in the mean time to viral load eradication (see MEASURES), from 17
to 5 days.

* A decrease in the mean time to viral load eradication (see MEASURES), from 17
to 3 days.

* Reduction in the rate (below 43%, at least) of asymptomatic subjects who will
develop symptoms.
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* Comparison of the mean timeframes for viral load (see MEASURES) decreases in
the general population and among medical professionals.

If the proposed treatment were successful in improving health, tremendous
benefits could be anticipated:

* Reduction in the financial burden caused by decreased (if not complete interrup-
tion) labor productivity (the global GNP (Gross Domestic Product) decline for
2020 is close to 10%) and medical expenses. Savings should be in the number of
billions of euros.

* Faster return to normal life (school, work, sports, travel, reduction of measures
restricting personal freedom, etc.).

* Ethanol is potentially active no matter the variant in circulation thanks to its
nonspecific action mechanism.

* Additionally, it could be effective against “enveloped” viruses that could be the
origin of upcoming epidemic outbreaks.

* The pressure on the vaccination campaign can be reduced thanks to the viral
circulation’s slowing down.

* Even nations with limited financial resources may control the SARS-Cov-2 out-
break effectively thanks to the wide availability and inexpensive cost of ethanol.

Abbreviations

PAS positive asymptomatic subjects
ACE2 angiotensin-converting enzyme 2
EtOH ethanol

SARS Severe Acute Respiratory Syndrome Coronavirus
MERS Middle East Respiratory Syndrome
HcoV Human Endemic Coronavirus

OEL occupational exposure limit

ABE acetone, butanol, ethanol

BAC blood alcohol concentration
AMMD aerodynamic median mass diameter
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Ethanol as a Subgroup of the
UNIFAC Model in the Prediction of
Liquid-Liquid Equilibrium in Food
and Fuel Systems
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Abstract

Ethanol has been employed as a solvent in biodiesel production and vegetable oil
refining since it is more economically attractive and less toxic than methanol and
hexane. Furthermore, ethanol has demonstrated easy recovery, good selectivity, and
distribution coefficient for free fatty acids (FFA), which is the primary target in the
refining process since high acidity oil can lead to the formation of side products. As
the knowledge of phase equilibrium behavior of fatty systems is essential to design
and optimize the extraction of FFA, this chapter will present two new UNIFAC sub-
groups for ethanol: EtOH-B, focused on biodiesel production; and EtOH-D, focused
on the deacidification process. Except for ethanol and water subgroups fitted in this
study, all remaining UNIFAC parameters were taken from the literature. The new
EtOH-B and EtOH-D parameters provide a considerably lower mean square error
(1.20% and 0.87%) than the other works available in the literature. The results show
that new ethanol subgroups and the developed methodology are valuable tools in
predicting liquid-liquid phase equilibrium for ethyl biodiesel and vegetable oil
deacidification systems considered, resulting in reduced computational calculations
and a relatively small split with the complex dataset established by the UNIFAC-LL
model.

Keywords: biodiesel, deacidification, ethanol, liquid-liquid equilibrium, vegetable oil,
UNIFAC

1. Introduction

Several studies have introduced ethanol as a solvent for liquid-liquid extraction,
resulting in a satisfactory reduction of free fatty acid (FFA) content in oils [1-4]. High
acidity level vegetable oils need to be refined either for human consumption or for
fuel production. In this way, ethanol can act both as a solvent for oil deacidification by
liquid-liquid extraction and as a reagent for transesterification reaction.
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Considering edible vegetable oil, high levels of FFA have been associated with
digestive problems for consumers, autoimmune disorders, and various types of cancer
[5-8]. Besides health problems, the content of pigments, phosphatides, odoriferous
molecules, and free fatty acids in edible vegetal oil is detrimental to the oil quality,
oxidative stability, and consumer acceptance. Among these impurities, FFA is the
most detrimental because they increase the acidity of the oil, inducing an undesirable
rancid flavor [9]. In order to reduce neutral oil losses and production of undesired
compounds, caused by unwanted chemical reactions [10], liquid-liquid extraction
using ethanol as a solvent can replace the conventional physical and chemical refining
processes.

Besides deacidification of edible vegetable oils, ethanol can be employed in biodie-
sel production. The conventional biodiesel production process requires the use of a
feedstock with reduced acidity; however, residual oils are characterized by a high FFA
content, which promotes soap production with the alkali homogeneous catalysts used
in transesterification [11]. Thus, feedstock purification processes, such as oil deacidi-
fication, through solvent extraction are needed. Using residual oils for biodiesel pro-
duction can provide several advantages when compared to the conventional process
with refined oils, such as the minimization of environmental impacts related to the
disposal of waste oils, a noncompetitive relationship with the food crops, and avail-
ability of the feedstock supply, which accounts for over 70% of the refined oil biodie-
sel production costs [12].

In order to correctly design, operate and optimize extraction columns and the
subsequent additional purification or solvent recovery units, liquid-liquid phase
equilibrium (LLE) data are necessary to determine the thermodynamic properties
of the systems composed of oil, solvent, and FFA [3, 13]. In general, most of the
phase equilibrium data for biodiesel systems use methanol as the reacting alcohol [14],
studies regarding systems with ethanol are more recent [15]. Some advantages
of using ethanol as a solvent are its high affinity for FFAs at ambient temperature,
low toxicity when compared to methanol, and its easy removal under mild
conditions [16, 17].

Thermodynamic modeling can be used to predict or correlate the experimental
behavior of fatty acid systems described through LLE data. The approach using excess
Gibbs energy models is widely applied to describe biodiesel and vegetable oil systems
through thermodynamic models, such as NRTL [18-22], UNIQUAC [18, 22-24], and
UNIFAC [25-28]. Although thermodynamic models, such as UNIQUAC and NRTL,
are capable of accurately representing the experimental data, both are restricted to the
specificity of the type of vegetable oil used, as the phase equilibrium parameters are
adjusted solely for the system described in the experimental data used for the LLE data
fitting. Numerous types of refined or residual feedstocks are available for biodiesel
production or require deacidification to be safe for human consumption. Thus, the use
of a predictive group-contribution method, such as UNIFAC, to describe the phase
behavior of the variety of biodiesel reaction systems or deacidification of edible
vegetable oil systems is motivated, as larger number of systems would be useful.

In the UNIFAC model, alcohols, such as methanol and propanol, used to be
represented by a specific group. As stated by Magnussen et al. [29] in their work, 1-
propanol (CH;CH,CH,O0H) can be represented, in principle, by the CH3, CH, and OH
subgroups. However, the fitting of these parameters in the UNIFAC parameter table
depends on several other molecules that present these subgroups. An approach that
represents molecules by a subgroup of their own, as in the case of methanol (CH;0H),
can provide more accurate property calculations.
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On account of the growing tendency of substitution of environmentally damaging
chemicals for less impactful compounds, added to its availability and price in the
context of biofuels in Brazil and other countries, the use of ethanol as a solvent or
reactant is expected to vastly increase. Therefore, the study of the possibility of using
ethanol as UNIFAC subgroup must also be evaluated.

In the literature, the thermodynamic modeling of these systems focuses on the
UNIQUAC and NRTL models. Reipert et al. [30] correlated the LLE experimental data
of refined babassu oil, lauric acid, and hydrated ethanol using the NRTL model. The
mass fraction root mean square error (RMSD) between the observed and estimated
compositions was 0.85%. Gongalves et al. [31] applied NRTL and UNIQUAC models to
correlate LLE experimental data for corn oil with a hydrated ethanol solvent system at
room temperature and atmospheric pressure. The RMSD of 0.89% and 0.92%, respec-
tively. Rodrigues et al. [32] investigated the LLE of Brazil nut oil or Macadamia nut oil +
commercial oleic acid + ethanol + water, at 298.2 K. They reported RMSD not higher
than 1.5% using the NRTL and UNIQUAC models. Basso et al. [19] determined LLE
data for glycerol + ethanol + fatty acid ethyl ester from crambe oil system and adjusted
parameters for NRTL model. The RMSD between experimental and calculated values
by the NRTL model was less than 0.82%. The authors verified the prediction capacity of
the UNIFAC model by testing two different sets of UNIFAC binary interaction param-
eters and obtained a RMSD of 2.27% and 3.97%, respectively. Da Silva et al. [20]
established experimental data for Jatropha curcas oil + oleic acid + ethanol + water
systems at (288.15, 298.15, 308.15, and 318.15) K and correlated the experimental data
by the nonrandom two-liquid (NRTL) model with temperature-dependent binary
parameters. For all systems, the RMSD was lower than 0.96%. Basso et al. [33] obtained
LLE experimental data of systems containing glycerol + ethanol + ethyl biodiesel from
macauba pulp oil, performed thermodynamic modeling, and simulated the settling step
of this biodiesel using simulation software. Binary interaction parameters were adjusted
for NRTL and UNIQUAC models and the RMSD between experimental data and calcu-
lated values were 0.44%, 1.07%, 3.52%, and 2.82%, respectively, using the NRTL,
UNIQUAC, UNIFAC-LLE, and UNIFAC-Dortmund models.

All the aforementioned studies indicate that the NRTL and UNIQUAC models can
reproduce the experimental liquid-liquid behavior of the systems involving vegetable
oil + fatty acids + ethanol + water and biodiesel + glycerol + ethanol. However,
although these thermodynamic models represent satisfactorily the experimental data,
the NRTL and UNIQUAC parameters obtained in these studies are specific to these
systems, consequently, they are restricted to the specific vegetable oil used in the
parameter correlation. Considering the numerous types of vegetable oils that need
deacidification, and different triacylglycerides matrices that can be used for biodiesel
production, new parameter-fitting procedures are required for other systems, and
new experimental databanks are required [9, 17, 30]. However, the new parameter-
fitting procedures required for new systems are not mandatory if we consider the
group contribution method. UNIFAC (UNIQUAC Functional-group Activity Coeffi-
cient) model [34] is a group contribution method established by Fredenslund, Jones e
Prausnitz in 1975, that can predict the liquid-liquid behavior of systems containing
fatty acids using the activity coefficient calculation, which considers the interaction
between the subgroups that form the molecules. Fredenslund et al. [34] proposed a
group contribution method that could use experimental data available in the literature
to predict the LLE of systems with no disposable experimental data.

Models based in group contribution concept estimate the properties of a mixture
considering it as a solution of different functional groups that forms the molecule in the
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Figure 1.
Soybean oil (left) and coconut oil (vight) molecular structures.

mixture. As can be seen in Figure 1, soybean and coconut oils are different molecules, but
the same chemical compounds are encountered in these molecules. Considering these few
functional groups as building blocks, a vast array of vegetable oil can be represented, as
all vegetable oils present the same functional groups only differing in quantities.

This type of predictive model applicable to a larger number of systems would be
useful and important in the food industry and biofuel industry, respectively, given the
diversity of raw materials and the fact that most systems are multicomponent, and the
variety of generated biodiesel systems.

Physical and chemical properties are considered as a sum of all contributions made
by each one of the functional groups. These contributions are quantified according to
the interaction parameters, adjusted by experimental data.

This model was extensively applied to study the liquid-liquid equilibrium of
vegetable oils.

Batista et al. [2] applied UNIFAC and ASOG (analytical solution of groups) group
contribution methods to correlate interaction parameters of triolein + oleic acid +
ethanol and triolein + stearic acid + ethanol systems. The parameters were validated
for canola, corn, and Spanish oil and the root mean square deviation between exper-
imental and calculated molar fractions were 1.31% and 1.32% for the UNIFAC and
ASOG models, respectively.

Bessa et al. [35] tested the predictive capability of the original UNIFAC model
parameters and then modified them in terms of new readjusted binary interaction
parameters. Due to inadequate results obtained by UNIFAC model without any
changes in its subgroups, the authors introduced a new group (“OHgly”) and two
matrices of parameters were adjusted. The authors obtained good predictions and a
significant improvement in the performance of this group contribution model has
been achieved.

Noriega and Narvaez [28] proposed a new set of UNIFAC group interaction
parameters to describe the LLE for all the systems involved in biodiesel production.
The parameters presented a RMSD up to 2.07%.

In the UNIFAC model, the activity coefficient is given in terms of a combinatorial
contribution taking into account entropy effects arising from differences in molecular
size and shape, and a residual contribution taking into account energetic interactions
between the functional groups in the mixture. To achieve a better description of the
experimental data composed by the molecules presented in Table 1, the chosen sub-
groups to represent the studied fatty systems were as follows: CH;, CH,, CH, CH=CH,
COOH, CH,COO, OH, H,0, and the new proposed group EtOH.

Therefore, this chapter proposes the adjustment of thermodynamic parameters of
the UNIFAC model considering a new ethanol subgroup in order to predict the LLE
for systems containing food or fuel. The fact that vegetable oils present different types

138



Ethanol as a Subgroup of the UNIFAC Model in the Prediction of Liquid-Liquid Equilibrium...
DOI: http://dx.doi.org/10.5772 /intechopen.108420

Molecule Subgroups

Ethanol 1 EtOH

Water 1H,0

Glycerol 2 CH,, 1 CH, 3 OH

Fatty acid n CHs, n CH,, COOH

Triacylglycerol n CH3, n CH,, nCH, nCH=CH, CH,COO

Biodiesel n CH3, n CH,, nCH, nCH=CH, CH,COO
Table 1.

Chosen subgroups to represent the studied fatty systems.

of constituent fatty acids but with similarity in their structure makes it possible to use
a predictive approach that represents the interactions between groups based on
UNIFAC thermodynamic model in the proper representation of the LLE for industrial
separation processes. Thus, this study aims to present such methodology in the pre-
diction of food systems containing FFA to be separated as well as systems containing
fuels, focusing on biodiesel produced from vegetable oils.

2. Methodology

The isofugacity criterion for phase equilibrium is conventionally used to describe a
condition at which the chemical potential of each component is equal in the phases
among which this component can distribute. If fugacities are expressed in terms of
activity coefficients, the LLE using an excess Gibbs energy model is represented by
Eq. (1) [34].

X?P}’;‘H) _ xiOPyiOP (1)

where x21” and xP" are the molar fractions of component i in the alcohol and oil
phases, respectively, and y2¥ and y?F are the activity coefficients of component i in the
alcohol and oil phases, respectively.

In this chapter, the activity coefficients are calculated through UNIFAC model
[34], which considers the combinatorial and residual contributions, Eq. (2).

Iny; = InyS + InyR (2)

The combinatorial contribution y¢(Eq. (3)) is related to the difference in size and
shape of molecules. The volume fraction @; and surface fraction 6; of each molecule i
are obtained using Eq. (5) and (6), respectively.

¢y 2l i PN
Iny$(x) = In .. +34; In o +1; .. ]E:l xil;, (3)
z
I; :i(yﬁqi) — (r; —1);Z = 10. (4)
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ViX;
@i = (5)
Zj:l”jxj
q:%i
0 = = — (6)
Zj:lqjxf

where x; is the mole fraction of component i and #; and ¢; are the measures
of molecular van der Waals volumes and molecular surface areas, respectively.
They are calculated as the sum of the group volume and group area parameters,
Ry and Q,,.

g

v = Z l/kiRk (7)
k=1
g

;=Y Qe (®)
k=1

where vy; is the number of groups of type k in molecule i. Here, we use the values
of Ry, and Q,, reported by Magnussen et al. [29]. Os valores R, e Q,, sdo calculados a
partir do volume e area superficial dos grupos de Van der Waals (V. e Ay,
respectivamente), retratado por Bondi (1968):

Vwk
R =
k= 1517 ©)
Awk
= 10
Q 2,5x10° (10)

The residual contribution y¥, described through Eq. (11), is due to group areas and

group interaction parameters. I', and F,Ef) are the residual activity coefficient from
group k in the solution and in a solution containing only molecules of type i,
respectively.

Iny®(T,x) = wii (zn Iy —In r,<;’>) (11)
k

By Eq. 12 it is possible to calculate the residual activity coefficient.

k
Oam¥ tom
InTy = Q, [1 —In (Z 9my/mk> = (Z‘ig—”;’j) (12)
where 6,, is the area fraction of group m given by:
Qme
Op = =~ s# (13)
ZnQnX"

and X, is the molar fraction of the group m in the mixture.
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n
Xn = M # (14)
22 nlni
The group interaction parameter y,,, between groups n and m is given by:
a
Ymn = ex]” (_ ;n'in> »H (15)

where a,,, is an adjustable parameter of the binary interaction between groups m
and #, and it has units of kelvins. Each group-group interaction possesses two param-
eters: dums Amu, and dyy # dpmy. These parameters were obtained from a database using
a wide range of experimental phase-equilibrium results.

The parameter fitting procedure was applied separately to fit the EtOH interaction
parameters for biodiesel separation and deacidification systems. In deacidification
process, the presence of water in ethanol solvent increases the polarity of the solution.
This feature and the presence of glycerol in biodiesel system makes the behavior of
EtOH subgroup different in deacidification systems from that in biodiesel systems,
even assuming that the subgroups of both systems were similar (the CH3, CH,, CH,
CH = CH, COOH, CH,COO), and accepting that UNIFAC model is a group contri-
bution method that can predict the liquid-liquid behavior considering the interaction
between the subgroups that form the molecules.

As the ethanol parameters calculated for the biodiesel system are not adequate for
deacidification process, the UNIFAC parameters for new ethanol subgroup were fitted
for the biodiesel process separately from deacidification process. As result, this study
will present UNIFAC interaction parameters for ethanol subgroup in biodiesel systems
(EtOH-B) and in deacidification systems (EtOH-D). The UNIFAC parameters were
fitted considering the phase compositions in molar fractions and binary interaction
parameters in 1/K.

A data bank containing 56 systems was compiled. We used a total of 88 tie-lines
from eight biodiesel types from vegetable oils with ethanol, and 246 tie-lines for
the 14 types of vegetable oils with hydrated ethanol, at temperatures ranging from
288.15 to 333.15 K, all systems studied at atmospheric pressure. Table 2 shows a
summary of the equilibrium systems used in the parameter fitting and validation
procedure.

For biodiesel separation fitted ethanol-related parameters, the LLE database of
seven ethyl systems of vegetable oils (soybean, canola, palm, jatropha curcas, cotton-
seed, crambe, and sunflower) at different temperatures were used to fit the interac-
tion parameters of the ethanol subgroups. The fitted ethanol-related parameters were
validated against data for the macauba (Acrocomia aculeata) biodiesel system. Lastly,
the results obtained are compared with those obtained by the UNIFAC-LL parameters
[29] and parameters available from literature work [35].

For deacidification fitted ethanol-related parameters, the LLE database of
13 systems of vegetable oils (brazil nut, corn, cottonseed, garlic, grapeseed,
jatropha curcas, palm, peanut, rice bran, sesame, soybean, and sunflower) at
different temperatures were used to fit the interaction parameters of the ethanol
subgroups. The validation procedure was performed using canola oil system and a
total of five tie-lines at 303.15 K, and it is worth mentioning that canola oil was not
included in the parameter estimation process. Lastly, the results obtained are
compared with those obtained by the UNIFAC-LL parameters [29] and parameters
available from literature work [26, 28, 43].
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The system is composed of biodiesel, ethanol, and glycerol.

Vegetable oil source Tie-lines T (K) References
Soybean 10 293.15, 323.15 [36]
Canola 5 303.15 [1]
Palm 15 298.15, 323.15 [37]
Jatropha curcas 12 303.15, 318.15, 333.15 [14]
Macauba pulp 6 298.15 [33]
Cottonseed 18 293.15, 313.15, 333.15 [38]
Crambe 18 298.15, 318.15, 338.15 [19]
Sunflower 12 298.15, 313.15 [36]

The system is composed of vegetable oil, free fatty acids (FFA), ethanol, and water.

Vegetable oil source Tie-lines T (K) References
Brazil nut 6 298.15 [32]
Canola 5 303.15 [18]
Corn 21 298.15 [31]
Cottonseed 21 298.15 [4]
Garlic 21 298.15 [39]
Grapeseed 22 318.15 [39]
J. curcas 40 288.15, 298.15, 308.15, 318.15 [20]
Macadamia 15 298.15 [32]
Palm 10 318.15 [40]
Peanut 7 298.15 [9]
Rice bran 17 298.15 [41]
Sesame 14 298.15 [39]
Soybean 16 323.15 [42]
Sunflower 32 298.15 [3]
Table 2.

LLE database of the systems involved in the correlation process.

The software Microsoft Excel was used in the parameter fitting procedure coupled
to XSEOS [44] and SOLVER® add-ins. The XSEOS add-in, an open-source code
programmed in visual basic for applications (VBA) with several excess Gibbs energy
models and equations of state, was employed to evaluate the activity coefficient of the
UNIFAC model, while the SOLVER® add-in with the generalized reduced gradient
(GRG) method [45] was used as the numerical calculation tool.

The parameter fitting was performed by minimizing the objective function
(Eq. 16) using the generalized reduced gradient (GRG) nonlinear solving method.

NLa NCn oP 5 P 2
OF = Z Z (Wzn ep W?fmlc) + (W”L exp W;‘}fmlc) (16)
n i
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where NLa and NCn represent the total number of tie-lines in each group and the
total number of components or pseudo components in tie-line #, respectively. W, ,,
correspond to the mass fraction of the component or pseudo component i in the tie-
line # in the oil phase (OP) or alcohol phase (AP), while the superscripts exp and calc
the experimental or calculated values, respectively. During the parameter fitting pro-
cedure, the minimization of eq. (16) is constrained by the isofugacity condition
expressed by Eq. (1), and the calculated mass fraction sum, which must be equal to 1.

In order to evaluate the capability of the ethanol interaction parameters [27, 43] to
describe LLE in systems containing FFA accurately, the percentual mass fraction root
mean square deviation between the experimental and calculated phase composition
values (RMSD), Eq. (17), was compared to the results obtained using parameters
available in the literature (UNIFAC-LL from Magnussen et al. [46], Bessa et al. [35],
Noriega and Narvdez [28], Hirata et al. [26]).

2 2
NI NC; OPex; OPcal APex; APcal
DD Pt (Wz',n P —wpe C) + (W P —wie C) 17)
#

in
RMSD =100. 2.NLa.NCn

The subgroups chosen to represent the fatty acids systems were as follows: CH3,
CH,, CH, CH = CH, COOH, CH,COO, H,0, and ethanol, EtOH. Only the
binary interaction parameters corresponding to water and ethanol were estimated
in this study.

In order to reduce the number of components considered in the interaction
parameter estimation methodology, the pseudo-component approach can be used
to characterize a complex mixture as a single component [9]. Several authors
had successfully applied this approach assuming the vegetable oil as a single
pseudo component with an average molar mass and average physical-chemical
properties [4, 9, 17, 19, 20, 26, 28, 30-32, 35, 39-43].

Based on the results of the reported studies, it is assumed that the use of the
described methodology does not cause expressive deviations in the thermodynamic
modeling of deacidification and biodiesel separation systems. Therefore, each vegeta-
ble oil was replaced by a pseudo component, and the same approach was used for
commercial fatty acids. The pseudo component is a thermodynamic tool applied to
represent the edible oil as a single TAG and FFAs as a unique FFA. A weighted average
of the vegetable oil and FFA molar masses and subgroup numbers was applied to each
pseudo component, considering the fatty acid profile of each vegetable oil, [2-4, 20,
31, 32, 39-42]. The molar mass data of the components were obtained from the NIST
Chemistry WebBook database.

3. Results and discussion

For biodiesel separation system, the methodology was initially applied to fit
parameters for the new interaction subgroup representing the ethanol molecule
(EtOH-B), while the UNIFAC-LL for the subgroups forming the other components of
the system (ethyl biodiesel and glycerol) remained unchanged. The fitting process
used seven ethyl biodiesel from soybean, canola, palm, jatropha curcas, cottonseed,
crambe, and sunflower oils available in the literature. Table 3 summarizes the
UNIFAC-LL parameters [29] used and the interaction parameters fitted for the new
EtOH-B subgroup proposed [43].
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Subgroup CH3 CH2 CH CH=CH OH CH2COO EtOH-B
Rk 0.90 0.67 0.45 1.12 1.00 1.68 211
Qk 0.85 0.54 0.23 0.87 1.20 1.42 1.97
CH3 0.00 0.00 0.00 74.54 644.60 972.40 3582.81
CH2 0.00 0.00 0.00 74.54 644.60 972.40 3582.81
CH 0.00 0.00 0.00 74.54 644.60 972.40 3582.81
CH=CH 292.30 292.30 292.30 0.00 724.40 —577.50 241.75
OH 328.20 328.20 328.20 470.70 0.00 195.60 5299.17
CH2COO —320.10 —320.10 —320.10 485.60 180.60 0 —395.51
EtOH-B —53.92 —53.92 —53.92 —4658.24 —550.58 106.42 0.00
Table 3.

UNIFAC interaction parameters for CH;, CH,, CH, CH = CH, COOH, CH,COO, H,O0, and EtOH subgroups.

The bold numbers are the fitted one.

Figures 2 and 3 show the experimental points and calculated tie-lines obtained
using the new interaction parameters summarized in Table 3 for different types of
biodiesel. For all diagrams presented in this chapter, the following classification is
valid:

A and A for experimental and calculated points, respectively;

[ and W for experimental and calculated overall composition, respectively;

- - - and — for experimental and calculated tie-lines;

- .. - for experimental binodal line;

The tie-lines overlapping seen in Figures 2 and 3 suggest that the fitted UNIFAC
parameters for the proposed EtOH subgroup can predict the behavior of the systems
considered with high accuracy.

In order to validate these new fitted EtOH parameters, we perform a liquid-liquid
equilibrium prediction for ethyl biodiesel from macauba pulp, which was not used
during the parameter fitting process.

0% 100% 0% 100%

25% 75% 25% 75%

o% 25% 50% 75% 100% 0% 25% 50% 75% 100%

GLYCEROL
@)> GLYCEROL (2) >

Figure 2.
Ternary LLE diagram for the ethyl biodiesel from soybean oil system at 293.15 K (left) and jatropha curcas oil at
318.15 K (right). Experimental data from [14, 36], respectively.
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Figure 3.
Ternary LLE diagram for the ethyl biodiesel from cottonseed oil system at 333.15 K (left) and crambe oil at
298.2 K (right). Experimental data from [19, 38], respectively.

Figure 4 shows the results of this prediction in the form of a ternary diagram,
which exhibit small deviations from the experimental data, thus validating the meth-
odology used.

The results obtained in the fitting and validation processes were then compared
with UNIFAC parameters proposed by Magnussen et al. [29] and Bessa et al. [35]. The
UNIFAC-LL database fitted by Magnussen et al. [29] in 1981 is extensively widespread
and applied to describe fatty systems equilibrium [47-49]. A more recent research by
Bessa and collaborators [35] refitted all interaction parameters of the UNIFAC-LL and
proposed a new OH subgroup used to represent uniquely this subgroup present in the
glycerol molecule, thus having to fit 42 interaction parameters.

Table 4 shows the percentage mean square error (MSE%). The results using the
parameters proposed by Machado et al. [43] are always better than those using the
Magnussen et al. [29] and Bessa et al. [35] parameters.

Figure 5 shows ternary LLE diagrams for the ethyl biodiesel from macauba pulp oil
system comparison with Bessa et al. [35] fitted parameters (left) and with UNIFAC-
LL parameters (right).

0% 100%

100% 0%

0% 25% 75% 100%

50%.
GINCERO
L(2)>

Figure 4.
Ternary LLE diagram for the ethyl biodiesel from macauba pulp oil system at 298.15 K for validation procedure.
Experimental data from [33].
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Biodiesel T (K) MSE (%)
UNIFAC-LL [29] Bessa et al. [35] Machado et al. [43]
Soybean 293.15 21.07 4.68 0.98
323.15 30.30 2.77 2.08
Canola 303.15 4.41 2.75 213
Palm 298.15 4.62 3.25 0.73
323.15 4.61 2.54 0.76
Jatropha curcas 303.15 5.62 4.04 1.34
318.15 5.83 4.01 0.85
333.15 15.33 5.09 1.55
Macauba pulp 298.15 5.22 3.49 0.87
Cottonseed 293.15 5.16 4.49 1.20
313.15 572 4.45 0.96
333.15 5.59 413 0.87
Crambe 298.15 11.00 4.76 1.50
318.2 10.07 5.69 114
Sunflower 298.15 3.53 2.99 0.92
313.15 4.17 3.54 1.23
MSE% 8.89 3.92 1.20
Table 4.

Comparative percentage mean squarve ervor (MSE%) for this study’s fitting and the literature (EtOH).

0% 100%
0% 100%

Figure 5.

Ternary LLE diagram for the ethyl biodiesel from macauba pulp oil system at 298.15 K comparison with the Bessa
et al. [35] (left, red tie-lines); and with the UNIFAC-LL [29] data (vight, green tie-lines). Experimental data
from ref. [19].

Figure 5 (right) shows that the UNIFAC-LL results have large deviations and the
use of such parameters to predict equilibrium between the glycerol-rich phase and
the biodiesel-rich phase for the systems considered by Machado et al. [43] is not
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recommended. Although the parameters fitted by Bessa et al. [35] could better
describe the LLE than the UNIFAC-LL [29] parameters, still there is considerable
discrepancy between the predictions and the experimental data. Such observations
corroborate the results shown in Table 4. Figure 4 shows that ethanol subgroup
fitting tie-lines represent considerably better the equilibrium of the biodiesel-rich
phase with the glycerol-rich phase. It is worth mentioning that, only eight
parameters were fitted, while Bessa et al. [35] considered 42 adjustable parameters
in their study.

For deacidification system, the methodology was initially applied to fit parameters
for the new interaction subgroup representing the ethanol molecule (EtOH-D) and
H, 0O subgroups, while the UNIFAC-LL for the subgroups forming the other compo-
nents of the system (vegetable oil and free fatty acids—FFA) remained unchanged.
The fitting process used experimental LLE data of 17 (Brazil nut, corn, cottonseed,
garlic, grapeseed, jatropha curcas, macadamia, palm, peanut, rice bran, sesame, soy-
bean, and sunflower) different vegetable oils available in the literature. Table 5 shows
the original UNIFAC-LL [29] parameters used and the interaction parameters fitted
for the water (H,0) and EtOH-D subgroups.

Figures 6 and 7 show the experimental points and calculated tie-lines obtained
using the new interaction parameters summarized in Table 5 for corn and soybean oil.
Due to the systems presenting different water contents added to the ethanol solvent,
ethanol and water were used as a mixed solvent to represent the pseudo-quaternary
systems in a triangular diagram.

Analyzing Figures 6 and 7 it can be noted an inversion in the tie-line slopes as
water is added to the solvent. This phenomenon occurs because water decreases the
solubility between oil and ethanol; hence, it increases the two-liquid phase regions
[30, 32, 39, 42].

The ternary diagrams presented in Figures 6 and 7 show that the calculated results
are very close to the experimental data. Therefore, the H,O and EtOH-D adjusted
interaction parameters using the UNIFAC model correlated with the high accuracy of
the LLE behavior of the considered system containing fatty acids.

Table 6 compares the RMSD from the experimental mass fraction data from the
calculated data obtained by UNIFAC modeling using the parameters fitted by
Bacicheti et al. [27] for EtOH-D subgroup with those obtained using parameters
available in the literature (UNIFAC-LL from Magnussen et al. [29]), Noriega and
Narvdez [28], Hirata et al. [26]). Table 6 still presents the RMSD between experi-
mental and calculated data obtained using Machado et al. [43] parameter set.

Subgroup CH;, CH,, CH CH=CH H,O0 COOH CH,COO ETOH-D
CHj3;, CH,, CH 0 74.54 962.89 139.40 972.40 624.24
CH=CH 292.30 0 6337.07 1647.00 —577.50 537.49
H,0 94.39 —134.08 0 363.72 —609.05 —277.75
COOH 1744.00 —48.52 —250.67 0 —117.60 —283.55
CH,COO —320.10 485.60 1716.74 1417.00 0 867.81
EtOH-D —44.17 —-61.21 8003.65 1117.01 —493.44 0
Table 5.

UNIFAC-LL [29] parameters and 18 interaction parameters fitted for H,0 and EtOH-D subgroups.
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Figure 6.
LLE diagram for corn oil + commercial oleic acid 1 + and solvent (ethanol + %water) system at 298.15 K [31].
All compositions are on a mass basis.
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Figure 7.

LLE diagram for soybean oil + commercial linoleic acid 1 + and solvent (ethanol + water) system at 323.15 K
[42]. All compositions are on a mass basis.
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Qil T (K) RMSD (by mass)
UNIFAC-LL Noriega and Hirata Machado Bacicheti
[29] Narvdez [28] et al. [26] et al. [43] et al. [27]

Brazil nut 298.15 5.95 11.49 0.72 10.90 0.52
Corn 303.15 10.11 14.25 0.93 9.94 0.78
Cottonseed 298.15 9.59 13.63 2.59 12.13 0.90
Garlic 298.15 11.81 12.98 0.63 11.32 0.58
Grapeseed 318.15 7.75 11.90 1.85 12.58 0.77
Jatropha 288.15 9.37 11.05 0.73 11.46 0.89

298.15 11.99 16.02 0.67 10.31 0.76

308.15 13.91 16.83 0.64 9.27 0.86

318.15 15.19 11.49 0.75 8.90 0.59
Macadamia 298.15 5.28 12.11 1.97 10.06 1.77
Palm 318.15 3.74 15.45 0.46 7.19 1.63
Peanut 298.15 11.15 14.04 115 11.36 0.72
Rice bran 298.15 10.56 16.46 112 11.43 0.59
Sesame 298.15 8.57 12.23 1.42 11.62 0.75
Soybean 323.15 474 18.73 1.34 10.18 0.60
Sunflower (O) 298.15 5.53 10.27 2.29 12.27 0.97
Sunflower (L) 298.15 11.63 9.35 213 12.72 1.01
Global RMSD% 9.24 13.43 127 10.81 0.87

Table 6.

Root mean square deviation (RMSD for fittings in this chapter and the literature.

As commented previously, Noriega and Narvaez [28] fitted 30 UNIFAC parameters
of the subgroups related to pseudo-ternary and pseudo-quaternary systems of biodiesel
+ alcohol + glycerol and oil + fatty acid + alcohol + water. Hirata et al. [26] used plenty
of pseudo-quaternary data available in the literature to fit all the 30 UNIFAC interac-
tion parameters of interest for fatty systems. The present study adjusted only 16
interaction parameters for pseudo-ternary biodiesel systems and adjusted only 18
interaction parameters for pseudo-quaternary deacidification systems.

The global RMSD displayed in Table 6 shows that the parameters set proposed by
UNIFAC-LL [29] and Noriega and Narvdez [28] are not suitable to describe the liquid-
liquid equilibrium of deacidification and biodiesel-related systems. The global RMSD
using UNIFAC-LL and Noriega and Narviez [28] were 9.24 and 13.43, respectively,
while using the parameters fitted by Bacicheti et al. [27] resulted in a global RSMD
of 0.87.

The considerable difference in RMSD between experimental and calculated data
applying Machado et al. [43] parameter set (10.81%) and Bacicheti et al. [27] param-
eter set (0.87%) subgroup parameters emphasize the difference in ethanol subgroup
in biodiesel separation and deacidification systems due to water and glycerol
molecules in the system.
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It was expected that Noriega and Narvdez [28] parameters and Machado et al.
[43] parameter set resulted in slightly high deviations (Table 6) since they
were adjusted to biodiesel systems. But we were expecting that the other
UNIFAC subgroups (CH3, CH,, CH, CH = CH, COOH, CH,COO) would be able to
represent the liquid-liquid equilibrium behavior, giving a fair and enough perfor-
mance of UNIFAC model. However, the presence of water is too sharp, turning the
hole systems distinct and the deviations significant, despite having similar UNIFAC
subgroups.

In contrast to results obtained by the other UNIFAC parameter matrices, the
RMSD obtained by using Hirata et al. [26] proposed parameters were closer to
this study’s parameters performance. It is worthy to quote that, although using a
similar databank, this chapter ensues in lower RMSD between experimental
and calculated data and, moreover, it has the upgrade of adjusting only 18 interac-
tion parameters, resulting in a considerable faster procedure and relatively
lower computational calculations than Hirata et al. [26] that fitted 30 interaction
parameters.

The validation procedure of the parameters was taken for canola oil system,
which was not used in the parameter fitting process. Table 7 lists the RMSD
between the experimental and calculated molar fractions using Bacicheti et al. [27]
parameter set with those obtained using UNIFAC-LL from Magnussen et al. [29]),
Noriega and Narvaez [28], and Hirata et al. [26]). As previously stated, canola
oil [18] data did not take part in this study’s parameter fitting, but it was
used by Hirata et al. [26] in their parameter fitting procedure, resulting in alike
RMSD.

According to Table 7, the Bacicheti et al. [27] parameter set exhibits lower RMSD
values than those obtained by applying the parameter matrix from the previously
cited authors; hence the EtOH-D subgroup can successfully describe the deacidifica-
tion systems of vegetable oils.

Figure 8 exhibits the ternary diagrams for the validation with canola oil data.
Bacicheti et al. [27] parameter set exhibited small deviations from the experimental
data than the other parameter matrices. In contrast, the results using the Machado
et al. [43] parameter set and the parameters of Noriega and Narvdez [28] have a
considerable deviation from the experimental data, and thus, they are not
recommended for quantitatively predicting the equilibrium of deacidification of
vegetable oils.

As shown in Figure 8, Machado et al. [43] and Noriega and Narvdez [28] param-
eter set, and UNIFAC-LL [29] present the highest average deviation from the exper-
imental points. The average deviation values between the experimental and calculated
data obtained using the interaction parameters from Hirata et al. [26] were close to

Qil T(K) RMSD% (by mass)
UNIFAC-LL Noriega and Hirata etal. Machado etal. Bacicheti et al.
[29] Narviez [28] [26] [43] [27]
Canola 303.15 8.92 11.16 0.46 9.86 0.40
Table 7.

RMSD between experimental and calculated data mass fraction for the validation system composed of canola oil +
commercial oleic acid 3 + ethanol + water at 303.15 K.
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Figure 8.

LLE diagram for validation procedure with canola oil system [18]. Comparison between literature data (traced
line) with predictions using parameters from Bacicheti et al. [27] (black lines), Noriega and Narviez [28]
(yellow lines), Machado et al. [43] (blue lines), UNIFAC-LL [29] (purple lines), and Hirata et al. [26] (green
lines). All compositions are on a mass basis.

those obtained by Bacicheti et al. [27]. However, Bacicheti et al. [27] only refitted 18
parameters, taking fewer computational calculations than those required by Hirata
et al. [26], who readjusted all of them.
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4. Conclusions

The new ethanol subgroups for the UNIFAC model presented in this chapter could
correctly and accurately describe the liquid-liquid phase equilibrium of deacidification
and biodiesel systems. The ethanol binary interaction parameters were fitted using a
data bank of LLE available in the literature for biodiesel vegetable oil systems.

Using relatively few computational calculations and aiming to result in a relatively
small split with the complex data set established by the UNIFAC-LL model, Bacicheti
et al. [27] maintain CH3, CH,, CH, CH = CH, COOH and CH;COO subgroups
parameters, and refitted just water and ethanol UNIFAC interaction parameters.
Ethanol-fitted parameters were then validated with very small deviations in the pre-
diction of macauba pulp oil biodiesel for EtOH-B and canola oil for EtOH-D. The
overall deviation calculated in the validation of these new UNIFAC parameters was
1.20% for biodiesel systems and 0.87% for deacidification systems.

When compared to prediction results for biodiesel systems using UNIFAC-LL
parameters and those fitted by Bessa et al. [35], Machado et al. [43] had better results
for the tie-lines, despite the small number of parameters fitted. The same results were
obtained considering deacidification systems of vegetable oils, which ethanol interac-
tion parameters proposed by Bacicheti et al. [27] exhibited small deviations from the
experimental data and lower deviations than Noriega and Narvdez [28], UNIFAC-LL
[29], and Hirata et al. [26].

The method applied can contribute to a better description of the phase behavior of
fatty systems involved in the deacidification of vegetable oil using liquid-liquid
extraction and biodiesel separation process, as this biofuel is subject to strict compo-
sition and purity regulations. Moreover, taking into account the lower root mean
square deviation between the experimental and calculated molar fractions obtained
here and the relatively low computational calculations for the parameter fitting pro-
cedure, this chapter presents an easier and faster alternative approach instead to
refitting all UNIFAC parameters.

The results show that the methodology employed is consistent and may be useful
in predicting equilibrium when experimental equilibrium data are not available.
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