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ABSTRACT
REMOVAL OF FERMENTATION INHIBITORY COMPOUND USING
Al2O3/Fe3O4/ZrO2 NANO COMPOSITES FROM CELLULOSIC BIOMASS
HYDROLYSATES.
Deribe Wondimu (B.Ed, Chemistry)
Ethanol can be produced from lignocellulosic biomass through fermentation; however, some
byproducts from lignocellulosics, such as furfural compounds, are highly inhibitory to the
fermentation and can substantially reduce the efficiency of bio-ethanol production. The
overarching goal of this study was to remove these fermentation inhibitors to enhance the
performance of bio-ethanol production. In an effort to pursue the above-mentioned objective,
the magnetite Al2O3/Fe3O4/ZrO2 Nano composites were utilized to remove the model
fermentation inhibitor, furfural, from water solution. Characterization of the adsorbents was
described in detail in terms of morphology, elemental composition, particle size and surface
chemistry.
The morphological feature analysis of the adsorbent using SEM analysis showed that the
nanocomposites have heterogeneous surface suitable for adsorption. The practically obtained
percentage composition of Al, Fe and Zr in the synthesized Nano composites was 8.32, 89.04
and 2.64%, respectively. The surface structure of the material was investigated by means of Xray diffraction (XRD), The result shows that the average crystallite sizes (D) of this Nano
composite found in the range of (7.25-8.4 nm) and its max percentage of peaks was at ∼7.52 nm.
The batch adsorption tests were carried out using Furfural prepared in the laboratory. The
prepared Furfural was characterized with qualitative colorimetric test and spectroscopic
technique (GC-MS and FTIR) and both tests confirmed that the prepared furfural was actually
furfural. The synthesized Nano sorbents showed 30 minutes of equilibrium time for maximum
adsorption of furfural. The optimum dose (0.08 gm) of adsorbent was determined during the
batch adsorption test.
Key Words: Al2O3/Fe3O4/ZrO2 Nanocomposites, Furfural, Agricultural Wastes, Multi substrate,
Proximate analysis, Ethanol production.
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CHAPTER 1: INTRODUCTION
1.1. Background and Justification
Energy is a vital element in our everyday lives. The policies and strategies generated as
well as the development programs planed in a country becomes successful provided that
the energy demand of the country is secured. Every developmental movement depends on
energy; however, most of the energy we use nowadays comes from fossil fuels. Our
dependence on fossil fuels as energy sources has caused natural resource depletion and
serious environmental problems. The need for renewable alternatives is becoming ever
more urgent. Interest in the use of bio-ethanol worldwide has grown strongly in recent
years due to limited oil reserves, concerns about climate change from greenhouse gas
emissions and the desire to promote domestic rural economies (Farrell et al. 2006). Bioethanol can be used in fuel mixtures such as E85 (a blended fuel of 85% bio-ethanol and
15% gasoline) in vehicles specially designed for its use. Bio-ethanol could significantly
reduce the emissions from the road-transport sector if they were widely adopted.
The United states of America(U.S.A) is the world„s largest producer and consumer of
ethanol, followed by Brazil (Balat and Balat 2009). Figure 1.1 Illustrates the distribution
of global ethanol output by major producing country between 2000 and 2009. Taken
together the U.S.A and Brazil account for nearly 80% of total world ethanol production.
Over the last decade world ethanol production nearly tripled reaching 22.7 billion gallons
in 2009 with the most significant growth posted in the U.S.A.
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Figure 1. 1: World Ethanol Production: 2000-2009 (Zhang 2011)
Ethanol can be produced from diverse feed stocks, including grains such as corn and wheat
(Kaparaju et al. 2009; Mojovic et al. 2006). Ethanol also can be produced by converting
cellulose into its constituent sugars, which then are fermented and distilled into alcohol. Sources
of cellulose include biomass such as corn stover, switchgrass, and wood (Sanchez, O.J and
Cardona 2008; Varvel, Vogel, and Mitchell 2008).
Currently, ethanol is primarily fermented from the sugar that makes up the starch in grain. Corn
is the source of starch for more than 92% of ethanol production in the world (Hettinga et al.
2009). The starch is converted to dextrose by amylase enzymes, and this sugar is then fermented
with yeast, just as in making beer or distilled spirits. The cost of a bushel of corn in the world is
currently hovering around $7.00, and experts link this price increase directly to the growth of the
ethanol industry. Fig. 1.2 Illustrates the sudden spike in corn prices after the ethanol industry
took off. With corn prices surging, corn ethanol industry experienced supply-demand imbalances
at both the local and macro level, with increasing pressure on ethanol producer economics.
Meanwhile, the benefits of corn ethanol have come under scrutiny in the popular press for
competing with food supplies, contributing to increased commodity prices, high water use and
marginal energy balance improvements.
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Figure 1. 2: Corn price in the world: 1990-2010 (Zhang 2011).
Another disadvantage of using cultivated sugar and starch crops for ethanol production is the
limited supply of agricultural land (Zhang 2011). A way to reduce the cost of large-scale ethanol
production would be to utilize a cheaper feedstock. Lignocellulose provides a cheap and
abundant raw material, part of which can be converted to fermentable sugars through hydrolysis.
LignoCellulosic biomass is a highly undervalued and underutilized energy asset in the Ethiopia
and around the world. The principal components of Lignocellulosic biomass are cellulose,
hemicellulose and lignin. Other minor components are also part in the structure and composition
of lignocellulose biomass. Because these two principal components are composed of monomeric
sugar units making the polymeric structure, they are considered as potential source of
fermentable sugars. Any sort of process that is capable of converting the polymeric cellulose and
hemicellulose to monosaccharaides can lead to a fermentation process and hence biofuel
production. These processes are known to be hydrolysis in either acidic or alkaline conditions.
Compared to hemicellulose, the cellulose fraction is more resistant to hydrolysis process and
hence requires more laborious treatment.
Cellulose-containing natural products are widely abundant. Cellulose has been estimated to make
up half of all the organic carbon on the planet. A 2005 analysis by the Natural Resources
Defense Council found that ethanol from cellulose could supply half of the world transportation
fuel needs by 2050, without decreasing production of food and animal feed (Demirbas et al
2008)
3

To produce fermentable sugar from lignocellulose, the biomass must initially pass through the
proper biomass handling procedure and the next task will be the production of fermentable sugar
which can be approached in two steps:
1. A pretreatment process: This process is used to make the polymeric cellulose available
for further conversion. Depending on the process condition, hydrolysis of hemicellulose
and separation of the lignin fractions (for production of chemicals, combined heat and
power production or other purposes) may occur during this process.
2. Enzymatic cellulose hydrolysis: After pretreatment, cellulose enzyme can be used to
convert cellulose to glucose or other monosaccharaides.
A significant challenge encounters during the pretreatment process. These can include
inadequate separation of cellulose and lignin reducing the efficiency of enzymatic cellulose
hydrolysis. The production of ethanol fermentation inhibitory by products from the degradation
of hexoses and pentose produced from cellulose and hemicellulose respectively is also one of the
challenges. These degradation products are inhibitory to ethanol fermentation just because they
have the power to disorder the metabolic activity of yeasts. The fact that the process of
converting lignocellulose biomass to biofuel may also demand high use of chemicals and energy
as well as the production of substantial waste is also the other challenge. To overcome these
challenges, presently research is being run on converting biomass into biofuel in a market
modest and environmental friendly way. Hence in this study we employ Al2O3/Fe3O4/ZrO2
nanocomposites to remove fermentation inhibitors and improve bioethanol production.
1.2.STATEMENT OF THE PROBLEM
Global warming is pointed out to be a serious environmental problem that is believed to be
caused by human activities (IPCC 2007). The mechanism behind global warming is the increased
emission of greenhouse gases like CO2. Man‟s historically recent (1860-today) intensive
combustion of fossil fuels like coal and petroleum has led to an accumulation of CO2 in the
atmosphere, which has led to a fast increase of the average temperature on earth. During the 20th
century, the global average temperature has increased by about 0.6°C (IPCC 2007). The
combustion of renewable materials, like ethanol, does not contribute to a net increase of CO 2 in
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the atmosphere because they are a part of the natural closed carbon cycle. The fact that
bioethanol releases no net CO2 to the atmosphere is depicted by Figure 1.3
Lignocellulose

Lignocellulose
Hydrolysate

Sun
Hydrolysis

CO2

S. cerevisiae

Combustion of fuel
Ethanol

Figure 1. 3: closed carbon cycle (Maris et al. 2006)

Another driving force of ethanol research, besides the environmental benefits, is the possibility
to create energy security and independence of petroleum imports. The energy from petroleum is
to be replaced by energy from new technologies. In the transport sector, the new technologies
that are of main interest are hydrogen-fueled automobiles, improvements in battery technology
for hybrid automobiles, and development of ethanol production from cellulosic waste materials.
The idea of making fuels from cellulosic biomass is not new. What is new is being able to do it
at low cost and on a large scale. Over the past several years, technologies have been in
development to address these core issues.
Furthermore, the rigorous steps in the bioethanol production make the manufacture system
relatively complicated, expensive and inefficient. Especially the pretreatment step is both costly
and time taking. Once again the pretreatment step is susceptible for the production of unwanted
side reactions that generates products inhibiting the growth of fermenting species (Franden,
Pienkos, and Zhang 2009; Heer and Sauer 2008).The common microbes playing the role of
5

fermentation and poisoned by the degradation products are yeasts such as Saccharomyces
cerevisiae and bacteria, such as Zymomonas mobilis .
In order to alleviate the problems that the fermentation efficiency of microbes faced due to the
degradation products, this study investigated adsorption technique

using Al2O3/Fe3O4/ZrO2

hetrojunction Ternary Oxides based Nano composites so that the inhibitory products such as
furfural is removed from the hydrolysate before fermentation commences.
It aimed to demonstrate clearly the technical and economic feasibility of bioethanol production
from municipal and agricultural wastes.
1.3. Objectives of the Study
1.3.1. General Objectives
The main objective of this study was:
To remove fermentation inhibitor, furfural using Al2O3/Fe3O4/ZrO2 nano
composites from cellulosic biomass hydrolyzates to improve bioethanol
production..
1.3.2. Specific Objectives
The specific objectives of the present work were to:
Determine the chemical composition of the multi-substrates and Optimization of
hydrolysis parameters.
Synthesize and Characterize Al2O3/Fe3O4/ZrO2 Ternary Oxides based Nano composites.
Experiment the batch adsorption tests using Ternay oxides based Nano composites to
remove the fermentation inhibitors, primarily of furfural compounds from the bio mass
hydro lysates.
Analyze furfural with colorimetric and spectroscopic techniques

6

CHAPTER 2: REVIEW OF RELATED LITRATURE
2.1. Bio fuels
Biofuel are environmental friendly energy alternatives which are derived from biomasses. The
term biomass refers to the cellulosic, hemi cellulosic and lignin part of plant materials which can
be obtained from agricultural residues, municipal solid wastes and food and agro industrial
wastes. Figure 2.1 represents the forms of biofuel.

Biofuel

Solid
(Bio-char)

Liquid (ethanol, biodiesel,
and vegetable oil)

Gaseous (biogas, biosyngas,
and biohydrogen)

Figure 2. 1: Forms of Biofuels
Compared to the fossil fuels, biofuels largely reduces the CO2 emission and hence contributing
less to the rise in glob temperature. This is because the CO2 released to the atmosphere during
the combustion of biofuel was once consumed by the plants from the atmosphere to produce
cellulose implying a close carbon cycle. There is always disparity of carbon from the utilization
of fossil fuel which resulted high level of CO2 concentration in the atmosphere (Demirbas 2008).
As the world is consuming oil at large and resulted in increased emission level, the consequence
leads not only to increased demand for fossil fuel but also to searching a sustainable and a
renewable way of energy consumption (Prasad, Singh, and Joshi 2007). This way of meeting
energy demand is used as an alternative choice of energy consumption due to its sustainability
and acceptable quality of emission gases (Demirbas 2008).
2.2.Bio ethanol
Bioethanol is manufactured from microbial conversion of biomass through fermentation. The
ultimate goal of producing bioethanol is for transportation (Balat and Balat 2009). Starch based
materials (wheat, barley, rice, maize, corn and potatoes), sucrose containing feedstock
7

(sugarcane, sugar beet, sweet sorghum and fruits) and lignocellulosic feedstock (straw, wood and
grasses) are the precursors for bioethanol production. There exists potential fermentable sugars
in the raw materials which can be consumed by microorganisms and hence ethanol could be
produced. The fact that the percentage composition of oxygen in ethanol is 35%, it is feasible to
use ethanol directly or mixed with gasoline for automobiles. Vehicular exhaust and greenhouse
gas emission can significantly be reduced by the use of partially oxygenated fuel (Balat and
Balat 2009; Demirbas 2006).
2.3. Classification of Bio ethanol Production
The potential of ethanol in creating sustainable environment to mankind is enormous. It is due to
this fact that scientists are investigating ways to improve the technological advancements which
lead to demand meeting ethanol production. Based on the precursors used to produce ethanol, bio
ethanol production is classified as first and second generation bioethanol.
2.3.1. First Generation Bio ethanol
Starch and sucrose containing feedstock are the precursors for the production of first generation
bioethanol. The feedstock availability is the function of geographic location for bioethanol
production. Sugarcane, corn, wheat, sugar beet and barley are the most widely used crop types
for first generation bioethanol production. Many countries now a day are commercially
producing first generation bioethanol by first separating sugars from the raw material followed
by the fermentation of sugars. The ethanol produced after fermentation is concentrated to its
desired quality by distillation and dehydration. But first generation bioethanol production is not
free from food shortage conflict and debate. As the process required the edible part of plant
products it is causing food shortage burden on the people of the world resulting in the increased
price of food commodities (Pimentel et al. 2008). The solution to this confrontation is making
the nonedible parts of plants precursors for bioethanol production. The technologies
implemented in the process of producing first generation bioethanol can further be advanced so
that we can go ahead to the production of second generation bioethanol.
2.3.2. Second Generation Bio ethanol
Lignocellulosic biomass is the raw material for the production of second generation bioethanol
which is obtained from non-food renewable feed-stocks. It is the most prominent energy asset
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found on earth which is the major part of plant waste organic matter such as straw, cornhusk,
sugarcane bagasse, corn Stover, wood chips, saw dust and organic fraction of municipal solid
waste. The visible difference between first and second generation bioethanol lies in the fact that
second generation is free from food shortage debate. Its production process utilizes the nonedible
parts of plant materials (Searchinger et al. 2008).
2.4. Physical and Chemical Characteristics of Lignocellulosic Bio mass:
Composition
A biomass composed of three major components i.e. lignin, cellulose and hemicellulose is
termed as lignocellulose biomass. Higher plants such as softwood, hardwood and agricultural
residues are examples of lignocellulose biomass.
The major structural component of cell walls that provides mechanical strength and chemical
stability to plants is cellulose. The process of photosynthesis which consumes atmospheric CO2,
water and sunlight is the mechanism which stores solar energy in the form of cellulose (Raven
and S.E 2014).The cell wall of plants is also composed of hemicellulose which is a copolymer of
different C5 and C6 sugars. Lignin differs from the two in that it is polymer of aromatic
compounds formed through a biosynthetic process and used as a protective layer for the plant
walls. In nature, the above substances grow and decay during the year. The most abundant
organic compound in the world is cellulose and it has been estimated that around 7.5x1010 tones
are consumed and regenerated every year (Vanholme et al. 2010).
In addition to the three major components, water is also present in the complex structure of
lignocellulose. Even though in minor amounts; proteins, minerals and other components are part
of lignocellulose composition.
The source of lignocellulose biomass determines its composition. The quantity of lignin and
(hemi) cellulose present in hardwood shows significant variation when compared to that present
in softwood. Table 2.1 summarizes the composition of lignocellulose encountered in the most
common sources of biomass.
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Table 2. 1: Composition of lignocellulose in several sources on dry basis (Sun and Cheng 2002)
Lignocellulosic materials
Hardwoods stems
Softwood stems
Nut shells
Corn cobs
Grasses
Paper
Wheat straw
Leaves
Cotton seed hairs
Newspaper
Waste papers from chemical pulps
Primary wastewater solids
Swine waste
Solid cattle manure
Switch grass

Cellulose (%)
40-55
45-50
25-30
45
25-40
85-99
30
15-20
80-95
40-55
60-70
8-15
6
1.6-4.7
45

Hemicellulose (%)
24-40
25-35
25-30
35
35-50
0
50
80-85
5-20
25-40
10-20
NA
28
1.4-3.3
31.4

Lignin (%)
18-250
25-35
30-40
15
10-30
0-15
15
0
0
18-30
5-10
24-29
NA
2.7-5.7
12

2.4.1. Cellulose (C6H10O5) n
Cellulose is the β-1, 4-polyacetal of cellobiose (4-O-β-D-glucopyranosyl-D-glucose) and a
polymer of glucose units which are connected one another by cellobiose consisting of two
molecules of glucose. (C6H10O5) n is the chemical formula of cellulose and the structure for one
chain of cellulose polymer is presented in Figure 2.3.
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Figure 2. 2: Structure of single cellulose molecule.
The arrangement of the polymer is long straight chains due to the nature of bond between the
glucose molecules (β-1,4 glucosidic). Because the hydroxides are evenly distributed on both
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sides of the monomers, there is hydrogen bond between the molecules of cellulose which results
in the formation of a compound that contained several parallel chains attached to each other
(Faulon, Carlson, and Hatcher 1994).
Under normal atmospheric conditions (20 °C, 60% relative humidity), cellulose is a relatively
hygroscopic material absorbing 8-14% water. Nevertheless, when it comes in contact with water
it swells reflecting its insolubility in water. The solubility of cellulose in dilute acid solution
depends on the reaction conditions. For instance at low temperature it is insoluble in dilute acid
solutions. The degree of hydrolysis of cellulose can be enhanced by controlling the hydrolysis
factors such as acid concentration, residence time and temperature. High hydrolysis rate implies
improved solubility of the polymer, especially at the optimized hydrolysis conditions; optimum
hydrolysis is achieved resulting in high solubility of cellulose in the media. This is because the
energy provided is high enough at the optimum conditions to loosen the hydrogen bonds that
hold the crystalline structure of the molecule together. Despite the severe degradation of the
polymer during hydrolysis, cellulose is also soluble in concentrated acids (John Wiley & Sons
2016).
2.4.2. Hemicellulose
The family of polysaccharides such as arabino-xylans, gluco-mannans, galactans, and others that
are found in the plant cell wall are collectively termed as hemicellulose. The composition and
structure of hemicelluloses differs depending on their source. Xylan is the most common type of
polymers that belongs to the hemicellulose family of polysaccharides. As shown in Fig 2.4, 1, 4
linkages of xylopyranosyl units with α-(4-O)-methyl-D-glucuronopyranosyl units attached to an
hydroxylose units is the basic structural unit of xylan molecule. The polymer xylan is built
mainly from the five carbon monomeric sugar unit xylose and to a lesser extent from six carbon
sugar monomers such as glucose. Unlike the cellulose, hemicellulose is characterized by its
branched chain structure. The lack of crystalline structure is the important aspect of
hemicellulose. This is due to its branched structure and the presence of acetyl groups connected
to the polymer chain (Vanholme et al. 2010).
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Figure 2. 3: A schematic representation of the hemicellulose backbone of arborescent plants
The solubility of hemicellulose depends on the level of the hydrolysis temperature. At an
elevated temperature, its solubility increases and its hydrolysis starts at a temperature lower than
that of cellulose (John Wiley & Sons 2016).
2.4.3. Lignin
The predominant building blocks of lignin are phenyl propane units; an amorphous threedimensional polymer and it is the most complex natural polymer. More specifically, the most
commonly faced phenyl propane units of lignin (Figure 2.5) are p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol.

Figure 2. 4: a) P-coumaryl- , (b) coniferyl- and (c) sinapyl alcohol: dominant building blocks of
the three dimensional polymer lignin.
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Lignin acts as an insoluble three-dimensional network in wood. The transport of water, nutrients
and metabolites in the plant cell is affected by lignin. Due to this reason its role in the cell's
endurance and development is significant. Because lignin creates a composite material it acts as
binder between cells making the cells extraordinarily resistance to impact, compression and
bending. Low molecular alcohols, dioxane, acetone, pyridine, and dimethyl sulfoxide are
solvents that have been known to considerably dissolve lignin. The softening of lignin takes
place so that de polymerization reaction of lignin in acidic or alkaline media accelerates at an
elevated temperature (John Wiley & Sons 2016).
2.5. Chemical interaction between components
Ether, ester, carbon-to-carbon and hydrogen type of bonds are the four main types of bonds
known in the lignocellulose complex. The linkages within the individual components of
lignocellulose (intra polymer linkages), and the connection of the different components to form
the complex (inter polymer linkages) are the result of the four types of bonds. The position and
bonding function of the inter polymer linkages is summarized in Table 2.2(Faulon et al. 1994).
Table 2. 2: Overview of linkages between the monomer units that form the individual polymers
lignin, cellulose and hemicellulose, and between the polymers to form lignocellulose
Bonds within different components (intra polymer linkages)
Ether bond
Lignin, (hemi) cellulose
Carbon to carbon
Lignin
Hydrogen bond
Cellulose
Ester bond
Hemicellulose
Bonds connecting different components (inter polymer linkages)
Ether bond
Cellulose- Lignin
Ester bond
Hemicellulose- Lignin
Hydrogen bond
Cellulose- Hemicellulose
Hemicellulose- Lignin
Cellulose- Lignin
2.5.1.

Intra polymer linkages

The building molecules within the lignin polymer are mainly connected by ether bonds and
carbon-to-carbon bonds (Table 2.2). Around 70% of the total bonds between the monomer units
in the lignin molecule are ether type bonds. The remaining 30% of the total bonds between the
units is carbon-to-carbon type of bond (Vanholme et al. 2010).
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The polymer of cellulose is formed on the basis of two main linkages:
The initial polymer chain is formed by the glycosidic linkage which is a 1-4 β Dglycosidic bond connecting the glucose units together. Since two carbon atoms in the
glucose units are connected by oxygen atom, glycosidic bond can also be considered as
an ether bond (Hongzhang 2017).
The polymer of cellulose is formed on the basis of hydrogen bond linkage. The
crystalline fibrous structure of cellulose arises due to the presence of the hydrogen bond.
Between two hydroxyl groups of different polymer chains, the formation of hydrogen
bond is realized. This is possible because the hydroxyl groups are evenly distributed on
both sides of the glucose monomers forming a long straight parallel chains arrangement
of the polymer (Faulon et al. 1994). In addition to the above mentioned linkages cellulose
contains carboxyl groups although it is not appear obvious from the main structure of
cellulose. It has been identified that a fraction of 1 carboxyl per 100 or 1000 monomer
units of glucose is present in cellulose complex (John Wiley & Sons 2016).
In the case of hemicellulose unlike cellulose, hydrogen bonds are absent in hemicellulose and
that there are significant amount of carboxyl groups. This is the difference between cellulose and
hemicellulose. Hemicellulose contains polysaccharides which are not present in cellulose and
ether type of bonds, such as the fructosic and glucosidic bonds, are the linkage that forms the
molecule. The carboxyl groups can exist as carboxyl or as esters or even as salts in the molecule
(Vanholme et al. 2010).
2.5.2. Inter polymer linkages
It is necessary to break down the lignocellulose and separate its main components to know which
linkages connected the different polymers of the lignocellulose complex. However, this process
is commonly achieved by methods that result in alteration of their original structure. Due to this
reason it is hardly possible to conclude what the connecting linkages actually are. Despite this
fact, there are hydrogen bonds connecting lignin with cellulose and with hemicellulose,
respectively.
It is identified that covalent bond exists between lignin and polysaccharides and ester bond is
responsible for the linkage between hemicellulose and lignin. In addition to ester bonds there are
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also ether bonds between lignin and the polysaccharides. The existence of ether bonds between
lignin and cellulose, or hemicellulose yet not clear. The lack of primary alcohol functional group
external to the pyranoside ring in hemicellulose implies that the hydrogen bonding between
hemicellulose and cellulose is not expected to be strong (Faulon et al. 1994)
2.5.3. Functional groups and chemical properties of lignocellulose components
The functional groups that are ultimately necessary in the conversion of lignocellulose to
monosaccharaides and hence to ethanol are of two types:
Functional groups that are responsible for the hydrolysis of the polysaccharides to
produce monomers and that involve in the possible succeeding degradation reactions of
the monomers (e.g. furfural).
Functional groups that are the active sites for the (partial) de-polymerization of lignin
(into fragments or phenolic compounds) to expose the cellulose so that it is handy for
enzymes. The functional groups of all three components are summarized in table 2.3.
Table 2. 3: Functional groups in components of lignocellulose
Functional group
Lignin
Cellulose
Hemicellulose
Aromatic ring
X
Hydroxyl group
X
Carbon to carbon linkage
X
Ether (glucosidic) linkage
X
X
X
Ester bond
X
Hydrogen bond
X
X
∗The hydrogen bond is not a functional group, as its reaction does not lead to chemical
change of the molecule. However, it changes the solubility of the molecule, though and it
is therefore important for the breakdown of lignocellulose
2.6. The chemistry of lignocellulose components
The chemistry of lignocellulose components is governed by the functional groups involved
during the chemical reactions taking place. During the hydrolysis of cellulose for instance ether
bond is the active site where bond is cleaved. Compared to the two components the lignin
polymer contains more functional groups. These functional groups are involved in its depolymerization and degradation, eventually to derivatives that are soluble in water. The
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chemistry of cellulose polymer relies on the cleavage of glycosidic (ether) bond that would lead
to production of sugar monomers. In this section we will see the role of the functional groups in
the chemical reactions of the three components of lignocellulose biomass.
Ether functional group
From the functional groups mentioned above, the substantial functional group in the chemistry of
lignocellulose biomass for the production of bioethanol is the ether functional group. This is
because it is the ether bond that holds the glucose monomers in a polymer chain (glycosidic
linkage) and it is by far the most predominant bond in the lignin polymer.
Therefore, the separation of lignin from the polysaccharides matrix and degradation of the
polymers to monomer sugars and lignin fragments is governed by the cleavage of the ether bond.
This is possible by solvolytic reactions which can take place under acidic or alkaline conditions
via different mechanisms. The end result is different for the two conditions. The lignin is finally
fragmented in to C3 or C2 molecules under acidic conditions in such a way that ether bond is first
converted into hydroxyl and then to carbonyl or carboxyl. While Under alkaline conditions a
mechanism different from acidic media took place and the end result is separation of the
aromatic rings not fragmentation of the side chains like the one in acidic media. An example of
the cleavage of the ether bond in alkaline media is presented in Figure 2.6. The cleavage of the
ether bond might be enhanced by the addition of hydrogen sulfide.
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Figure 2. 5: Ether bond cleavage of lignin in alkaline solution
On the other way round, the cleavage of ether bonds in cellulose can take place in both acidic
and alkaline media. During the cleavage of ether bond in acidic media the oxygen atom is
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protonated by the acid which acts as a catalyst in the reaction process. When acidic media are
used, the acid acts as a catalyst protonating the oxygen atom. The charged group is replaced by
the hydroxyl group of water, the moment it departs from polymer chain. The reaction mechanism
is shown in Figure 2.7. The reaction can happen either homogeneously or heterogeneously. In
both cases the reaction is of first order (John Wiley & Sons 2016).
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Figure 2. 6: Hydrolysis of cellulose in acidic media (John Wiley & Sons 2016)
When cellulose is hydrolyzed in alkaline media the hydrolysis reaction mechanism most
probably is governed by the formation of an intermediate having 1, 2-anhydro configuration as
shown in Figure 2.8. The intermediate form is epoxide type because during the formation of the
intermediate a ring is formed between the two carbon atoms and oxygen which allow the
nucleophile substitution of hydrogen. Alkaline hydrolysis requires the use of a strong base and a
minimum temperature of 150

for sufficient reaction rate (Hongzhang 2017).
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Figure 2. 7: Cellulose hydrolysis in alkaline media (John Wiley & Sons 2016)
2.7. The process of Bioethanol production
The conversion of lignocellulosic biomass to the fuel grade ethanol passes through several
processes. The biomass must be broken down into simple glucose chains. Cellulosic biomass
undergoes the following processes (Mosier et al. 2005):
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Pretreatment to break the rigid structure of the lignocellulose in order to access the lignin,
hemicellulose and cellulose molecules inside the lignocelluloses
Hydrolysis to break down the cellulose and hemicellulose into glucose chains
Microbial fermentation via yeast or bacteria to produce ethanol
Distillation to separate the products of fermentation
The rigorous steps followed to produce ethanol from lignocellulosic feed stocks are well
described in Figure 2.9.
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Figure 2. 8: Schematic representation of the process of ethanol production from lignocellulosic
biomass.
The main objective of the biomass pretreatment step is changing the physical and chemical
structure of the component polymers. The efficient achievement of this step means that the
hydrolysis of the carbohydrates proceeds faster with higher yields and the production of toxic
compounds that can affect yeast fermentation efficiency are limited. In addition to the
digestibility of cellulose, the energy demand requirement and the demand for wastewater
treatment can be forecasted by the expense of the pretreatment step (Galbe and Zacchi 2007).
There are different methods utilized to perform the pretreatment process and are generally
classified as biological, physical, or chemical, with some methods involving more than one effect
(Mosier et al. 2005). Even though they are still too unproductive to be considered economically
feasible, wood-degrading fungi are responsible in Biological methods. The pretreatment
processes that have largely been evaluated are the addition of chemicals such as NaOH, H2SO4,
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or ammonia or the use of elevated temperature and high pressure. Each method has inherent
advantages and disadvantages, and an effectiveness that is strongly substrate-dependent (Bura
and Berlin 2007).
An operative pretreatment method should generate cellulose fibers with less crystallinity and less
degree of polymerization. In addition, a feasible pretreatment method should preserve the
hemicellulose fraction and it should minimize energy demand (Mosier et al. 2005). On the other
hand, the pretreatment method should not produce inhibitors (such as furaldehydes, weak acids,
and phenolic compounds) in such an amount that hinders the fermenting species during
fermentation in the production of ethanol (Palmqvist and Hahn-Hagerdal 2000b).
Once the pretreatment step is complete, a liquid fraction consisting of both monomeric and
oligomeric sugars largely from the hemicellulose fraction and some sugar degradation inhibitors
are produced. Solid fractions mainly containing cellulose and lignin with some hemicellulose (if
the pretreatment conditions were not severe) are also produced after the pretreatment step (Galbe
and Zacchi 2007).
The most commonly used microorganism for fermentation is baker‟s yeast (Saccharomyces
cerevisiae). The fact that the yeast is not capable of metabolizing polymeric and oligomeric
sugars, a step for hydrolysis of cellulose (and possibly hemicellulose) is required; usually using
enzyme cocktails whose composition depends on the type of solid fraction (Merino, Cherry, and
Ave 2007). The submerged fermentation of the mesophilic fungus Trichoderma reesei which
include three enzyme classes: exogluconases, endogluconases, and β-glucosidases are the way
most commercial cellulase enzymes are produced (Merino et al. 2007). A wider range of
enzymes including endoxylanases, xylosidases, endomannanases, and mannosidase are used for
the hydrolysis of hemicellulose (Brink and Vries 2011). Acid hydrolysis is the other type of
hydrolysis that occurs by exposing the cellulosic material to either a dilute or concentrated acid.
The acid reacts with the cellulosic material to produce glucose molecules and short chains.
Dilute acid hydrolysis occurs under high temperature and high pressure.
After hydrolysis the produced monomer sugars are converted in to ethanol. This is possible by a
process called fermentation and it is the step by which the released monomeric sugars are
converted in to ethanol. This conversion role is played by fermenting species such as
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Saccharomyces cerevisiae. The two main goals at this stage are to optimize the fermentation
efficiency (preferably over 1.3 g ethanol per gram cell and hour) of microbes and maximizing the
production of ethanol (0.51g ethanol per gram of monomeric sugar) (Olofsson, Bertilsson, and
Lidén 2008).
2.8. Lignocellulosic hydrolysate inhibitors and mechanism of formation
The process of converting lignocellulose biomass to ethanol passes through many challenges.
Producing ethanol from a precursor is not a simple task. The pretreatment step especially is
challenging as it may shift the reaction process towards the production of unwanted chemicals
that interferes the cellular metabolic activities of yeasts and hence influencing their consumption
of monomeric sugars. The yeasts are incapable of consuming monomeric sugars means that they
are not good enough in fermentation efficiency to produce ethanol. Especially the problem
escalates when chemicals such as furfural and hydroxyl methyl furfural that directly interfere
with the cellular activities of the fermenting species are formed during the conversion of
polysaccharides to monosaccharaides by hydrolysis. Figure 2.10 represents the potent inhibitory
compounds formed during hydrolysis process.

a, Furfural

b, 5-Hydroxymethyl
furfural
Figure 2. 9: The potent fermentation inhibitors

In the presence of these inhibitory chemicals it is not possible to maximize the fermenting
efficiency of yeasts and hence the ethanol yield will not be enhanced. In this section, the details
of inhibitory compound formation during the process of ethanol production will be presented.
The side reactions taking place during the pretreatment of biomass releases toxic compounds and
the amount and composition of these venomous compounds depends not only on the type of the
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precursor used but also on the pretreatment methods and reaction conditions used (Palmqvist and
Hahn-Hagerdal 2000a); (Larsson et al. 1999).
Furfural (2-furaldehyde) and HMF (5-hydroxy methyl-2-furaldehyde) are furaldehyde-drived
inhibiting compounds found in the hydrolysate produced after hydrolysis as a result of the
degradation of pentose and hexose sugars respectively. The second types of inhibitory
compounds are grouped as aliphatic acids. Acetic acid and formic acid are produced from the
hydrolysis of the acetyl groups in hemicellulose and the degradation of 2F and HMF
respectively. In addition Levulinic acid is the result of HMF degradation. The third group of
inhibitors originates from lignin and corresponds to phenolic compounds representing a very
heterogeneous group of chemical species. Vanillin, cinnamic acid, ferulic acid, catechol,
coniferyl aldehyde, and phenol are some of the lignin derived inhibitory compounds (Jönsson,
Alriksson, and Nilvebrant 2013; Larsson et al. 1999; Palmqvist and Hahn-Hagerdal 2000b). The
most common inhibitory compounds are depicted in the Figure 2.11 given below.
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Figure 2. 10: The most common hydrolysate-derived inhibitors
Now a days, studies has been focused on investigating the interventions of 2F, HMF and acetic
acid on the cellular chemistry of S. cerevisiae and studies have witnessed that the most potent
inhibitory compounds affecting the growth rate and fermenting efficiency of S. cerevisiae are fur
aldehyde-derived compounds (Almeida, Röder, and Modig 2008; Ask et al. 2013; Glebes et al.
2014; Liu 2006; Liu et al. 2004; Olsson and Hahn-Hagerdal 1996).
When furaldehyde – derived and phenolic inhibitory compounds cross the cell membrane of
fermenting species, cell membrane disruption will be caused. The presence of 2F, HMF, formic
and levulinic acid in the respiration process in the cell interfere with various enzymatic and
molecular activities causing reduction in NADH and ATP and DNA may unwind and break. The
dissociation of acetic acid in the cell causes anion (A-) accumulation and hence cell turgor
pressure. The dissociation also produces increased concentration of H+ in the cell lowering
intracellular pH and its export out of the cell reduces ATP. The phenolics also generate H2O2, O2, and OH- that interfere with hydrophobic targets and cell metabolism and could induce
programmed cell death (Wahlbom and Hahn-Hagerdal 2002). Model mechanism of HMF
formation is shown in Figure 2.12

22

Figure 2. 11: Model mechanisim of HMF production from simple sugares.
2.9. Previous Research on Removal of Furfural
A number of methods have been employed for removing furfural from aqueous phase. These
include distillation, solvent extraction, membrane separation, and sorbents.
Furfural can be separated from aqueous solution by azeotropic distillation at high temperature
and pressure (180-200 oC, 8-10 atm). But a complete recovery of furfural by distillation is not
easy since when aqueous solutions of furfural are distilled at atmospheric pressure a minimumboiling heteroazeotrope is formed, which contains 35% of furfural by weight. Upon condensing,
the organic phase contains 84.1% of furfural by weight and 18.4% is contained in the water
phase (Buell and Boatright 1947).
Recovery of furfural from aqueous effluents was also studied on the extraction of furfural with
organic solvents. Croker employed toluene, methyl isobutyl ketone (MIBK) and isobutyl acetate
(IBA) as the solvents to extract furfural from the aqueous solution (Zautsen et al. 2009). The
solvent loss during extraction process and the cost of toluene is the lowest compared to MIBK
and IBA. But toluene is more toxic than the other two solvents. Extraction of furfural by
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supercritical carbon dioxide was investigated at high pressure and temperature (80-340 bar, 298333k) (Sangarunlert, Piumsomboon, and Ngamprasertsith 2007). The solubility of furfural
increases with decreasing temperature and increasing pressure. Consumption of organic solvent
would be considerable if liquid extraction were to be applied in the industrial scale. In addition,
ecological reasons stopped further development of extraction of furfural with organic solvents.
Pervaporative separation of furfural/water mixtures was performed by using prepared flat sheet
hydrophobic polyurethaneurea membranes (Ghosh, Pradhan, and Adhikari 2007). The overall
pervaporation process was observed to be diffusion controlled. The membranes were found to be
furfural selective, with separation factor between furfural and water as high as 638 and a
permeate flux as high as 44.7 g m-2 h-1. The partial flux of furfural increased with an increase in
furfural content in the feed and with an increase in feed temperature. The membranes were found
to be highly suitable for the separation of furfural from furfural-water mixtures. However, the
composition of the aqueous solution is very complex after biomass pretreatment. Dozens of
chemicals exist in the solution, thus membrane fouling could easily occur if membrane
separation technique were employed in the industrial applications.
A number of sorbents have been tested for removing furfural from lignocelluloses hydrolysis
liquors. Sorbents reported in the literature include hydrophobic resins, zeolite, and activated
carbon
The removal of furfural from water by adsorption on the Amberlite® polymeric resin XAD-4
(polystyrene-divinylbenzene copolymer bead) was studied (Weil et al. 2002). The equilibrium
adsorption behavior followed a Langmuir trend at room temperature, where 90 mg of furfural
was adsorbed per gram of dry XAD-4 at an equilibrium solution concentration of 2 g/L of
furfural. Similar adsorption behavior was also found on XAD-7 (methacrylic ester bead).
Several types of zeolites (MFI, β, faujasite and FER) were investigated as adsorbents of HMF,
furfural, and xylose (Ranjan et al. 2009). Adsorption using hydrophobic zeolites has been studied
of similar pore size but with different Si/Al ratios. Adsorption isotherms exhibit similar behavior
for these zeolites as they preferentially adsorb inhibitors at 298 K. Furthermore, they do not
adsorb significant amounts of xylose, possibly because the sugar prefers to partition in the
aqueous solution rather than the relatively hydrophobic adsorbent. For zeolite β, there is a
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decrease in saturation loading of adsorbates with Si/Al ratio decreasing from 100 to 12 or, in
other words, increasing hydrophilicity. These results indicate that siliceous or high silica zeolites
are desirable for most efficient removal of furfural and HMF.
Coconut-based commercial activated carbon was studied for furfural removal (Sahu et al. 2008).
The equilibrium between furfural in the solution and on the adsorbent surface was practically
achieved in 6.0 h. Adsorption kinetics was found to be best represented by pseudo-second order
rate expression. The effective diffusion coefficient of furfural was of the order of 10-13 m2/s.
2.10.

Nano materials and their applications

Nanotechnology is the science that deals with matter at the scale of 1 billionth of a meter (i.e.,
10− 9 m = 1 nm), and is also the study of manipulating matter at the atomic and molecular scale.
A nanoparticle is the most fundamental component in the fabrication of a nanostructure, and is
far smaller than the world of everyday objects that are described by Newton ‟ s laws of motion,
but bigger than an atom or a simple molecule that are governed by quantum mechanics. In
nanotechnology, a particle is defined as a small object that behaves as a whole unit in terms of its
transport and properties. It is further classified according to size (in terms of diameter): fine
particles cover a range between 100 and 2500 nanometers, while ultrafine particles, on the other
hand, are sized between 1 and 100 nanometers. Similar to ultrafine particles, nanoparticles are
sized between 1 and 100 nanometers (Maureen, R. and Val-Vallyathan 2006).They play an
important role in a number of applications such as medicine, textiles, cosmetics, agriculture,
optics, food packaging, optoelectronic devices, semi-conductor devices, aerospace, construction
and catalysis, etc. They can also be incorporated into polymeric Nano composites (Sarkar and
Sarkar 2011).
NPs which in general terms are defined as engineered structures with diameters of less than 100
nm are devices and systems produced by chemical and/or physical processes having specific
properties (Dabessa 2016; Maureen, R. and Val-Vallyathan 2006). The reason why nanoparticles
are attractive for such purposes is based on their important and unique features, such as their
surface to mass ratio, which is much larger than that of other particles and materials, allowing for
catalytic promotion of reactions, as well as their ability to adsorb and carry other compounds.
The reactivity of the surface originates from quantum phenomena and can make NP
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unpredictable since, immediately after generation, NPs may have their surface modified,
depending on the presence of reactants and adsorbing compounds, which may instantaneously
change with changing compounds and thermodynamic conditions. Therefore, on one hand, NP
has a large (functional) surface which is able to bind, adsorb and carry other compounds such as
drugs, probes and proteins. On the other hand, NP has a surface that might be chemically more
reactive compared to their fine analogues (Dabessa et al 2016).
2.10.1. Metal Oxide Nano materials
Metal oxides play a very important role in many areas of chemistry, physics and materials
science (Henrich and Cox, 1994). They show wide variety of electronic and chemical properties
that makes them exciting materials for basic research and technological applications. They
exhibit metallic, semiconducting or insulating behavior due to the difference in electronic
structure. Wide band gap semiconducting oxides, such as SnO2, ZnO and TiO2 are useful for a
number of applications, including transparent conducting oxides, gas sensors, and optical
components (Ghulam 2015).
Metal oxides have long been used in a variety of technological applications, for example, almost
all catalysts involve an oxide as active phase, promoter (or support) which allows the active
components to disperse on. In the chemical and petrochemical industries, products worth billions
of dollars are generated every year through processes that use metal oxide catalysts. For the
control of environmental pollution, catalysts or sorbents that contain oxides are employed to
remove the CO, NOx, and SOx species formed during the combustion of fossil-derived fuels
(Ghulam 2015). Furthermore, the most active areas of the semiconductor industry involve the
use of oxides. Till now, there are still many potential applications of these materials under
continuous investigation and new synthesis methods being developed (Ghulam 2015).
2.10.2. Synthesis Techniques of Nanosorbents
2.10.2.1. Solvothermal Synthesis Method
Metal Precursors are dissolved in hot solvents (e.g., n-butyl alcohol). Solvent other than water
can provide milder and friendlier reaction conditions. If the solvent is water then the process is
referred to as hydrothermal method. Hydrothermal synthesis is typically carried out in a
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pressurized vessel called an autoclave with the reaction in aqueous solution. The temperature in
the autoclave can be raised above the boiling point of water, reaching the pressure of vapor
saturation. Hydrothermal synthesis is widely used for the preparation of metal oxide
nanoparticles which can easily be obtained through hydrothermal treatment of peptized
precipitates of a metal precursor with water (Chen and Mao 2007). Hydrothermal method can be
useful to control grain size, particle morphology, crystalline phase and surface chemistry through
regulation of the solution composition, reaction temperature, pressure, solvent properties,
additives and aging time (Carp, Huisman, and Reller 2004).
2.10.2.2. Sol-gel Method
Sol-gel method involves creation of sol (solid particles in solution). The process involves
hydrolysis and condensation of the metal alkoxide (MOR) followed by heat treatment at elevated
temperatures which induce polymerization, producing a metal oxide network (Verma et al.
2005).
Hydrolysis:

MOR + H2O → MOH + ROH

Condensation: -MOH + ROM- → -MOM- + ROH → - MOM- + H2O

(2.1)
(2.2)

The sol-gel method has several advantages over other synthesis techniques such as purity,
homogeneity, ease of preparation and ease of introducing dopants, composition and the ability to
produce thin film coatings or porous powders. There are two possible routes for carrying out solgel synthesis: the non-alkoxide route and the alkoxide route. The non-alkoxide route uses
inorganic salts as the starting material. This requires the removal of the inorganic anion to
produce the required oxide. However, halides often remain in the final oxide material and are
difficult to remove. The alkoxide route involves hydrolysis of a metal alkoxide followed by
condensation. The hydrolysis/condensation reactions typically form a three dimensional
polymeric structure, that, upon calcination will result metal oxide crystals depending on the
calcination temperature (Carp et al. 2004).
2.10.2.3. Co-precipitation Method
The co-precipitation method involves the separation of solid containing target metal ions from a
solution phase. In the process of co-precipitation, the metal components of the supersaturating
materials are first dissolved in solution. The solution combines with the precipitants in the
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supersaturated condition to form ion associates or clusters. A homogeneous co-precipitation
process results in the formation of crystalline or amorphous solids which depends upon the
condition under which the precipitate has been formed, the individual characteristics of the
particular substance and its aging after precipitation. The most important advantage of this
technique is its feasibility for large-scale production as well as its simplicity and low cost. Co
precipitation method has advantages such as simple and rapid preparation, easy control of
particle size and composition, homogeneity in mixed precipitates and high specific surface of the
products (Xu et al. 2003). In this study the Fe-Al-Zr mixed oxide nano particle is prepared by
this method.
2.10.2.4. Impregnation Method
Impregnation is the most effective process for eliminating the inherent problems of porosity in
cast (shape) and powdered metal. Properly processed castings are clean and have no change in
appearance or dimensions. Metal-impregnated materials are typically prepared in a multi-step
process: (1) oxide formation of precursor, (2) physical or chemical activation of the oxide
product, (3) catalyst impregnation (using excess solution, incipient wetness, ion exchange, or
chemical vapor deposition techniques), and (4) reduction or pyrolysis to form metal
nanoparticles (Radovic 2001). The process is usually non-continuous and can require substantial
time and energy. Each step requires heat, and at the activation stage requires supplemental
reagents to develop porosity. It is advantageous to simplify this process to allow continuous
production of metal-impregnated, porous materials. Impregnation method for the synthesis of
mixed metal oxide nano sorbent has the following advantages: good homogeneity, low reaction
temperature, fine and uniform particle size, easy scale-up and low cost and time saving processes
(Haber, Block, and Delmon 1995).
2.11.

The theory of adsorption

Unsaturated and unbalanced molecular forces are the characteristics of every solid surface which
are responsible for the adsorption of a liquid or a gas on the solid surface (Dabrowski 2001). The
fields of the forces between the solid surface and liquid or gas start interaction, the moment the
solid surface is brought into contact with a liquid or gas. The molecules, atoms, or ions of the gas
or liquid are attracted and retained on the solid surface so that the residual forces on the surface
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are fulfilled. As a result of this tendency, the concentration of the gas or liquid is higher in the
near vicinity of the solid surface than in the bulk gas or vapor phase, despite the nature of the gas
or vapor.
The process by which high concentration of a gas or liquid is retained on the surface of a solid as
a result of the interaction between the fields of forces on the solid surface and the gas or liquid
and surface excess is caused is called adsorption. Adsorption is the process through which a
substance, originally present in one phase, is removed from that phase by accumulation at the
interface between that phase and a separate (solid) phase. The solid material responsible for the
retention of the gas or liquid molecules is termed as adsorbent and the adsorbed molecule on the
solid surface is called the adsorbate. Depending on the type of forces involved during adsorption
process, adsorption is classified as physical and chemical adsorption. This is to mean that
adsorption involves two types of forces: (1) physical forces that may be dipole moments,
polarization forces, dispersive forces and (2) chemical forces that are valence forces arising out
of the redistribution of electrons between the solid surface and the adsorbed atoms (Salis et al.
2005).
2.11.1. Physical adsorption
In the case of physical adsorption, Weak van der walls forces are responsible for the adsorption
of the adsorbate on the solid surface. The forces involved in such adsorption are of physical
forces and physical adsorption is reversible process (Salis et al. 2005).
2.11.2. Chemical adsorption
On the contrary, in the case of chemisorption, electrons are shared or exchanged between the
adsorbate molecules and the surface of the adsorbent and a chemical bond is formed between the
adsorbate and the adsorbent. The interaction between the fields is much stronger than in
physisorption (Salis et al. 2005). The differences between physisorption and chemisorption are
summarized in the below Table 2.4.
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Table 2. 4: Comparison between Physisorption and Chemisorption (Salis et al. 2005; Zhang
2011).








Physisorption
Forces of attraction are relatively weak van
der Waals‟ forces.
Low enthalpy of adsorption (20–40
K.J/mole).
This process is observed under conditions of
low temperature.
It is not specific.
Multi – molecular layers may be formed.
This process is reversible.




Chemisorption
Forces of attraction are chemical bond forces.



High enthalpy of adsorption (200–400
K.J/mole).
This process takes place at high temperatures.





It is highly specific.
Generally, monomolecular layer is formed.
This process is irreversible.

2.11.3. Factors Affecting Adsorption
The following are the factors affecting the adsorption of adsorbent (Salis et al. 2005; Zhang
2011):
i.

Specific surface area: Greater adsorption capacity is the result of larger specific surface area.

ii.

Pore size: Facilitates the adsorption process by providing adsorption sites and the appropriate
channels to transport the adsorbate.

iii.

Chemical structure: The effect of the chemical structure of adsorbent surface on adsorption
capacity is more powerful than the extent adsorption capacity is affected by the physical or
porous structure of adsorbent surface.

iv.

Particle size: The smaller particle sizes the quicker rates of adsorption.

v.

Solubility of solute (adsorbate) in liquid: The higher the solubility of a solute in water the
less its removal from water and non – polar solutes are more likely to be removed from water
than polar solutes as the later has high affinity towards water. The removal of soluble and
polar solutes from water requires more energy and technology.

vi.

Concentration of adsorbate: Adsorption capacity is proportional to concentration of
adsorbate.

vii.

pH: The fact that the solubility of the adsorbate changes with pH of a solution, adsorption
capacity may change with pH.
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viii.

Contact Time: Sufficient contact time is required to reach adsorption equilibrium and to
maximize production efficiency
2.12.

Analytical techniques in bioethanol production
2.12.1. Acid Hydrolysis

In the conversion of lignocellulosic biomass to ethanol, chemical hydrolysis is responsible
pretreatment mechanism during which the polymeric cellulose and hemicellulose are converted
in to monomeric sugars.
During chemical hydrolysis the lignocellulosic biomass refluxed with a chemical under specified
temperature and time and the hydrolysis process results monomeric sugars. In chemical
hydrolysis, acids are the most applicable chemicals; especially sulfuric acid is the most
investigated acid (Harris et al. 1943). It has been reported that other acids such as HCl have also
been investigated for their application for chemical hydrolysis (Hashem and Rashad 1993). Acid
hydrolysis can be accomplished either using concentrated or dilute acid. If concentrated acid is
used during hydrolysis, the process can be operated at low temperature yielding high amount of
monomeric sugars. But in this case the acid consumption is high and the time the process takes
for completion is longer. It may also cause equipment corrosion and the recovery of the acid
requires high energy consumption. The high investment and maintenance costs have greatly
reduced the potential commercial interest of this process (Jones and Semrau 1984).
Among the chemical hydrolysis methods, dilute-acid hydrolysis is probably the most commonly
applied. Dilute acid pretreatment requires low acid consumption and the residence time is short.
But, dilute acid pretreatment is operated at high temperature which results low sugar yield.
Formation of undesirable by-products is also the drawback of this process. It is a method that can
be used either as a pretreatment preceding enzymatic hydrolysis, or as the actual method of
hydrolyzing lignocellulose to the sugars (Qureshi and Manderson 1995). The first established
dilute-acid hydrolysis process was probably the Scholler process (Faith 1949).
2.12.2. Fermentation
After hydrolysis the hydrolysate containing monomeric sugars is subjected to fermentation
which proceeds anaerobically. In the course of fermentation, microorganisms like yeast
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(Sacchromyces cervisea) and bacteria (Zymomonas mobilis) eat up on the monomeric sugars
thereby reproducing themselves producing ethanol and carbon dioxide. It is reported that the
fermentation process can be carried out at mesophilic temperatures (25–37 °C) and thermophilic
process (45–55 °C) (Antoni, Zverlov, and Schwarz 2007). Two different ways of fermentation
are possible i.e. separate hydrolysis and fermentation (SHF) and simultaneous saccharification
and fermentation (SSF).
2.12.2.1.

Separate hydrolysis and fermentation (SHF)

In this process hydrolysis and fermentation are allowed to be accomplished in separate
compartments units. The hydrolysate is produced under its own optimum condition and the
produced hydrolysate is fermented under the fermentation optimum condition. The fact that each
step is carried out under their own optimum conditions makes SHF advantageous e.g. hydrolysis
at 50 oC depending on the optimum temperature of the enzyme and fermentation at 30 or 37 oC
(Taherzadeh and Karimi 2007).
2.12.2.2. Simultaneous Scarification and Fermentation (SSF)

In this method both hydrolysis and fermentation are finished in one step process. The monomeric
sugars present in the hydrolysate are simultaneously fermented producing ethanol and thus
reducing time and labor. Some advantage of this method over SHF is that it saves time and has
less risk of contamination, minimum equipment handling, and low cost (Taherzadeh and Karimi
2007). The problem of this method is that both hydrolysis and fermentation are deprived of their
optimum conditions to produce the maximum yield. In addition to this, as the concentration of
ethanol increases in the reaction compartment, the ethanol may attack the microorganisms
responsible for fermentation inhibiting the fermentation reaction. As time runs, the ethanol
concentration becomes high enough to cause cell death so that the fermentation process may
cease (D‟Amore 1992).
2.12.3. Preparation of Biomass Hydrolysates for Analytical Characterization
Prior to analysis, biomass hydrolysates typically require some degree of sample preparation
before being introduced to analytical instrumentation. Sample preparation is necessary to
eliminate both soluble and insoluble materials that may interfere with a specified analysis. The
type and extent of sample preparation depends on both the sample matrix and analyte of interest,
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and usually involves some combination of dilution, filtration, extraction, and pre-fractionation
(Ibáñez and Bauer 2014; Nogueira et al. 2005; Sanz and Mart 2007). Analysis of carbohydrates
present in relatively cleaner samples can involve only dilution and filtration steps to prepare
samples for analysis (Nogueira et al. 2005; Olsson and Hahn-Hagerdal 1996). However, the
complex matrices typically encountered in pretreatment and hydrolysis samples have dictated
that additional preparative steps for carbohydrate analysis such as liquid-liquid extractions and
extraction and pre-fractionation on solid phase extraction (SPE) cartridges be employed (Agbor
et al. 2011; Matsumoto, Ueba, and Kondo 2005). Similarly, analysis of lignocellulosic
degradation products is preceded by multiple preparative steps including dilution, precipitation
and filtration (to remove insoluble solid materials, carbohydrates as well as bulky bio-polymers),
and extraction of the target analytes with a suitable organic solvent such as methyl tert-butyl
ether (MTBE), methylene chloride, ethanol, or ethyl acetate (Klinke et al. 2002).
2.12.4. Analysis of Carbohydrates
Several analytical methodologies may be employed to monitor carbohydrates existing in biomass
hydrolysates. These methodologies range from simple colorimetric assays to more advanced
chromatographic techniques. Selection of a specific technique will depend both on the
technologies available to the practitioner and what information is required from the analysis. For
example, if the experimental objective is quantitation of glucose and the occurrence of other
carbohydrates is irrelevant for a given scenario, the specificity of a simple enzymatic assay might
be preferable over a more complex chromatographic approach. Alternatively, some form of
chromatography would be required for quantitation of individual carbohydrates.
Glucose, which originates from degradation of hemicellulose and cellulose during pretreatment,
and more substantially from enzymatic hydrolysis of cellulose, is perhaps the most abundant
monomeric carbohydrate in contemporary bioethanol literature, owing to its well-studied
conversion to ethanol via yeast fermentation. However, many other monomeric carbohydrates
are present in biomass hydrolysates as a result of hemicellulose hydrolysis, which occurs during
chemical pretreatment. In addition to monomeric sugars, many di- and oligosaccharides are
formed during pretreatment, typically from incomplete enzymatic hydrolysis (Gomez et al.
2008). Many of these additional carbohydrates (especially xylose) are substrates of various
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fermentation strategies including fermentation by alternative yeasts and bacteria (Ingram et al.
1999; Nichols et al. 2008). Thus, techniques capable of quantifying the various carbohydrates
present in a given biomass hydrolysate is paramount to realization of the full energy content of
lignocellulosic materials.
2.12.5. Colorimetric Carbohydrate Analysis
Colorimetric assays are relatively simple methodologies which may be utilized to monitor
carbohydrates formed during hydrolysis of lignocellulosic materials. These assays provide a
direct correlation between the absorbance (i.e. color intensity) of a carbohydrate-containing
solution and the corresponding carbohydrate concentration.
Colorimetric methods are fast and convenient procedures capable of directly determining
the amount of carbohydrates released from lignocellulosic substrates (King and Garner 1947;
Schwald et al. 1988). Chemical methods can provide both quasi-selective and universal
carbohydrate determination.
2.12.6. Chemical Assays
Chemical methods for colorimetric carbohydrate analysis rely on unique chemistries between
reducing sugars (i.e., sugars that form a free aldehyde or carbonyl group in basic solution, which
is subsequently susceptible to reduction by an oxidizing reagent) and various reagents to produce
a colorimetric response. Several chemical methods including dinitro salicylic acid (DNS),
(Miller 1959). Somogyi-Nelson (S-M), (Somogyi 1945, 1952), Anthrone (Mishima et al. 2006)
and the phenol-sulfuric acid method (Dubois et al. 1956) are available for analysis of sugars.
DNS and SM methods are the most commonly used chemical methods for analysis of reducing
sugars (Green, Clausen, and Highley 1989; Mishima et al. 2006; Saha et al. 2005). While not all
carbohydrates are reducing sugars, non-reducing sugars can be chemically converted to reducing
sugars prior to analysis. For example, the An throne and phenol-sulfuric acid methods have been
applied to determine concentrations of both the reducing and non-reducing sugars in a sample
(Mishima et al. 2006).

In this approach, analysis of non-reducing sugars is achieved by

conversion to reducing sugars under strongly acidic conditions, and the concentration of nonreducing sugars is determined by difference, before and after conversion.
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Despite providing rapid, facile methods for carbohydrate analysis, chemical methods have
several limitations. For example, chemical methods do not provide information on individual
carbohydrates; rather they provide an estimate of total sugars present in a given sample.
Carbohydrate concentration is determined as glucose equivalents, which introduces error as
calibration curves cannot be accurate without prior knowledge of sample composition (Nath
2016). In addition, solution absorbance during sugar analysis using the An throne method is
influenced by halides (e.g., chloride and bromide ions), which are present in the sample matrix
(Nath 2016). Moreover, analysis with the phenol-sulphuric acid method is also found to be
affected by ions such as Cu2+, Fe2+,Al3+, NO2−, and NO3−, and organic acids such as lactic acid,
and tartaric acid present in the samples (Miller 1959). Such complications introduce additional
uncertainty; especially in samples such as biomass hydro lysates where sample composition can
vary drastically from batch to batch.
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CHAPTER 3: MATERIALS AND EXPERIMENTAL METHODS
The materials used and the experimental procedures followed in this study will be introduced in
this chapter. The methods used for optimization of the parameters in multi substrate sample
preparation, hydrolysis and batch adsorption studies will be explained here under this chapter.
3.1.Experimental sites
Multi-substrate sample preparation, Proximate analysis and Optimization of hydrolysis factors
were carried out at Dilla University, Department of Chemistry research laboratory. Magnetite
Al2O3/Fe3O4/ZrO2Nanocomposites were synthesized at Haramaya University, Department of
Chemistry instrumental analysis laboratory. Hydrolysis of multi-substrate samples, synthesis and
characterization of the model inhibitor, furfural and the batch adsorption tests were carried out at
Addis Ababa University Center for Environmental Sciences research laboratories.
SEM-EDX, FTIR and ICP-OES analysis were done at Leather Industry Development Research
Laboratory while XRD characterization of the synthesized adsorbent was done at the Central
Leather Research Institute (CLRL) Chennai, Adayer, India.
3.2. Chemicals and Apparatus
3.2.1. Apparatus and Instruments
Scanning electron microscope-Energy dispersive X-ray spectroscope (SEM-EDX), X-Ray
diffracto-meter (XRD), pH meter, Whatman Filter Paper no1, Electronic balance, Double beam
UV-Spectrometer, Orbital Shaker, FTIR and Induction Couple Plasma Optical Emission
Spectroscope (ICP-OES) , Sieve , Oven, Ultra Sonicator, Hot plate, Magnetic stirrer, Separatory
funnel, Rotatory evaporator, Centrifuge and Micro wave digester.
3.2.2. Chemicals and Reagents
The following chemicals were used to conduct the experimental work: Zirconium Oxy Chloride
Octahydrate (ZrOCl2.8H2O), Ferrous Chloride Tetra Hydrate (FeCl2.4H2O), Ferric Chloride
Hexahydrate (FeCl3.6H2O), Aluminum Nitrate Nanohydrate (Al(NO3)3.9H2O), Sodium
Hydroxide (NaOH), Sulfuric acid (H2SO4), Nitric acid (HNO3), Hydrochloric acid (HCl),
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Hydrogen peroxide, Potassium Bromide (KBr), Dinitro salicylic acid (DNS) and Anthrone, all
are from UNI-Chem., India. ICP Standard Fe, Al, Zr solution were bought from sigma Aldrich of
Germany; Sodium Chloride (NaCl) and Sodium Nitrate (NaNO3) are purchased from RANKEM,
India. All reagents were of analytical grade and used with no further purification.
3.3. Materials
3.3.1. The adsorbate
The adsorbate used in this study was furfural. Furfural was isolated in the laboratory from corn
cob. Figure 3.1 and table 3.1 show the chemical structure and properties of furfural, respectively.
O
O

Figure 3. 1: Chemical structure of furfural

Table 3. 1: Physical and chemical properties of furfural
Furfural
Molecular formula

C5H4O2

Density

1.16 g/ml (Langmuir 1918)

Melting point (1 atm)

-37

Boiling point (1 atm)
Solubility in water (25

(Langmuir 1918)
(Langmuir 1918)

83 g/L (Langmuir 1918)

)

For the determination of the equilibrium adsorption time and adsorption capacity of the
synthesized Nano sorbent, the

presence of furfural was mandatory. But, as a matter of luck,

there was no furfural in the lab. In this circumstance what we must do was preparing furfural
from corn cob agricultural waste and we go through the preparation of furfural from corn cob. In
this case, we used HCl to reflux the pulverized corn cob biomass at the temperature range of
200-270 0C. 3M HCl and 10 gm of NaCl was added to 10 gm of the sample which was allowed
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to reflux for 30 to 40 min. The reflux was repeated until enough distillate was collected so that
liquid-liquid extraction by chloroform is possible.

Figure 3. 2: Synthesis of furfural from corn cob
The liquid- liquid extraction was carried out by mixing 100 ml of the distillate in 300 ml of
chloroform. The mixture was shacked well until the organic and aqueous layer was formed. The
target analyte, i.e. furfural was solubilized in the chloroform. The aqueous layer was at the top
and the organic layer at the bottom because chloroform and furfural were denser than water. The
solution at the bottom of the separatory funnel was separated and charged in to round bottom
flask of rotatory evaporator to separate the solvent (chloroform) from the target analyte
(furfural).
The temperature of the rotatory evaporator was set at 40

and the solvent was recovered and

furfural was concentrated. The concentrated furfural was analysed by GC-MS and FTIR . The
remaining amount of furfural will be used to determine the adsorption capacity of the
synthesized Nano composites.
The colorimetric determination of furfural was carried out by ethanol-hydrochloric acid-aniline
method. The extracted solution (5 mL) was taken in a 25 ml volumetric flask and filled up to the
mark with 50% ethanol. To develop rose color, 3 ml 99% aniline and 250 μl hydrochloric acid
were added and the mixture was allowed to stand for 15 min at room temperature in dark. Care
was taken to protect the flask from sunlight. The absorbance of the color was measured at 530
nm using Uv-vis spectrophotometer. The concentration of furfural in the extracted sample was
determined using the standard curve.
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3.3.2. The adsorbent
Al2O3/Fe3O4/ZrO2 ternary oxide nano composite was prepared by chemical co-precipitation
method (Figure 3.3).

Figure 3. 3: The synthesized Ternary Oxides Based Nano composites As Adsorbent
3.4. Sample preparation
The five types of single substrate biomasses used in this study were khat steam, mango peels,
pineapple peels, avocado peels and khat leaves. The single substrate samples to be prepared for
proximate analysis were of agricultural and municipal wastes. Due to this reason the samples
were collected based on purposive sampling. A reproducible way to convert the single substrate
samples into a uniform material suitable for compositional analysis was used. The National
Renewable Energy Laboratory (NREL) LAPs 2004 preparation of samples for compositional
analysis has been employed to prepare samples with a specific particle size range and moisture
content. The single substrate biomass materials available as piece were spread out on a suitable
surface and allowed to air-dry prior to any milling. The materials were turned at least once per
day to ensure even drying. The air-dried biomasses were feed into the blender and milled until
the entire sample passes through the 2 mm sieve . Since the blender can generate enough heat to
damage biomass samples, the millings was monitored closely and allow the blender to cool to
room temperature between batches. The five multi substrate samples were prepared from the
milled single substrates based on the optimized parameters.
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3.5. Proximate analysis
3.5.1. Percentage (%) Moisture content
The percentage of Moisture content of the biomass materials was determined in accordance with
National Renewable Energy laboratory convection oven procedure (determination of ash in
biomass, Laboratory Analytical Procedure # 001). This was done by heating approximately 3g of
air dried mass of each biomass material with particle size of < 1 mm, in a convection oven at a
temperature of 105 0C and the samples were kept in the oven overnight. The analysis was done in
triplicates. Thereafter, the samples were removed from the oven and allowed to cool in a
desiccator and weighted to represent the moisture content of the sample. The percentage
moisture content was calculated as follows:
(3.1)
3.5.2. Percentage (%) ash content
Percentage ash content of the biomass materials was determined in accordance with National
Renewable Energy laboratory standard method (determination of ash in biomass, Laboratory
Analytical Procedure). This was done by heating approximately 1g of oven-dried mass of each
biomass material with particle size of < 1 mm, in an electric furnace at a temperature of 575 0C
for 24 hours. Each sample was analyzed in duplicates. Thereafter, it was cooled in a desiccator
and weighted to represent the ash content of the sample. The percentage ash content was
calculated as follows:
(3.2)
3.5.3. Percentage (%) Volatile Matter
The percentage volatile matter of the biomass materials was determined in accordance with
ASTM International (2008) ASTM D3175-11 (Standard Test Method for Volatile Matter in the
Analysis Sample of Coal and Coke). Approximately 1g of each of the biomass materials, particle
size < 1 mm, was placed in a porcelain crucible. Each sample was kept in a furnace at a
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temperature of 900 ˚C for 7 min and weighed after cooling in a desiccator. The percentage
volatile matter was then calculated as follows:
(3.3)
3.5.4. Percent (%) Fixed carbon
The fixed-carbon content of the sample was calculated by subtraction according to the following
formulae:
(3.4)
Where: X is Ash (% As-Received), Y is a Moisture Content (% As-Received) and Z is Volatile
Matter (% As-Received).
3.5.5. Extractives
Before the determination of acid soluble and acid insoluble lignin and other parameters for
proximate analysis our sample should be free from extractives present in the biomasses.
Otherwise a false result will be obtained in the subsequent analysis and the extractives of the
biomasses were determined in accordance with National Renewable Energy laboratory the
removal of extractives in biomass procedure (determination of extractives in biomass,
Laboratory Analytical Procedure # 10). The procedure used Soxhlet apparatus using ethanol as a
solvent to separate extractives from the biomasses. Approximately a duplicate of 10g of each
sample was added to extraction thimbles and inserted in to the Soxhlet apparatus and extraction
was run for 16 hours.
The percentage extractives present in each sample was calculated as follows:
(

)∗

(3.5a)
(3.5b)
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3.5.6. Lignin
3.5.6.1. Acid insoluble lignin (AIL)
The acid insoluble liginin of the biomass materials was determined in accordance with National
Renewable Energy laboratory convection oven procedure (determination of acid insoluble lignin
in biomass, Laboratory Analytical Procedure). From each of the five extractive free samples
approximately 300 mg was measured in duplicate on an electronic balance. To each of the
samples 3 ml of 72%H2SO4 was added and shacked well until the samples were thoroughly
mixed. Thereafter, the beakers were placed in a water bath set at 30

. Up on completion of the

60 min hydrolysis the acid in the samples was diluted to 4% concentration by adding 84 ml of
triple distilled water and the samples were autoclaved for 1 hour at 121

and allowed to cool to

room temperature after removing from the autoclave.
A filtering funnel was used to filter the autoclaved hydro lysate using ash less Wathman filter
paper so that the acid insoluble residue of each sample was left on the filter paper and the aliquot
in to the filtering flask.
From each of the filtering flasks 50 ml of aliquot was transferred in to a sample storage beaker
before rinsing the solid residue on the filter paper. This is done for the analysis of acid soluble
lignin. The ash less filter paper containing the solid residue of each sample was rolled and placed
on labeled crucibles and placed in to a drying oven at a temperature of 105

for 4 hours and

allowed to cool in a desiccator after removing from the oven. The weight of each labeled
crucibles containing the filter paper and acid insoluble residue was recorded and placed in the
muffle furnace set at 575

for 24 hrs. The crucibles were removed from the furnace to cool in a

desiccator and a record of each weight was taken.
The percentage acid insoluble lignin present in each sample was then calculated as follows:
(3.6a)
(3.6b)

(3.6c)
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3.5.6.2. Acid Soluble lignin (ASL)
The 50 ml aliquot transferred in to the 10 small beakers during the acid insoluble lignin analysis
was used to determine the acid soluble lignin (ASL) in the biomasses. A background of 4%
H2SO4 was run on UV – Vis spectrophotometer and using the hydrolysis aliquot, the absorbance
of the samples at 320 nm was measured in duplicate on UV- Vis spectrophotometer. Except the
waste food sample, the other samples were diluted with 4% H2SO4 to bring the absorbance in the
range of 0.2 – 1.0.
The amount of acid soluble lignin was calculated using the following formula:
(3.7)
3.5.7. Estimation of Cellulose
From each of the extractive free samples duplicates of 0.5 gm was measured and placed in each
of the ten pressure tubes prepared for the five samples and three sample blanks were also
prepared. To each of the pressure tubes 10 ml of Acetic/Nitric acid reagent was added and placed
in water bath set at 100

for 30 min. The ten pressure tubes containing the samples and the 3

blanks were removed from the water bath and allowed to cool and centrifuged at high speed for
15 min. The supernatant of each test tube was discarded and the residue was washed with
distilled water. To each of the test tubes 10 ml of 67% H2SO4 was added and allowed to stand for
1hr. From each of the test tubes 1 ml of the aliquot is transferred in to each of thirteen 100 ml
volumetric flak and diluted to the mark with ddI water. From each of the diluted 100 ml aliquot,
1 ml is transferred into a clean dry thirteen test tubes and 10 ml of Anthrone reagent was added
to each of the test tubes which are mixed well.
The tubes were placed in a boiling water bath for 10 min and after cooling, the color was
measured at 630 nm using UV- Vis spectrophotometer. A blank was set with 8 ml anthrone
reagent and 2 ml distilled water.
In order to prepare the external standard curve 0.5 gm of glucose was measured and dissolved in
500 ml of DDI H2O. An intermediate stock solution of 100 ppm of 100 ml was prepared from the
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1000 ppm solution. A series dilution is done using 100 ml volumetric flask (10, 20, 30, 40, 50
ppm) as shown in table 3.2 below:
Table 3. 2: Standard solution preparation for cellulose determination
VolumeddI water in ml

Volume taken from

Final concentration

intermediate stock solution

in ppm

25

0

0

22.5

2.5

10

20

5

20

17.5

7.5

30

15

10

40

12.5

12.5

50

From the six 100 ml volumetric flasks, 1 ml was transferred in to six test tubes and 10 ml of
anthrone reagent is added. The tubes were placed in a boiling water bath for 10 min and cooled
to measure their absorbance at 630 nm (Figure 3.4). A concentration versus absorbance graph
was prepared to develop the regression equation and based on the absorbance measured for each
of the five samples, their concentration was calculated from the regression equation

Figure 3. 4: Color Indicating the presence of cellulose in the sample
3.6. Multi substrate Sample Preparation
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In order to optimize the glucose concentration produced after dilute acid hydrolysis multi
substrate sample was prepared based on known parameters. As a preliminary test initially 15
types of composite multi substrates were prepared. These were, Khat leaves, Khat steams,
Mango peels, Mango seed, Coffee husk and pump, Pineapple peel, Beet root peel, Waste paper,
Avocado peel, Avocado seed, Carrot peel, Potato peel, Papaya peel, Banana peel and Food
waste. From the above listed multi substrate samples, five types were selected based on their
cellulose contents. Five types of multi substrate sample were prepared from the five lingo
cellulosic samples in such a way that three types of multi substrates were prepared by varying
one of the single substrate and keeping the other four constant. One type of multi substrate was
prepared on a 1:1ratio basis (i.e taking equal grams from each of the five single substrates).The
remaining one type of multi substrate was prepared by taking equal grams(1.5 gm) from the two
multi substrates and o.66 gm from the other three multi substrates based on their cellulose
contents as shown in the table below.
Table 3. 3: Multi substrate sample preparation
KS (gm)

MP (gm)

PP (gm)

AP (gm)

KL (gm)

Total (gm)

1

1

1

1

1

5

2

0.75

0.75

0.75

0.75

5

0.75

2

0.75

0.75

0.75

5

0.75

0.75

2

0.75

0.75

5

1.5

1.5

0.66

0.66

0.66

5

Estimation and optimization of glucose concentration in the prepared multi substrate samples
was carried out using 3, 5-Dinitrosalicylic acid (DNS) technique. The five types of multi
substrate samples were hydrolyzed separately by dilute sulfuric acid in triplicate run. The
hydrolysate was used for the estimation and optimization of glucose in the multi substrate
samples by DNS technique. The DNS reagent was prepared by dissolving 1g 3, 5Dinitrosalicylic acid, 200 mg crystalline phenol and 5 mg sodium sulphite in 100 ml 1% NaOH
and stored at 4

. Since the reagent deteriorates due to sodium sulphite, it is added at the time of

use. To prepare the standard curve for DNS technique 500 ppm stock solution of glucose was
prepared by dissolving 0.25g of glucose in 500 ml of DDI water and a series of dilution has been
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undertaken from the stock solution. 3, 5-Dinitrosalicylic acid (3ml) was added in each of the
standards and the contents were heated in boiling water bath for 5 min. While still warm, 1 ml of
Rochelle salt was added in each of the test tubes. Depending on the concentration of the
standards, a red brown color was observed. The absorbance of the series standards was run by
using UV-vis spectrophotometer and a graph was plotted. Based on the absorbance of the series
standards a regression equation is obtained.
From each of the test hydrolysate samples, 3 ml of the hydrolysate was transferred in to 6 test
tubes and 3 ml of DNS was added. The contents in the test tubes were heated in a boiling water
bath for 5 min. When the contents of the tubes were still warm, 1ml of 40% Rochelle salt
solution was added and a red brown color is formed. The absorbance of each sample was
measured by UV-vis spectrophotometer in triplicate and the concentration of glucose in the
samples was estimated from the regression equation obtained from the standard curve. The
sample that gives the higher concentration of glucose is taken as the optimized sample; i.e. the
parameter used to prepare the multi substrate composition is used for pretreatment and
hydrolysis Figure 3.5).

Figure 3. 5: Multi substrate sample preparation
3.7. Optimization of hydrolysis factors
There are factors that need optimization during the hydrolysis process of lignocellulosic biomass.
These factors have their own influence on the hydrolysis efficiency. These are three known
variables; Acid concentration, Time and Temperature.
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The optimization of these factors is possible by keeping two of the factors fixed and varying one
factor. In these manner each of the factors were optimized and the optimum condition through
which the hydrolysis process yields the maximum monosaccharide was well established.
3.7.1. Acid concentration Optimization
The acid concentration that yields the optimum concentration of glucose after hydrolysis was
identified in such a way that the temperature and time were kept constant and the acid
concentration was varied. A stock solution of 50% of 196 ml of H2SO4 was prepared from 98%
sulfuric acid. From the stock solution, 1%, 2%, 3%, 4%, 5% and 6% of 50 ml sulfuric acid was
prepared in separate flasks. For comparison 0% sulfuric acid was also used to hydrolyze the
multi substrate sample. The ratio of sample mass to acid volume to be added was 1g: 12 ml and
twelve test tubes were prepared for triplicate run. In the first and second test tubes 1g of the multi
substrate sample and 10 ml of 1% sulfuric acid was added and so forth.
The reaction mixture in each of the test tubes was subjected to reflux at 135

for 1 h. After the

hydrolysis was completed the test tubes were allowed to cool and centrifuged at 3500 rm -1 for 10
min. The supernatant in each of the test tubes was decanted in to other test tubes and the glucose
concentration was determined by DNS technique. In order for the reduction reaction to take
place 3 ml of DNS reagent was added to the supernatant in each of the test tubes. To reduce the
interference of sulfuric acid in the supernatant on the reaction between glucose and DNS, 1M
NaOH was added drop wise in each of the test tubes. To produce the red brown coloration the
test tubes were heated in a boiling water bath for 5 minutes. When the test tubes were cooled,
UV-vis spectrophotometer was used to measure the absorbance at 540 nm and the concentration
of glucose for each run was determined by using glucose standard curve.
3.7.2. Optimization of Hydrolysis time
The optimum concentration determined during acid concentration optimization was taken and
the temperature was set at 135 0C to optimize the maximum time required to perform efficient
hydrolysis of the multi substrate biomass. In each of the eight test tubes, prepared for duplicate
run, 0.5g of sample and 5 ml of 4% sulfuric acid were added and refluxed for 1, 2, 3 and 4 h.
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Each of the duplicate run samples were removed from the reflux at their respective time and
allowed to cool before centrifuging at 3500 r/m for 10 min. For 2 ml of the supernatant, 3 ml of
DNS reagent was added for each run and heated in a boiling water bath for about 5 min. The
reduction reaction between glucose in the hydrolysate and DNSA was confirmed by the red
brown color formation. The red brown color was measured for its absorbance at 540 nm and the
concentration of glucose in each sample was determined from glucose standard curve.
3.7.3. Temperature Optimization
The temperature that yields the optimum concentration of glucose after hydrolysis was identified
in such a way that the optimum acid concentration and time were used and the temperature was
varied. The hydrolysis was carried out in triplicate by varying the temperature as 120, 130, 140,
and 150

. The acid concentration and the time of hydrolysis were optimized at 4% and 3 h.

respectively. To a test tube containing 0.5 g of the multi substrate sample prepared based on the
cellulose content of the single substrates, 6 ml of 4% H2SO4 was added. By adjusting the
temperature of the oven at a given temperature (120

for instance), 3 hours of hydrolysis was

carried out for each varied temperatures. When the hydrolysis is completed, the test tubes are
removed from the oven and quenched with ice cold water. When the test tubes became cold they
were allowed to be centrifuged at 3,500 rpm for 10 min.
In each run, 2 ml of the supernatant in each of the centrifuged test tubes was pipetted out in to
other test tubes and the glucose concentration was determined by DNS technique. In order for the
reduction reaction to take place 3 ml of DNS reagent was added to the supernatant in each of the
test tubes. To reduce the interference of sulfuric acid in the supernatant on the reaction between
glucose and DNS, 1M NaOH was added drop wise in each of the test tubes. A red brown color
was observed when the test tubes were heated in a boiling water bath for 5 minutes.
When the test tubes were cooled, UV-vis spectrophotometer was used to measure the absorbance
at 540 nm and the concentration of glucose for each run was determined by using glucose
standard curve.
Once the optimum conditions of hydrolysis that favors towards the production of maximum total
reducing sugars had been established by optimization process, the next task was preparation of
hydrolyzate for the batch adsorption tests. This is done by refluxing 50g of the multi substrate
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sample in 500 ml of 4% H2SO4 at 130

for 3 h. After the hydrolysis was completed, the

hydrolyzate was cooled to room temperature and filtered. The filtrate was kept in a refrigerator
until the batch adsorption test will be started.
3.8. Synthesis procedures of the Adsorbents
Al2O3/Fe3O4/ZrO2 ternary Nano composite was prepared by chemical co-precipitation Fe:Al:Zr
mole ratio of 70:25:5. In the first step, stoichiometrically calculated FeCl2.4H2O and FeCl3.6H2O
where accurately weighed and the calculated amounts are dissolved in 100 mL of 0.3 M HCl
solution. 0.5 Fe2+/ Fe3+ mole ratio was selected based on the report by (Anamaria, Pinteala, and
Simionescu 2010). Then, the solution was added drop wise from separatory funnel into the
solution of 120 mL of 3 M NaOH (pH 12) over a period of 2 h, under vigorous stirring at 80oC in
N2 atmosphere. During this process, pH of the mixture was kept at 12.0 using 0.1M NaOH and
0.1 M HNO3 solutions. The suspension was settled undisturbed for 4 h and then washed with
deionized water for several times to obtain a suspension of Fe3O4 ferrofluid.
The magnetite–alumina–zirconia oxide Nano composite was prepared by adding 100 mL of
Al(NO3)3.9H2O and ZrOCl2.8H2O (obtained by dissolving stoichiometric amounts of both salt in
100 mL of Deionized water separately) into the obtained Fe3O4 suspension ultrasonicated for 10
min prior to use. The pH of the mixtures was adjusted to 8.0 using 0.1M NaOH & 0.1 M HNO3
solutions. Then, the mixture was magnetically stirred under N2 atmosphere for 1.5 h at 70 0C.
Finally, the resulting black magnetic fluid was made to settle out until a clear supernatant
solution was observed above the fluid. The clear supernatant solution was decanted by holding
permanent magnet under the beaker containing the product. Then the solution was washed with
deionized water several time to remove impurities such as Cl-, NO3- and excess OH- ions and
then dried at 60 0C for 24 h to obtain the desired product (Figure 3.6).
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Figure 3. 6: Synthesis of Nano composites
3.9.Characterization of the Synthesized Adsorbent
3.9.1. SEM/ EDX Analysis
A scanning electron microscope (SEM) incorporated with energy dispersive X-ray (EDX) was
used to determine the surface morphology and the elemental composition of the as-synthesized
Nano composites.
3.9.2. X-Ray Power Diffraction
X-ray diffraction (XRD) was used to determine the crystallinity and phase of the adsorbent. The
primary crystallite size (D) deferential peak of solid phase adsorbent was determined for the peak
intensity from the full-width at half maximum (FWHM) method of the strongest reflection peak
2θ value by using Debye Scherer equation (Laurent et al. 2008).
⁄

(3.8)

Where: D is the crystallite size in nm, k is the shape factor constant and taken as 0.9; β is the full
width at half maximum (FWHM) in radians; λ wavelength of the incident radiation (λ = 0.15405
nm), for target Cu Kα radiation and θ the Bragg angle (degrees, half-scattering).
3.9.3. FTIR Analysis of Adsorbent
The FTIR analysis was performed to identify the functional group responsible for adsorption of
inhibitory compounds on the adsorbent. Before running experiment in FTIR, background
correction was done by using KBr powder formed plate. The infrared spectra extending in the
range of 4000 to 400 cm-1.was recorded by using FTIR-IR Affinity-1S (Li et al. 2007).
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3.9.4. Elemental Analysis of Adsorbent
Elemental analysis (metal concentrations) in the as-synthesized ternary Nano composite (iron,
aluminum and zirconium) was determined by inductively coupled plasma-optical emission
spectrometer (ICP-OES). 0.2 gm of the sample was taken accurately and put into the microwave
digestion vessels and then added 7 mL of con.HNO3, 1 mL con.H2O2 and 3 mL of conc. HCl.
The vessels were capped carefully and the digestion program of microwave system was created.
After finishing the digestion time, the solutions were cooled, re-dissolved in 30 mL of ultrapure
water and filtered. The filtrate was transferred to 100 mL volumetric flasks and the volume was
adjusted to mark using 10% H2SO4 solution. The reagents blank was prepared following the
same procedure to control any cross contamination. The results were corrected for the dilution
factor (Dharmendra 2015; Hoobin and Vanclay 2012).
The stock standard solution or the metals were taken at different concentrations (1, 3, 5, 7, and
10 ppm) using dilution formula to prepare and also spiked (recovery) sample was prepared for
each metal. Metal concentration was calculated according to the following formula (Ethiopian
standard authority, 2010).
∗

∗

(3.9)

Where: Wx = metal content mg/kg
Wxi = concentration of metal detected instrument in mg/L
V = Volume of volumetric flask used for digestion in ml
M = Mass of sample taken in gm
Fd = is dilution factor.
3.10.

Batch Adsorption Tests

Batch adsorption tests were performed to study the adsorption behavior of the adsorbents in the
inhibitor-containing water solution. The experiments were conducted using 250 mL Erlenmeyer
flasks. The effect of different parameters such as, contact time, and adsorbent dose were studied
by varying one of the variables and keeping the other constant. Here 10 mL of the synthesized
furfural was added to 250 mL of Erlenmeyer flask and diluted with 40 mL of distilled water. The
dilution process continued up to five steps serially.1 mL of sample was taken from each conical
flasks and analyzed with Uv-Visible spectroscopy at 278 nm.
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3.10.1. Contact Time optimization.
The experimental procedures used to determine the equilibrium time is shown as follows (Figure
3.7):
i.

A 0.1 gm of the as synthesized Nano sorbent was added to each of 250 mL Erlenmeyer
flasks

ii.

50 mL of furfural water mixture was transferred to each Erlenmeyer flasks.

iii.

The samples were agitated in the shaker at room temperature for 20, 30 and 40 minutes.

iv.

After mixing the Nano sorbents and liquids for specified contact time, the samples were
filtered using whattman filter paper no1, immediately and then centrifuged at 3000 rpm
for 15 minutes.

v.

The filtrate was analyzed to determine the furfural concentration at 278 nm using Uv
visible spectroscopy.

Figure 3. 7: Determination of The equilibrium time
3.10.2. Determination of Adsorption Capacity (Adsorbent dose optimization)
Once the optimum contact time is determined, the next step is to measure the total adsorptive
capacity of the synthesized Nano composites (Figure 3.8).
a. Here 0.05, 0.08, 0.1 gm of adsorbents were added to each Erlenmeyer flasks of 250 mL.
b. 50 mL of furfural water mixture was transferred to each of the Erlenmeyer flasks.
52

c. The samples were agitated in the shaker at room temperature for the optimized time at
agitation speed of 200 rpm and immediately filtered with whattman filter paper.
d. The filtrate was centrifuged at 3000 rpm for 15 minutes and finally analyzed using Uvvisible spectroscopy at 278 nm.

Figure 3. 8: Determination of Adsorption Capacity
3.11. Adsorption Tests with True Biomass Hydrolytes
After the preliminary adsorption tests with model solutions prepared from the corn cob
mentioned above, adsorption tests with real feed after biomass pretreatment were performed. The
feed was prepared from the hydrolysis of the multi substrate sample with the optimized
hydrolysis conditions. The multi substrate sample was hydrolyzed by 4 wt% sulfuric acid at 130
Co for three hours to produce monosaccharides. After neutralizing the hydrolysate with 5M
NaOH, adsorption tests with this real feed were conducted using Nano sorbents in the same
condition as mentioned in batch adsorption test.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1. Proximate analysis of single substrate biomasses
The proximate analysis revealed that pineapple peel had the highest moisture content of 8.99%,
while khat leaves had the lowest moisture content of 4.5%. The moisture content of khat steams,
avocado peels and mango peels were 5.82, 6.26, and 6.83%, respectively. The moisture contents
of these wastes implied that the wastes were air dried before moisture analysis and the wastes
were well suited for sample preparation before acid or enzymatic hydrolysis should be
accomplished well so that the moisture content of the samples is below 10% to control the
process variables during hydrolysis. The ash contents of the wastes were 5.3%, 3.6% , 4.50%,
8.80% and 7.98% for khat leaves, khat steams, mango peels, pineapple peels and avocado peels,
respectively. The result showed that the ash content of the wastes was lower than 10%.
Volatile matter refers to the part of a biomass material that is released as volatile gases when it is
heated up to 400˚C to 500˚C. Biomasses generally have high volatile matter content of around
70% to 86% and low char content. The volatile matter content of the five wastes studied varied
from 76.5%(pineapple peels) to 81.7% (mango peels).The high volatile matter content of a
biomass material indicates that during combustion, most of it will be released as volatile gas.
Fixed carbon gives a rough estimate of the heating value of a fuel and acts as the main heat
generator during burning (Akowuah, Kemausuor, and Mitchual 2012). Thus, the higher the
carbon content of a biomass fuel the more likely that the species would have higher heating
value. The moisture, Ash, Volatile matter and fixed carbon (MAVFc) percentage compositions of
the wastes were in the ranges of published data (Manikandan, Saravanan, and Viruthagiri 2008).
The MAVFc proximate analysis of the wastes mentioned above is summarized in the Figure 4.1.
The highest cellulose content was observed in mango peels (54.0%) and the lowest in avocado
peels (21.5%). Compared to the cellulose content, the total lignin content was much lower
indicating that the substrates are suitable for hydrolysis. Mamma et al. 2008; Li et al. 2010 have
reported relatively higher values for cellulose and lower value for lignin in citrus peel waste
(Mamma, Kourtoglou, and Christakopoulos 2008). The relatively low content of lignin indicated
the efficient conversion of the substrates to monomeric sugars during hydrolysis enhancing the
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fermentation process. The Extractive, Total Lignin and Cellulose (ETLC) result is summarized in
Figure 4.2.
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Figure 4. 1: MAVFc proximate analysis
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4.2. Multi substrate sample optimization
The five multi substrate samples were hydrolyzed with 4% dilute sulfuric acid and the
hydrolysate was used for the estimation of glucose in the multi substrate sample. From Figure
4.3, it was found that multi substrate sample prepared based on the one to one ratios of khat
leaves, khat steams, mango peels, pineapple peels and avocado peels produced the highest
concentration of glucose.
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Figure 4. 3: Glucose optimization of the five multi substrates
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Figure 4. 4: Glucose standard curve
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100

4.3. Optimization of hydrolysis factors
The three well known factors that influence the hydrolysis efficiency were optimized. These
were; acid concentration, time and temperature. The optimization of these factors was possible
by keeping two of the factors fixed and varying one factor. In these manner each of the factors
were optimized and the optimum condition that yields the maximum monosaccharide was
selected.
4.3.1. Acid concentration Optimization
The acid concentration that yields the optimum concentration of glucose after hydrolysis was
identified in such a way that the temperature and time were kept constant and the acid
concentration was varied. The optimized acid concentrations were 1%, 2%, 3%, 4%, 5% and 6%
of 50 ml sulfuric acid. One gram of the multi substrate sample and 12 ml of 1% sulfuric acid was
added in each run.

40
35

TRS (%)

30
25
20
15
10
5
0

1

2

3

4

5

6

Acid Concentration (%)

Figure 4. 5: Optimization of acid concentration
The reaction mixture in each of the test tubes was subjected to reflux at 135 ℃ for 1 h. After
analysis with DNS reagent the result revealed that 4% sulfuric acid gave the maximum amount
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of total reducing sugar and 4% was taken as the optimum acid concentration for the next
treatment optimization reactions. From the graph it was observed that after hydrolysis with 4%
sulfuric acid the TRS concentration started to decline. This may imply as the hydrolysis acid
concentration goes beyond its maximum and the TRS might start to degrade to other degradation
products. This result was consistent with other research findings.
4.3.2. Optimization of Hydrolysis time
The optimum acid concentration (4% sulfuric acid) was taken and the temperature was set at 135
to optimize the maximum time required to perform efficient hydrolysis of the multi substrate
biomass. For optimizing the hydrolysis time the reflux times selected were 1, 2, 3 and 4 h. The
red brown color produced as a result of the reduction oxidation reaction between the TRS in the
hydro lysate and DNS was analyzed by UV-vis spectrophotometer. The result showed that 3 h of
hydrolysis gave the maximum TRS yield and beyond 3 hours of hydrolysis the TRS
concentration declined to below the concentration of 1 h of hydrolysis.

40
38
36
34

TRS %

32
30
28
26
24
22
20
1.0

1.5

2.0

2.5

3.0

3.5

4.0

Time (hr)

Figure 4. 6: Optimization of hydrolysis time
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4.3.3. Temperature Optimization
The hydrolysis was carried out in triplicate by varying the temperature as 120, 130, 140, and 150
℃. The acid concentration and the time of hydrolysis were optimized at 4% and 3 h,
respectively. A red brown color was observed when the test tubes were heated in a boiling water
bath for 5 minutes.
When the test tubes were cooled, UV-vis spectrophotometer was used to measure the absorbance
of the observed red brown color at 540 nm and the concentration of TRS for each run was
determined by using glucose standard curve. It is evident from Figure 4.7 that 130 ℃ was the
optimum hydrolysis temperature yielding the maximum monosaccharide.
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Figure 4. 7: Optimization of hydrolysis temperatures

Once the optimum conditions had been established, bulk hydolyzate was prepared by refluxing
50 gm of the multi substrate sample in 500 ml of 4% H2SO4 at 130 ℃ for 3 h. After the
hydrolysis was completed, the hydrolyzate was cooled to room temperature and filtered. The
filtrate was kept in deep freeze refrigerator for later use in adsorption experiments.
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4.4. Characterization of the synthesized Nano composites
4.4.1. Morphology of Nano composites
The morphological feature analysis of adsorbent was conducted using SEM analysis. The result
shows that the morphology of the as-synthesized nano composite is monodisperse; most of them
are quasi spherical shapes with smooth surface area and uniform size suitable for adsorption.
This agrees with literature (Ho, Truong, & Bhandari, 2017; Sivashankar et al., 2014).
Some small particles aggregate in to secondary particles because of their extremely small
dimensions and high surface energy.
Further confirmation of the ratio of elemental composition was done by analyzing the images of
EDX integrated with SEM. The result revealed that elemental percentage composition of Al, Fe,
& Zr in as synthesized Nano composite were found to be 8.32, 89.04 and 2.64% , respectively.
This shows that the Nano composites were successfully synthesized in the mixed mass ratio.

ZAF Method Standard less Quantitative Analysis
Fitting Coefficient : 0.3120
Element (keV) Mass% Sigma Atom% Compound
Al K
1.486 8.32
0.08
15.97
Fe K
6.398 89.04
0.32
82.54
Zr L
2.042 2.64
0.08
1.50
Total
100.00
100.00

Mass%

Figure 4. 8: Nano-composite SEM morphology and EDX analysis
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Cation

K
4.7785
93.4013
1.8201

4.4.2. Analysis of XRD
XRD patterns of Al2O2/Fe3O4/ZrO2 Nano composites are presented in Figure 4.9. The diffraction
peaks observed at 2theta values of 18.54, 30.48, 35.92, 43.38, 57.26, 63.10, and 74.49, for the
synthesized Nano composites, are ascribed to a face centered cubic spinel structure of pure
magnetite (Fe3O4). No diffraction peak attributable to alumina and zirconia was observed, this is
possibly due to the amorphous nature of these oxides at the synthesis temperature. In fact,
crystallized alumina such as γ-Al2O3 might present under thermal treatment at 800 oC.
Besides, the amount may not be good enough to bring about this change at the
concentration used in this experiment that is 25%. This is evidenced by the finding of
(Tofik et al. 2016), who observed peaks representing alumina at concentration higher than
30% for a temperature above 600 oC. On the other hand, the concentration of zirconia used in
the present study was 5%, an amount probably not good enough for XRD identification.

Figure 4. 9: XRD pattern of synthesized adsorbent Nano-composite
The average crystallite sizes (D) of this Nano composite was calculated by using standard
Debye–Scherrer‟s formula (eq 3.8). It was found in the range of (7.25-8.4 nm) and its max
percentage of peaks was at ∼7.52 nm (table 4.1). This result is similar with previous findings i.e
the average particle size and average crystallite sizes (D) for magnetite Nano-particle were
reported 6 nm (Lee 2007) and ∼7.53 (Giri, Das, and Pradhan 2011), respectively
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Table 4. 1: The crystal size (D nm) of the synthesized Nano composites.
Adsorbent code

NC

2θ (degree)

Intensity

Crystalline size (D nm)

18.54
30.48
35.92
43.38
57.26
63.1

70
100
220
80
90
160

7.25
7.42
7.52
7.70
8.15
8.40

4.4.3. FTIR Analysis of Adsorbent
The FTIR analysis was performed to identify the functional group responsible for adsorption of
inhibitory compounds on the adsorbent. Before running experiment in FTIR, background
correction was done by using KBr powder formed plate. The infrared spectra extending in the
range of 4000 to 400 cm-1.was recorded by using FTIR-IR Affinity-1S (Li et al. 2007).
The band spectra at 1062cm-1 observed indicating Al-O stretching. This is in accordance with
literature which shows 1070-1030 cm-1 Al-O (Tsang et al. 2005). The band spectra at around
500 - 669 cm−1 was observed may indicate Fe-O-Fe vibration. This can also be confirmed with
literature at 595 cm-1,band spectra was observed indicating Fe-O stretching vibration of hematite
in the ZrO4/Al2O3/Fe2O3 Nano composite of rhombohedra structure (Li et al. 2007; Saha et al.
2011). The band observed at 481cm-1 may indicate Zr-O vibrational stretching. This can also be
related to literature which shows vibrational stretching of Zr-O bond at 475 cm-1 (Li et al. 2007;
Saha et al. 2011).
4.4.4. Elemental Analysis of synthesized adsorbent by inductively Coupled plasma
spectrometry (ICP-OES)
ICP-OES was used to determine the concentration of each metal present in the Nano composite
adsorbent. Argon gas was used for plasma creation and nitrogen gas was used as auxiliary for
ICP-OES analysis. The result is presented in Table 4.2.
Table 4. 2: ICP-OES metal analysis result
Adsorbent

Metal ion

NC

Al

Average
Concentrations
concentration(mg/L) metal in adsorbent
(mg/kg)
51.12
1.16503
62

% ratio

% Recovery
Average

14.70%

98.3% 0.03

Fe
Zr

258.95
37.5

5.89019
0.857565

74.5%
10.80%

98.82% 0.04
97.72%

The concentration of Al, Fe and Zr present in the synthesized adsorbents was measured.
Initially, series of standard solutions were run. The concentration of each metal was calculated
from the linear graph plotted for concentration vs intensity. The R2 value of each metal was
found to be 0.9996, 0.9956 and 0.9998 for Al, Fe and Zr, respectively. The values of slopes and
intercepts of the regression lines were tested at 95% confidence limit. The quality control was
done through spiked (standard solution) analysis to estimate recovery test. The results are shown
in Table 4.2. Thus, the results in Table above, represents percent by weight ratios for Fe, Al and
Zr in the adsorbents and confirmed the homogenized distribution of the adsorbent.
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Figure 4. 10: Calibration Curve For metals (a) Aluminum, (b) Iron and (c) Zirconium
4.5. Characterization of furfural prepared from corn cob
4.5.1. Colorimetric determination of furfural
Before the spectroscopic analysis, furfural was qualitatively analyzed by colorimetric technique.
The colorimetric determination of Furfural was carried out by ethanol-hydrochloric acid-aniline
method (Tesfaye 2016). The rose color developed is considered as a positive qualitative test for
furfural.

Figure 4. 11: Colorimetric determination of furfural
4.5.2. Spectroscopic analysis of Furfural
In addition to the colorimetric determination of furfural, spectroscopic techniques (GC-MS and
FTIR) were used to characterize the extracted sample.
4.5.2.1. GC-MS spectroscopic analysis
When GC-MS was run, peaks of the components were observed in the GC. Since the GC and the
mass spectrometer are interfaced and the Mass spectrometer is also connected to a library
containing the mass spectra of hundreds of thousands of compounds, on double clicking on any
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one peak on the GC spectrum one can make a library search. If the sample compound is known
and if it is available in the library of the mass spectrum its mass spectrum appears with its
structure in a separate window. Because we know the molecular ion of the sample molecule we
will come to know that the peak in the GC corresponds to our compound. In our case the sample
compound is furfural and it is available in the library. Only having the molecular ion peak in the
mass spectrum is actually sufficient to confirm the peak in the GC corresponds to our sample
compound. The peaks on the mass spectrum are fragmented and the fragmentation result
revealed that the sample compound was actually furfural. As shown in Fig 4.13 Peak number 1
of the GC spectrum is due of the solvent chloroform and peak number 2 is due to the presence of
furfural. The 96 fragment in the mass spectrum is so abundant signifying the presence of furfural
in the sample and it is actually the number telling the molecular mass of furfural. When the
sample passed through the ionization chamber of the mass spectrometer, the accelerated electron
bombarded the bond between the carbonyl carbon and the aldehyde hydrogen giving the
dominant 95 fragment. This fragment is abundant because the carbocation created on the
carbonyl carbon has three resonance contributors for its stability living long enough to be
recorded by the detector.
Compared to the 96 fragment, the less abundant 97 fragment could be due to an isotope of
furfural containing deuterium aldehyde hydrogen.
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Figure 4. 12: GC-MS spectrum of furfural
4.5.2.2.FTIR spectroscopic analysis
The FTIR spectrum revealed the presence of different functional groups in furfural. The
dominant and sharp needle like signal at 1672 cm-1 indicated the C=O vibrations. The peaks at
1278, 1215, and 1157 cm-1 are due to C-O vibrations. The very sharp needle like signal, at 1568
cm-1indicates carbon-carbon double bond. Immediately to the left of 3000 cm-1, the small peak at
3021 cm-1 we see SP2 C-H stretching vibrations implying the presence of carbon-carbon double
bond. Whenever we see an SP2 C-H stretching is observed it verifies that there is carbon-carbon
double bond. The SP2 C-H stretching is of aromatic nature. We see two absorptions at about
2847 and 2811 cm-1 to the right of 3000 cm-1. These are SP3 C-H stretches that resembles
aldehyde C-H. The FTIR spectrum showing the peaks of furfural is given in the figure below.
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Figure 4. 13: FTIR spectrum of furfural
4.6. Batch Adsorption test
Batch adsorption tests were performed to study the adsorption behavior of the adsorbents in the
inhibitor-containing water solution. The experiments were conducted using 250 mL Erlenmeyer
flasks. The effect of different parameters such as, contact time and adsorbent dose were studied
by varying one of the variables and keeping the other constant. Here 10 mL of the synthesized
furfural was added to 250 mL of Erlenmeyer flask and diluted with 40 mL of distilled water. The
dilution process continued up to five steps serially.1 mL of sample was taken from each conical
flasks and analyzed with Uv-Visible spectroscopy at 278 nm.
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Figure 4. 14: calibration curve for furfural
4.6.1 Contact Time Optimization.
To determine the optimum contact time, first 0.1 gm of the as synthesized Nano sorbent was
added to each of 250 mL Erlenmeyer flasks, then 50 mL of furfural solution was transferred to
each Erlenmeyer flasks, and the samples were agitated in the shaker at room temperature for 20,
30 and 40 minutes.
The result showed that before treatment the average absorbance at 278 nm was 0.16, while after
treatment with 0.1 gram of adsorbent for 20 min, 30 min, and 40 min contact time the absorbance
at 278 nm was 0.067, 0.059 and 0.06, respectively (Table 4.3). According to the result, the one
with minimum absorbance was the optimum time, which was 30 minutes.
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Table 4. 3: Contact Time optimization
Before Treatment With Nano sorbents

After Treatment With Nano sorbents

Adsorbate
(in mL)

Time
(min)

Adsorbent dose
( in gram)

50
50
Ave

30
30

Absorbance
at 278 nm

Adsorbate
(in mL)

Time
(min)

Absorbance
at 278 nm

0.153 0.1
0.168 0.1

50
50

20
30

0.067
0.059

0.16 0.1

50

40

0.06

4.6.2. Determination of Adsorption Capacity (Adsorbent dose optimization)
Once the optimum contact time is determined, the next step is to measure the total adsorptive
capacity of the synthesized Nano composites. Here 0.05, 0.08, 0.1 gm of adsorbents were added
to each Erlenmeyer flasks of 250 mL, then 50 mL of furfural solution was transferred to each of
the Erlenmeyer flasks. And the samples were agitated in the shaker at room temperature for the
optimized time at agitation speed of 200 rpm and immediately filtered with whattman filter
paper. Finally, the filtrate was centrifuged at 3000 rpm for 15 minutes and analyzed using Uvvisible spectroscopy at 278 nm. The result revealed that the maximum removal of furfural was
obtained at an adsorbent dose of 0.08 gm (Table 4.4). Hence, 0.08 gm was an optimum dose of
adsorbent.
Table 4. 4: Adsorbent dose optimization
Adsorbent( in gram)
0.05
0.05
Ave
0.08
0.08
Ave
0.1
0.1
Ave

Adsorbate (mL)
50
50

Time (minute)
30
30

50
50

30
30

50
50

30
30

Absorbance at 278 nm
0.015
0.012
0.0135
0.008
0.005
0.0065
0.007
0.008
0.0075

4.7. Adsorption Tests with True Biomass Hydrolytes
After the preliminary adsorption tests with model solutions prepared from the corn cob
mentioned above, adsorption tests with real feed after biomass pretreatment were performed. The
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feed was prepared from the hydrolysis of the multi substrate sample with the optimized
hydrolysis conditions. The multi substrate sample was hydrolyzed by 4 wt% sulfuric acid at 130
Co for three hours to produce monosaccharaides. After neutralizing the hydrolysate with 5M
NaOH, adsorption tests with this real feed were conducted using Nano sorbents in the same
condition as mentioned in batch adsorption test.
The concentration of furfural in the solution was analyzed by UV-vis method at 278 nm. Table
4.5 indicates the results of adsorption tests with true bio mass hydrolysates.
Table 4. 5: Adsorption tests with true bio mass hydrolysates
Before Treatment of
hydrolysate With Nano
sorbents
Adsorbat
e (mL)

Time
(min)

50
50
50
Averege

30
30
30

Absorba
nce
at
278
nm
0.464
0.411
0.407
0.445

After Treatment With Nano
sorbents with out neutralizing the
hydrolysate
Adsorbe
nt dose
(gram)

Adsorb
ate
(mL)

Time
(min)

0.08
0.08
0.08

50
50
50

30
30
30

Absorba
nce
at
278
nm
0.24
0.245
0.26
0.248

After Neutralizing hydolysate
With 5MNaOH &treatment with
nanosorbent
Adsorbent
dose
( gram)

Adsorb
ate
(mL)

Time
(min)

0.08
0.08
0.08

50
50
50

30
30
30

Absorb
ance at
278
nm
0.082
0.092
0.088
0.087

The result shows that after the neutralization of the hydro lysate, most of furfural was removed
from the solution with the synthesized ternary mixed Nano composites. This is probably due to
after biomass pretreatment, there are components existing in the solution other than furfural
compounds which directly competes with furfural for the adsorption on the synthesized nano
sorbents. Acetic acid is the most common organic acid in the solution and its concentration can
be 5wt%(Gray KA et al,2006). However, this negative effect of acetic and others on the
adsorption of furfural could be eliminated by neutralizing the acid, which is indicated in the table
4.5 above. After neutralization with aqueous NaOH, acetic acid becomes acetate which is highly
soluble in water solution .As a result, the inter action between water and acetate is much stronger
than the interaction between nano sorbents and acetate. Therefore, acetate does not compete with
furfural for the adsorption on the synthesized nano sorbents. This suggests that the developed
Nano composites are promising adsorbent for furfural and probably similar organic pollutants
removal from aqueous solutions.
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This result is similar with the findings of (Zhang, 2011), who observed adsorption of furfural on
polymer derived activated carbon. But the removal efficiency of the as-synthesized Nano
composites is extremely high compared with activated carbon. The high removal efficiency of
Nano composites is due to their extremely high surface area to volume ratio. This results in
better adsorption, since a greater proportion of the material is exposed for potential adsorption.
Since adsorption occurs at the interfaces of two substances, when a large percentage of the
particles are located on the surface, we get maximum exposed surface which results in maximum
adsorption .So Nano sized groups of materials makes greater adsorption.
This is similar with the findings of (Mehdi et al, 2017) who observed adsorption of furfural on
Nano zero Valente iron.
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CHAPTER 5: CONCLUSIONS AND RECOMENDATIONS
5.1 Summary and Conclusions
The proximate analysis of the single substrate samples indicated that the single substrates were
well suited for multi substrate sample preparation and it was proved that the moisture content of
the samples were below 10% which enables to control the process variables during hydrolysis.
As the root precursor of ethanol from lignocellulosic biomass is cellulose it was a must to
analyze the cellulose contents of the five single substrates. The determination of the cellulose
content was used as a tool for the preparation of multi substrate sample for the hydrolysis
process. It was revealed from the proximate analysis that the single substrates had lower lignin
content than their cellulose content and this indicated that the substrates were amenable for
hydrolysis. Out of the five multi substrate samples, the one prepared based on the one to one
ratios,(1:1) of the single substrates was selected for the optimization of the three hydrolysis
factors. The hydrolysis factors optimized were acid concentration, residence time and
temperature with an optimum value of 4% H2SO4, 3 hours and 130

, respectively.

Interest in the use of bio-ethanol worldwide has grown strongly in recent years due to limited oil
reserves, concerns about climate change from greenhouse gas emissions and the desire to
promote domestic rural economies. Even though the cellulosic ethanol can be produced by
fermentation, the fermentation efficiency can be substantially impeded by toxic substances
present in pretreated hydrolyzates. Furfural, a pentose degradation product, is highly toxic to Z.
mobilis and S.cerevisiae during the cellulosic ethanol fermentation. Therefore, the overarching
goal of this two years study was to selectively separate the model fermentation inhibitor, furfural,
from water solution.
Magnetite Al2O3/Fe3O4/ZrO2 Ternary Oxides based Nano composite was utilized to separate
furfural from aqueous solution. The adsorbent was characterized in terms of morphology,
elemental composition and surface chemistry.
The morphological feature analysis of adsorbent conducted using SEM analysis showed that the
synthesized adsorbent has heterogeneous surface suitable for adsorption. Further confirmation of
the ratio of elemental composition conducted using EDX integrated with SEM revealed that
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elemental percentage composition of

Al, Fe,and Zr in as synthesized Nano composite were

found to be 8.32% Al, 89.04% Fe and 2.64% , respectively. This shows that the Nano composites
were successfully synthesized in the mixed mass ratio.
To determine the concentration of each metal present in the Nano composite adsorbent ICP-OES
was used. Argon and nitrogen gases were used for plasma creation and as auxiliary for ICP-OES
analysis, respectively. The result revealed that the average concentration of Al, Fe and Zr ions
are 1.165, 5.89 and 0.857, respectively. Also the result showed that Fe was the most concentrated
metal in adsorbent (74.5%). And their recovery average percentage was 98.3% 0.03,
98.82% 0.04 and 97.72% 0.02, respectively for Al, Fe and Zr.
5.2 Recommendations
While this study was successful in removing furfural from aqueous solution with
Al2O3/Fe3O4/ZrO2 Nano composites, to improve the industrial viability some of the areas still
need to be explored and developed. The followings are some of potential research areas to be
conducted in future.
1. Investigation on Other Potential Fermentation Inhibitors:

The present work was

focused on the separation of furfural compounds; however, there are other potential
inhibitors that are released during the processing of lignocellulosic biomass. These include
acetic acid, as well as phenolic compounds and oligosaccharides all of which can prove to be
inhibitory during the bio-ethanol fermentation. Acetic acid is a common organic acid in the
solution during the pretreatment process and its concentration can be 5 wt% (Gray, Zhao, and
Emptage 2012). Acetate-resistant strains have been developed to be capable of producing
ethanol at high acetate concentration (Yun Wang 2008). Phenolic compounds are also
formed during hydrolysis. Competitive adsorption of furfural and phenolic compounds onto
Al2O3/Fe3O4/ZrO2 Nano composites should be further investigated. Even though the
synthesized Nano sorbent showed high removal of furfural from monosaccharaides, the
adsorption tests of oligosaccharides on the synthesized Nano sorbent will be required in the
future work due to the presence of large quantity of oligosaccharides in the solution after
biomass pretreatment.
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2. Factors affecting sorption process should be studied over wide-range and sorption
models should also be explored in the future.

3. Improvements In Bio technology: Trends in biotechnology should be developed well in
our country to have DNA coded strains that will tolerate the toxic compounds hindering the
fermentation process. Techniques such as bio abatement which typically makes use of
naturally occurring microbes for eliminating inhibitory compounds from biomass
hydrolysates and over liming which involves the use of calcium hydroxide to remove
inhibitory compounds present in hydrolysates should further be investigated in detail in our
country.
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