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Abstract

The production of ethanol in the biofuels industry requires methods to remove water from
mixtures to improve biofuel quality. To address the large energy footprint of conventional
distillative separation of biofuels and water, new materials and methods are required to reduce
GHG emissions and to develop more sustainable industrial processing. The overall goal of this
research focuses on the sorption properties of biopolymers and their modified forms as adsorbents
for fractionation of chemical mixtures such as water/ethanol in binary systems. The short term
goals of this thesis are related to the synthesis, characterization, and evaluation of the sorption
properties of biopolymers and their modified forms. Moreover, a long term goal relates to the
development of biopolymer materials with tunable adsorptive properties for the fractionation of
binary water-ethanol (W-E) mixtures. Biopolymers such as starch (linear and branched) and
cellulose were modified with variable amounts of epichlorohydrin (EPI) as a cross-linker for the
enhancement of physicochemical properties related to sorption processes. The characterization of
materials included Thermogravimetry Analysis (TGA), Infrared spectroscopy (FT-IR) and NMR
spectroscopy. These methods provided support that incorporation of incremental levels of cross-
linker with the biopolymers resulted in variable structure and physicochemical properties related
to sorption. This thesis describes four leading edge contributions related to the objectives of this
study: i) The development of biopolymers and their modified forms for the controlled uptake of
ethanol in binary W-E systems, ii) Evaluation of the adsorption properties using dye probes,
nitrogen adsorption, and the use of quantitative NMR (QNMR) spectroscopy as a convenient and
rapid analytical tool to quantify uptake of both water and ethanol content in binary solvent systems,
iii) Evaluation of biomass and its biopolymer components for the fractionation of W-E mixtures,

and iv) Evaluation of the role of solvent effects on the adsorption properties of biopolymers. Based



on the results herein, the biopolymer adsorbents displayed preferential uptake of water over ethanol
in binary W-E solutions. The adsorptive solvent uptake selectivity (Rsetectivity; Qm(W)/Qm(E)) of
water over ethanol for a given sorbent material requires an understanding of hydration phenomena,
biopolymer structure, and textural properties of adsorbent materials. This thesis contributes to a
molecular-level understanding of the solvent fractionation properties of biopolymers and their
modified forms, along with the development of green strategies for biofuel separation. The
isotherm modeling results show that the monolayer adsorption capacity (Qm) of ethanol and water
by cellulose biopolymer materials along with its cross-linked forms cover a range (Qm=1.13-2.44
g/g) of values. The parameters indicate heterogeneous adsorption behaviour, in agreement with
the Sips exponential fitting parameter (ns # 1). The Rselectivity Values ((Qm(W)/Qm(E)) obtained at
saturative conditions are variable (1.10 to 2.03) and further illustrate that cellulose materials
display molecular selective solvent fractionation in binary W—E solutions. By comparison, the Qm
values for starch and its cross-linked forms varied from 0.01 to 2.70 g-g~' for water and ethanol in
binary mixtures according to the Sips isotherm model. The Rselectivity (Qm (W)/Qm(E)) values of
starch-EPI adsorbents for water (W) and ethanol (E) in the binary mixtures range from 3.8 to 80.
As well, the isotherm results show that the monolayer adsorption capacity (Qm; g.g") of biomass
such as miscanthus with water Qm (W) and ethanol Qm (E) fractions were determined by the best-
fit Sips model isotherm parameters for raw Miscanthus (Qm (W) =8.93 and Qm (E) =4.15 g.g™})
and pretreated Miscanthus (Qm (W) =4.73 and Qm (E) =3.22, g.g™). The fractionation properties of
Miscanthus revealed variable Rselectivity (Qm(W)/ Qm(E)) values: raw Miscanthus (Rselectivity=3:1);
pretreated Miscanthus (Rselectivity = 1.5:1), and lignin isolates (Rselectivity = 1: 5.4). The solvent
interactions of biopolymers impact their biodegradability, recyclability and tunable

physicochemical properties for various applications that employ composite materials,



pharmaceutical delivery systems, paper production, fibers and biofuel production. Studies of the
hydration properties of these materials were carried out that include dielectric absorption, Raman
spectroscopy and Differential Scanning Calorimetry (DSC) to determine the structural and
thermodynamic properties that reveal differences in biopolymer-solvent interactions that depend

on the nature of the system.
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CHAPTER 1
1 Introduction
1.1 Bioethanol

One of the most fundamental parts of our universe is energy. Energy is defined as the ability
to do work and it takes on many forms. On the earth, the most common sources of energy used by
industry are based on fossil fuels. Since the source of fossil fuels is limited, other alternative
sources of energy such as hydro, wind, biofuels, solar, and geothermal energy!? should be
explored for future use. Among these sources, biofuels have drawn great attention recently because
it is considered economically viable and more environmentally sustainable. The term ‘biofuel’ is
widely used to refer to any fuel derived from renewable resources. Bioethanol is an example of a
biofuel that can be blended with other hydrocarbon-based fuels. As an advantage, the mixing of
ethanol with gasoline results in fuel with lower emissions of carbon monoxide. Also, the presence
of volatile organic compounds in bioethanol may mitigate some of the negative effects of the
hydrocarbon-based fuels when they are mixed. Therefore, bioethanol is an excellent gasoline
blending component.®3

The main source of bioethanol is the fermentation of sugar, starch, or cellulosic
biomaterials.'* Generally, the two main groups of cellulosic materials utilized for bioethanol
production are waste residues and dedicated crops. Some of the commonly used waste residues are
municipal waste, forestry residues (from logging or milling) and agricultural residues (corn stover,
wheat straw, etc.). Examples of dedicated crops are perennial herbaceous crops, and switch grass
or woody crops.>® The fermentation process leads to production of water-ethanol mixtures
containing 8—12 wt % ethanol in water, along with carbon dioxide.’ The presence of water in mixed
gasoline or ethanol fuels causes problems due to the occurrence of phase separation in the
mixtures.! Anhydrous ethanol, also known as absolute ethanol, is a clear, colourless liquid
containing at least 99.5% ethanol by volume at 15.6°C. The ethanol favourable for use as additive
in fuels must contain less than 0.5 wt % amount of water. Therefore, there is an incentive to develop
methods for removal of water from ethanol for eventual use in fuel mixtures.? The conversion of
biomass into anhydrous ethanol by fermentation involves three stages: (i) At the first stage,
biomass is converted into fermentable forms of sugar; (ii) the fermentation of produced sugars that
yields a mixture with 10-12% ethanol by weight; and finally, (iii) the produced anhydrous ethanol

is separated and purified.! Unfortunately, the separation of ethanol from mixtures that contain high



water content after the fermentation process is neither economical nor environmentally friendly.*
Various techniques are widely used for water/ethanol separation but they come with drawbacks,
due to the energy inputs and the production of unwanted by-products.? Therefore, there is a need
to develop alternative separation techniques, especially with regard to reducing the energy
footprint of such chemical separations. The following section describes the common separation

techniques for water/ethanol mixture in brief.

1.2 Existing methods for separation of water-ethanol

The ethanol-water mixture produced through fermentation of sugars or biomaterials has an
azeotrope at 78°C. By their nature, azeotropic mixtures cannot be effectively separated using a
conventional distillation process. During the production of anhydrous ethanol, the separation of
the diluted aqueous ethanol via distillation takes place up to its azeotropic composition (95.6 wt.%
ethanol).! For separation of this azeotropic composition, several techniques have been used such
as pervaporation, adsorptive distillation, azeotropic distillation, extractive distillation, and reactive
distillation.! Pervaporation (PV) is a special membrane-based technique used widely for separation
of organic solvents because of its ease of operation, energy-conserving nature, and its
effectiveness.® Another method used for the separation of water from ethanol is adsorptive
distillation.® This method is limited because the azeotropic mixtures cannot be completely
separated, without the use of adsorbents such as molecular sieves, chloride salts, and silicagel.’
Heterogeneous azeotropic distillation is one of the most-often used methods for the separation of
a mixture that includes the ethanol-water azeotrope. This separation process requires high external
energy input which is the big disadvantage of this method.'® Extractive distillation has been proven
as a promising ethanol-water separation technology because of its low energy consumption, but
its efficiency does not justifies its wide usage.!* Reactive distillation is a traditional method and,
due to its potential for profit (e.g. enhanced overall rates by overcoming very low reaction
equilibrium constants and ease of separations), selectivity improvements (which reduce excess raw
materials usage and by-product formation), reduced energy input, and the reduction or elimination
of solvents, it is a better distillation technique. However, the drawback of the reactive distillation
process is the difficulty in separation of residual water from the products.'? For instance, a study
by Dirk-Faitakis and Chuang revealed that the use of this method for the removal of water from

an ethanol/water mixtures removed approximately 90% of the water, but led to the production of



a mixture consisting of ethanol and other by-products. Therefore, this method cannot produce
ethanol with high purity.®

Among all methods mentioned above for the separation of water and ethanol, the higher
amount of energy consumption during the separation process is a shortcoming or limitation of
these techniques (cf. Table 1.1) that affect the overall sustability of biofuel production.

Table 1.1  Energy requirement for separation of water and ethanol .4

Purification Energy Input Process Method
(Wt.%) (kJ/kg Ethanol)
8.0-99.5 10376 Distillation
95.0-99.5 3305 Azeotrope Distillation
95.0-99.5 423 Pervaporation

Adsorption processes are an alternative technique that can be considered as a low-energy
option due to its simpler design and easier operation.*>® Adsorption refers to the accumulation of
large number of molecular species (adsorbate) at the surface of liquid or solid phase (adsorbent).
Various adsorption techniques are employed for water-ethanol separation that include fixed-bed
adsorbents, as well as adsorptive dehydration.!” The efficiency of an adsorption process is related
to the adsorbate’s chemical and structural properties including the textural properties and surface
chemistry of the adsorbent. Delgado et al.*® investigated the separation of ethanol-water mixtures
using selective adsorbents in cyclic column adsorption processes. This method looks appealing
due to separation of pure ethanol with low demand of energy.

During an adsorption process, the existence of favourable adsorbate-adsorbent interactions
determines the effectiveness of the process. For example, adsorbents with different structural and
chemical properties and even different shapes behave differently toward adsorbates. To gain a
better grasp of the adsorption process, familiarity with the physicochemical properties of various
types of adsorbents is essential. These properties detect whether the adsorbate is able to interact

with the adsorbent and requires due attention. A favourable adsorbent must possess properties such



as good thermal stability and high surface area, where higher surface area offers more active sites
for uptake of materials of interest. In addition, the chemical functionalities on the surface of the
adsorbent play an important role in their adsorptive properties. Silica materials like zeolite and
molecular sieves are inorganic adsorbents that adsorb water preferentially, based on the differences
in the molecular sizes and physical properties of water and ethanol.*® A molecular sieve contains
small pores with a uniform size, which enable selective adsorption of the water over ethanol; since
the latter cannot enter the pores of the sieve with a diameter of 4 A. However, the downside of this
adsorbent is its expensive cost. Activated carbon (AC) is one of the most commonly used
adsorbents due to its unique properties (e.g. high surface area and functionality). Activated carbon
with different particle sizes can be used as a promising adsorbent for water uptake.*?%?” However,
the high cost of activated carbon motivates the search for alternative sources of adsorbents such as
biomaterials originating from local agriculture in order to separate mixtures.?® The use of bio-
based adsorbents such as starch for separation of water from ethanol was first introduced by Beery
et al.” Another attempt to utilize starch-based adsorbents was carried out in a bid to replace the
commercialized adsorbent 3A zeolite.?° These studies have illustrated the feasibility of adsorption
process for the separation of water/ethanol mixtures in the vapor phase. However, studies on use
of bio-based adsorbents for the separation of water/ethanol mixtures in the liquid media are not
well established. Previous studies have demonstrated that starch and cellulose based materials have
affinity for separation of water from ethanol in liquid phase due to hydrogen bonding (cf. Scheme
1.1) that results in the formation of stable complexes.!’*° Beery et al.}” showed that the adsorption
capacity of several types of starchy materials (e.g., white corn grits, amylase-modified yellow
corn grits) was comparable to that of inorganic adsorbents like silica when the water concentrations
is above 10%.The following sections provide further details on application of polysaccharide-
based materials as adsorbent.
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1.3 Polysaccharide as adsorbent materials

Polysaccharides are biopolymers composed of long chains of monosaccharide units bound
via glycosidic linkages that exist as linear or branched forms.3! Often, the repeating units consist
of six carbons with the following general formula: (CsH100s)n, where 40 < n < 3000.% Examples
of polysaccharides include starch, glycogen, cyclodextrin, cellulose, and chitin. They possess
specific properties that make them amorphous or insoluble in water based on their structure.®
Recently, a number of approaches have been considered to develop the low-cost and more effective
adsorbents using natural polymers. Among these, polysaccharides such as chitin,33* starch,33%
and their derivatives,"® cyclodextrin®-#! deserve consideration due to their physio-chemical
properties. These types of biopolymer are used as adsorbent materials because of their thermal
stability, high reactivity/selectivity affinity towards polar compounds depending on functionality
(hydroxyl, amine) of the polymer chains. Undoubtedly, as mentioned before, activated carbon had
been the most common adsorbent for wastewater treatment throughout the world.®” The high
adsorptive capacity of activated carbon toward pollutants, especially metal ions, make it an
effective industrial adsorbent. Its adsorptive capacity relates to the unique structural characteristics
such as its unique porosity and surface area. However, some disadvantages of activated carbon
include its non-selective uptake and high-cost. In addition, the treatment for regeneration of
activated carbon can be costly. These challenges with the use of activated carbon has triggered the
demand for alternative materials where greater interest on the development of new adsorbents
using polysaccharide biopolymers.

Polysaccharides are good alternatives for activated carbon because they are highly
abundant, low cost, where such adsorbents require little processing because of their functionality.33
The efficiency of polysaccharides as sorbent materials is dependent on their physicochemical
properties and are discussed in the following section.

1.3.1 Polysaccharides and their physicochemical properties

Cellulose, chitosan and starch are highly abundant biomaterials on the earth, where the
differences between them lie in their functionality and composition. For instance, the repeating
unit of starch and cellulose is the glucopyranose unit, where cellulose is more rigid than starch due
to strong intra/inter molecular hydrogen bonding network within its structure. The greater

flexibility of native starch relative to cellulose is affirmed by the presence of both amylopectin and
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amylose in its structure.33#2 Chitosan is a partially deacetylated form of chitin that is produced
commercially at low cost. The difference between chitosan and cellulose/starch is based on their
sources and the functionality at C2 of the glucopyranose unit. Chitosan is animal based and possess
an -NH2 or -NHCOCH3 group at C2 while cellulose and starch are majorly plant based
polysaccharides and has an -OH group at C2 (cf. Scheme 1.1). Biopolymers possess many
advantages like non-toxicity, biocompatibility, biodegradability, high reactivity, chelation ability
that make them excellent materials to be used as adsorbent in large-scale in industries.®® The
physicochemical properties of polysaccharides are mainly attributed to: (1) high hydrophilicity
due to the presence of hydroxyl functional groups of glucose units; (2) presence of variable
functionalities like acetamido, primary amino and/or hydroxyl groups; (3) flexible structure of the
biopolymer chain. Since the detailed discussion about the properties of all type of polysaccharides
is not possible, the following section describes the sources, structure, composition and
physicochemical properties of the starch and cellulose with greater detail due to their relevance to

the objectives of this thesis research.

1.3.2 Sources, structure and composition of polysaccharides
1.3.2.1 Starch

Starch is a promising biopolymer material for adsorption applications because of its low
cost and abundance. It is a major source of energy in many plants and has functional utility for
various applications.** Starch mainly forms granules and the morphology, composition, and
structure of starch in each plant is distinct from other species and governed by genetic and
environmental factors. Starch functionality is controlled by its components, amylose and
amylopectin, as well as the arrangement of these components inside of the granular structure.**
The unique properties of starch such as linear vs branched starch, molecular weight and
composition gives it versatile potential for use as a raw material for diverse applications in textiles,
adhesives, and various food industries.*> Starch can be sourced from cereal grains (e.g., maize,
rice, wheat, barley, oats, and sorghum) and root crops (e.g., Sweet potatoes, cassava, arrowroot,
and yam). However, the mainstream sources for starch are corn, potato, rice, and wheat, which are
widely used as foods throughout the world. But in tropical regions starches are sourced from other
plants such as tapioca (cassava) and cowpea. Starch contains two types of polysaccharide

components: amylose (linear) and amylopectin (branched), where both polymers contain a-D-



glucose units. In amylose, all units are linked via a-(1 — 4) glycosidic linkages; whereas in
amylopectin, another type of linkage occurs via a-(1 — 6) after approximately every 20 units. (cf.
Figure 1.1).
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Figure 1.1 Molecular structure of starch: A) Amylose and B) Amylopectin.

The molecular properties of amylopectin and amylose such as size, shape, structure and
polydispersity are governed by the origin of plant species. The length of amylopectin units are
relatively short compared to amylose molecules where they are typically ca. 18-25 units long.*"4®
In amylopectin, the chains with short units tend to cluster together, where the units of clusters are
interconnected by longer chains. In a classification offered by Peat et al.*, chain type A is defined
as unsubstituted, chain type B are substituted by other chains, and type C caries the sole reducing
end group. However, type B in most of the cases can be further subdivided into other B-chains.
The B-chains can be classified according to their positions in the cluster structure model as
suggested by Hizukuri.® This classification of chain (type B) cannot be used for amylose since it

has no clusters.>?
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Figure 1.2 Starch granule structure, A) amorphous and semi-crystalline growth rings and
B) amorphous and crystalline lamellage.>

Another notable aspect of starch is that it is deposited as semi-crystalline granules where
periodicity of the alternating amorphous and crystalline domains result in a hierarchical structure
(Figure 1.2). The native starch granules contain amorphous and crystalline domains arranged in
alternating concentric rings. The degree of crystallinity is a major factor that governs the properties
of starch.

As mentioned above, starch granules are not perfect crystals but semi-crystals where
crystalline and amorphous regions exist concurrently and the degree of crystallinity varies between
15 to 50% depending on the origin and the method of preparation. The crystallinity of starch
depends on the moisture content as well. For example, when moisture content reaches to ca. 27%
the maximum crystallinity is observable and a minimum of 8% moisture content is necessary for
obtaining diffraction pattern.>

For starches rich with amylopectin content, the crystallinity originates from intertwining
of the outer chains of amylopectin in the form of double helices. This combination along with
variable moisture content results in formation of the crystalline lamellae. Although, amylose has

no significant effect on crystallinity of normal and waxy starches due to higher amylopectin

9



content, it may contribute to the change in crystallinity when its content is much higher than that
of amylopectin.>®’

The average length of starch biopolymers can vary widely, ranging from 20-100 pum,
depending on its source. For instance, the average granule size of potato starch ranges from 1 to
20 pm for small and 20 to 110 um for large granules, while in corn starch, the size varies from 1
to 7 um for small and from 15 to 20 um for large granules. Rice starch has a relatively smaller
granule size, ranging from 3 to 5 um in size. For wheat starch, the average diameter ranges from
10 to 35 pm for large granules and 1-10 um for the small granules. With respect to the shape,
potato starch granules are oval and irregular, cornstarch granules are angular, and rice starch
granules are pentagonal and angular. Wheat starch is granules are disk-like or lenticular in shape
as well as roughly spherical or polygonal depending on the diameter.>® In addition to the main
sources of starch indicated earlier, there are mutant genotypes of some cereals that contain starches
with a higher content of either amylose or amylopectin; the latter is called waxy. Native starch
granules are insoluble in water and, when heated in water, granules absorb water and swell.
Furthermore, starch can be modified physically or chemically to produce a wide range of modified

starches. 6 %9

1.3.2.2 Cellulose
The cell walls of plants and other organisms are mainly composed of cellulose.®® Rayon is
a textile produced from cellulose. Hence raw material for textile production and feedstock for

rayon are used synonymously. Figure 1.3 depicts cellulose and its structure.
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Figure 1.3 The repeat structural unit of the cellulose biopolymer.
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The fibril structure of cellulose possesses both amorphous and crystalline domains with a
crystallinity degree ranging between 40-60 %. The degree of crystallinity in the cellulose may
indicate the accessibility of the hydroxyl groups, where the amorphous region offers more
accessible hydroxyl groups compared to the crystalline region.®! The accessibility of the hydroxyl
groups of the cellulose can be assigned as follows: C6-OH >> C2-OH > C3-OH.%253 Existing
intermolecular hydrogen bonds between adjacent cellulose strands are one of the main
characteristics that cause cellulose to exist in a variety of polymorph forms.®* Cellulose, as a
natural polymorph, can be classified into Type | and Type Il crystal structures. In cellulose Type
I (with parallel arrangement of the chains), the hydrogen bonds form just between chains of the
same sheet.54%% Whereas, in cellulose Type Il (with an anti-parallel arrangement of chains) the
hydrogen bonds can also be formed between sheets to create a three-dimensional (3D) network.%®
Since cellulose has hydrophilic properties, hydration plays a key role, mainly through the
dissociation and reformation of intra- and intermolecular hydrogen bonds, which can alter the
cellulose structure.®” Starch and cellulose based adsorbents can serve as a possible alternative for
the production of green materials due to their low cost, availability and renewability. They can be
used in ways that produce smaller amounts of wastes (e.g., byproducts) which ultimately decrease
the environmental impact.5® However, to make these polysaccharides efficient adsorbents, various

forms of modifications are required and are discussed in the following section.

1.3.3 Polysaccharide modification

Generally, biomaterials can be modified using many techniques and methods to improve
adsorptive capacity of the adsorbents. These modifications can be conducted using chemical or
physical treatment. The modified biomaterials have variations in their textural properties, surface
chemistry, surface area and the Hydrophile-Lipophile Balance (HLB).%°® The strategies for
modification usually include cross-linking, etherification, esterification and oxidation,
cationization, grafting and composite formation etc. These modification strategies have been
shown to improve the adsorptive properties of polysaccharides. Among all the types of
modifications, cross-linking is most common due to ease of reaction and availability of much
different types of cross-linkers. The following section describes detailed information on why using
cross-linking can be a versatile method for modification of polysaccharides to prepare the new

adsorbents.
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1.3.4 Cross-linking of polysaccharides

Cross-linking of polysaccharides with various linkers is one of the techniques used to
modify both physical and chemical properties of adsorbents. Cross-linking results in changes to
the solubility, hydrophobicity, and solvent swelling properties. The alteration of the properties of
adsorbents can eventually lead to enhancement of their adsorption capacity due to increasing the
surface area via the pillaring effect (cf. Scheme 1.2)7° and creation of favourable functional groups
on the surface of the polysaccharides. In addition, cross-linking of polysaccharides may alter the
mechanical stability of adsorbents. Several methods are available for cross-linking
polysaccharides by using different cross-linkers at different conditions to achieve covalent bonding
between polymer chains. Cross-linking can occur by chemical (covalent or ionic) or physical
means (hydrogen bonding, hydrophobic/van der Waals interactions), where the structural and
physicochemical properties of the polymer can be altered significantly.”t Cross-linkers not only
give favourable functionalities to the polymers but also alter their structural properties (e.g.,
surface area, pore size, and rigidity). When polymers are modified via cross-linking in order to
prepare adsorbents, the length of the cross-linker chain can alter the structural properties (e.g.,
spacing between chains), and the number of the functionalities on the cross-linkers can change the
chemical properties (e.g., polarity) of the prepared adsorbents.”® Cross-linking can increase the
surface area of the material since the process leads to exposure of functional groups such as amine
and hydroxyl groups. By exposing these functional groups, the sorption of adsorbates on the
surface of the biomaterials can occur. Additionally, due to the “pillaring effect”, sorption can also
take place at the internal sites where intraparticle diffusion can play a role and particle size controls
the accessibility of these active sites for adsorption (Scheme 1.2).”
As mentioned above, the type of functional groups is one of the major elements to determine the
required technique for cross-linking. Cross-linking might occur via polymerization of monomers
with suitable functionalities (using condensation), or through covalent bonding between polymer
chains (by irradiation). Another technique for cross-linking is irradiation using high-energy
ionizing radiation. In this process of cross-linking, the polymers absorb radiation energy so that
chemical bonds are broken and free radicals are formed, which results in new chemical bonds upon
reaction of the free radical sites. This high-energy ionizing radiation can be supplied by sources

like an electron beam (e-beam), gamma radiation, or X-rays.”? All these modifications alter the
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chemical structure of the polymer during the cross-linking process. However, the chemical cross-
linking is beneficial since it offers greater diversity for introducing the functionalities. In the
chemical cross-linking process, the numerous chemical cross-linkers can react with the functional
groups present in carbohydrates, and can provide materials with substantial improvements in their
textural and surface chemical properties.”® Cross-linkers such as glutaraldehyde (GLU) and
epichlorohydrin (EPI) have been employed widely for cross-linking of carbohydrates. Since
epichlorohydrin was used as a cross-linker in this research, the rest of this section provides more

details corresponding to this cross-linker.

Scheme 1.2 Schematic illustration of the pillaring effect in cross-linked biopolymers.”

EPI is one of the most common cross-linkers used for modification of polysaccharides
since its reaction can occur in aqueous environments at moderate temperature that offers a water-
based reaction pathway.’* Though EPI is toxic, cross-linking with polysaccharides results in the
formation of non-toxic products, where excess or unreacted EPI can be removed through solvent
washing thus supporting sustainable and green chemistry.”

The mechanism of reaction with EPI was studied by Jyothi et al.”® using determination of
the unreacted EPI molecules. The cross-linking of starch using EP1 occurs through a series of steps.
Depending on the reaction conditions, different functional groups can react either with one or two
molecules of EPI. The cross-linking reaction is influenced by a variety of factors such as starch
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concentration, viscosity, heating rate, temperature, and amount of shear, as well as solubility with
other dissolved solutes and polymers.’*Hirsch et al.”’reported that time, temperature, concentration
and mole ratio of the reactants are the main factors that affect the cross-linking reaction. The study
of Kuniak et al.”® reported that EPI can react with starch via glycerol monoether substituent by
controlling the time, temperature and mole ratio of the reactants. According to earlier literature,
the reaction of EPI with starch in an alkali condition leads to the formation of glycerol monoethers
and diethers. 980

Diverse cross-linkers have been employed to modify cellulose via hydroxyl groups under
alkali conditions.®! For instance, cross-linking of cellulose using adipic dihydrazide was used to
produce gels with various physicochemical properties.®? Berger et al.83# classified cellulose and
starch gels prepared via cross-linking as physical and chemical gels. Based on his classification,
chemical gels are irreversible covalent links, while physical gels are formed by various reversible
links. Application of formaldehyde-based dimethylol dihydroxy-ethylene urea (DMDHEU) as
cross-linker agent for preparing press-durable agents was considered to produce wrinkle resistant
cellulosic fabrics in the textile industry. Also, employing of polycarboxylic acids as cross-linking
agents was reported in the 1960s.2° In general, EPI is a commonly used cross-linker for
modification of properties of cellulosic materials.®®

After reviewing the examples of single component polysaccharides and their modified
forms as adsorbents, an investigation of properties of biomass materials which contain multi-
component polysaccharides is essential. The following section will describe some useful

information on structural and physio-chemical properties such materials in greater detail.

1.3.5 Biomass adsorbents

Recently, there has been increasing interest in the use of cheaper and more recyclable
adsorbents. Biomass is available abundantly material from wastes of the agricultural industry and
have the capability to be used as low-cost adsorbents. Biomass adsorbents possess complex
structures and are mainly composed of polysaccharides such as cellulose and hemi-cellulose.
Depending on their structural composition, the textural properties and surface chemical properties
of biomasses may vary. In particular, their adsorptive capability toward water would be of interest
due to the presence of abundant oxygen containing groups (e.g., —OH, C=0, C-O-C, etc.) in their

biopolymer structures that may serve as potential ligation sites, make them suitable as desiccants.
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Many studies have been conducted in ethanol dehydration using various biomass materials such

87.88 corn meal 8% corn grits, 8% cellulose materials,®* ° and starch.%4%

as corn,

Miscanthus (commonly known as elephant grass) is one of the main biomass sources for
the preparation of activated carbons, but it has the potential for use as an adsorbent material in its
native form. Miscanthus is a low-cost, abundant, and renewable material with about 20 species
found in nature. Miscanthus belongs to the Gramineae family and mainly can be found in east and
Southeast Asia, the Pacific islands, and other regions. Among several crops used for energy
generation (e.g., corn, wheat, or soy), Miscanthus, with its unique ability to self-fertilize, yields
incredibly high output. The dry matter in this plant yields 2 tons per acre each year, where its high
yield production can continuously last up to 20 years. In addition, it has great environmental
adaptability as well as low water and fertilizer requirements, which affords its survival in variable
climatic environments. Miscanthus can be considered as a typical energy crop because of high
energy content and low moisture content after harvest.®® Miscanthus consists of three major
biopolymer components with variable composition: cellulose (40 to 60 w: %), hemicellulose (20
to 40 wt %), and lignin (10 to 30 wt %). It can be inferred that the structure and physicochemical
properties of such biopolymers are variable in nature depending on their composition.®” Another
aspect of this plant is that it has a low mineral content compared to other biomass resources. This
aspect makes Miscanthus one of the top energy crops.®® As mentioned above, while Miscanthus
recently has gained attention either for energy production or as a precursor to generate activated
carbon, research on its potential as an adsorbent is limited.* Different types of Miscanthus have
been used as adsorbents for treatment of waterborne contaminants. In one study, the Chinese Reed
(Miscanthus sinensis) was employed for the removal of Cr (11l) from wastewater in which the
variable parameters were studied using a batch mode adsorption method.'® Osman et al.!®
proposed an application of Miscanthus for adsorption of heavy metal from aqueous solution. Their
results revealed a high removal capacity up to 88% occurs for variable types of Miscanthus.

The study of the properties of the adsorbent/adsorbate systems cannot solely and
completely reveal the entire factors that govern the adsorption process because the media in which
adsorption takes place also plays a critical role. For this reason, the following section offers some
important information about the interactions between adsorbate/adsorbent system and solvent to

gain better insight on the adsorption process.
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1.3.6 Biopolymer solvent interactions

Hydration phenomena of polymers are related to the interaction of water with natural and
synthetic polymers due to the unique physicochemical properties of water. Hydration plays a key
role in the adsorption process due to the microenvironment effects and adsorbate for binding at
adsorption sites, along with alteration of the morphology of the polymer in a solvent phase
(ionization processes) as a result of its variable HLB.!% In one study, Mohamed et al.l®
demonstrated variable tertiary structures (morphology) of polymer materials upon cross-linking of
B-CD with diisocyanates under thermodynamic vs. Kinetic conditions. The study revealed that
materials with variable solvent accessibility can be obtained due to the type of cross-linker and the
degree of cross-linking was correlated to the variable HLB of the final polymer.

In the hydration process, water molecules can be divided into two forms: “bound water”
and “unbound water.” Bound water is divided into freezing and non-freezing components,
whereas; unbound water is divided into trapped and bulk contributions. Generally, hydration is
measured by determining the amount of bound water interacting with the solute. This term can be
defined as “non-bulk” water because it is more closely associated with the solute rather than the
solvent. The freezing point for unbound water is the same as normal water (< 0 °C depending on
cooling rate).'® However, some water is likely to take a longer time to freeze, up to 24 h in some
cases. In the reversible transition, bound freezable water undergoes fusion at a lower temperature
compared to normal water, which exhibits a reduced enthalpy of fusion (melting).1%

One way to distinguish bound water from other types is its relative tendency to freeze.
Calorimetry measurement may not be a good assessment of the level of hydration. In hydration
phenomena, an alternative way to determine the bound water is by the use of relaxation methods
in the NMR spectroscopy. Since the NMR relaxation times strongly depend on the mobility of the
molecules, particularly on their rotational motion, proton spin-lattice (T1) and proton spin-spin
relaxation times (T2) parameters can be used for determining the exchange kinetics between free
and bound states of water molecules onto the adsorbent if only intramolecular dipole-dipole
interactions of the water molecules are present as a relaxation mechanism. It is notable that the
time resolution for the NMR technique is combination of dynamic and steady state while other
methods (e.g., GC) may run at steady state. One of the best methods to differentiate among the
types of hydration are calorimetric methods such as DSC, where the enthalpy of the phase change

is determined.'®®1%" Thermogravimetric methods also offer an assessment of biopolymers with
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bound water, which is based on measurement of weight loss changes due to differences in the
desorption profile of bound solvent as a function of temperature. The investigation of the hydration
on cross-linked polysaccharides is sometimes challenging due to the presence of the biopolymer
branches or cross-linked domains. This leads to a more low-density water structure and stronger
binding of the water micro-pools.1® Alternative methods for defining bound and unbound water
are based on bound water being divided into non-freezing and freezing.1%®

Practically, the effects of water on polysaccharide adsorption properties are complex and
become even more complicated when other materials (e.g., adsorbates, buffers, etc.) are present.
Water molecules may compete for adsorption through intramolecular and intermolecular hydrogen
bonding.*'° The entropic changes that occur when water interacts via hydrogen bonding are high
(up to about 20.8 kJ mol™ or more at 25 °C for a totally “frozen” molecule) and this must be
compensated for through the formation of stronger, or extra, hydrogen bonds.!!* The uniqueness
of the physicochemical properties of water''? contribute to the remarkable hydration properties of
adsorbents in aqueous solution'*® and governs the hydration phenomena in physical and biological
processes.* In biopolymers, the role of hydration effects can be understood by their tertiary and
quaternary structures, in agreement with the relative surface accessibility of the hydrophilic groups
in the presence of water. Thus, an understanding of hydration and role of water molecules in an
adsorption process is essential for understanding the binding affinity and molecular selectivity of
adsorbates in aqueous solution. Due to the existence of abundant hydroxyl groups of cellulose,
hydration occurs at the biopolymer surface.*> Hydration of cellulose can be affected by the
textural properties (e.g., surface area and pore structure) because of the variable functional group

accessibility of the polar groups (hydrogen bond donors and acceptors).'16

1.3.7 Solvent swelling

The increase in the volumes of a biopolymer due to the uptake of a liquid or gas species is
referred to as swelling. It usually leads to an alteration of the mechanical properties of the resulting
biopolymer. Swelling is a significant property of biomaterials that affects adsorption processes.
Swelling depends mainly on three factors: (1) affinity and accessibility of the solvent to the
polysaccharide (2) The length of the chains between cross-links and (3) porosity based on surface
area and electronic surface charge of the material lead to counter ion accumulation.These three

factors can be altered by cross-linking of an adsorbent material. Cross-linking can reduce or
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increase the 3-D nature of a polymer network, thus affecting the adsorptive properties of the
polysaccharide material in a solvent. The swelling properties of the polysaccharides can be
determined based on the entropy of mixing of a polymer network within the aqueous medium,
where the enthalpy of water-polymer interaction and elastic restoring force of the polymer network
occur.!7118 Starch is known to swell in aqueous solutions and its structural modification may result
in alteration of its swelling properties. The properties of polysaccharides like cellulose and starch
are highly influenced by their structure and composition since they can affect the water molecule
dynamics and diffusion ability into the system. For example, altering the amylose/amylopectin
ratio is one of the major factor that plays a role in the swelling properties of starch materials due
to variable chain length distribution between amylose and amylopectin.!*® Other properties such
as molecular weight distribution, and the degree branching of amylopectin are also known to
influence the functional and swelling properties of starch, 19120

The presence of free hydroxyl groups in the amorphous region of cellulose favours strong
attraction to many solvents and components in a solution environment. During the adsorption
process in aqueous solution, the hydrogen bonds of the amorphous region in anhydrous cellulose
constantly start to break and these hydrogen bonds in the cellulose start to replace with the
hydrogen bonds between hydroxyl groups of cellulose and water. When absorbed water within the
biopolymer structure of cellulose reaches the saturation point, water molecules continue to enter
the pores of the cellulose fibril to form another layer of adsorbed water (i.e. capillary water), which
is called free water.'?! Therefore, the swelling properties not only offer valuable information about
the structure of the adsorbent materials but also can provide an account for the mode of interactions
in variable adsorbent/adsorbate systems.

There are wide ranging forces which affect the swelling of biomaterials. These include
osmotic repulsive forces, Brownian motion, van der Waals force and electrostatic force.'?>1% The
study by Geffert et. al 2 has shown that the swelling of cellulosic materials occur via two steps;
i) the filling and activation of empty and collapsed swelling centers with water, and ii) an increase
in volume due to actual water uptake.

Capillarity is another factor that has shown to influence swelling properties. Sweijen et
al.*®developed a grain-scale modeling technique to produce the capillary pressure—saturation
curves for swelling granular materials. By using this model, they could study the effects of porosity

change and swelling on the capillary pressure—saturation curve.
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Equilibrium swelling is method for characterization of native and modified polymer
networks. The idea of equilibrium swelling was first presented by Frenkel, and further developed
by Flory and Rehner.!?® The Flory-Rehner theory has been considered for evaluation of the
swelling degree of a polymer network swollen to equilibrium in a solvent. In this model, swelling
equilibrium from a competition between two forces; i) the entropy of mixing, and ii) rubbery
retractive forces is evaluated. Equilibrium swelling is achieved when these two forces balance each
other. In Flory-Rehner theory, separability of the mixing and elastic free energies has been
calculated separately and it has been assumed that they are considered independent. The difference
of the total free energy AF, associated with the change of volume induced by swelling, can be

presented as:
AF = AF i1+ AFe Equation 1.1

Where AFgil, is the variation of the ‘osmotic’ free energy corresponding to the dilution of the
polymer network chains and AFe, is the variation of the elastic free energy. These two terms are
dependent on the conformation of the polymer chains, separately. To assess this point, the
experimental data indicated that the variation of the reduced dilation modulus (experimentally

available) vs the square of the deformation ratio (1) is expressed by eq. 1.2.

A u .
. =f ()2 Equation 1.2
Vi [ “I,uj ( )

Vm is the molar volume of the swelling solvent, . is the activity of solvent for the swollen cross-
linked polymer, and . is the corresponding activity for the unmodified polymer at the same
concentration of solvent (the ratio puc/w,.u shows the elastic contribution to solvent activity). The

deformation ratio (A) is described by eq. 1.3 and 1.4.

3
A :[ﬁ] Equation 1.3
Vo
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A=—=Q Equation 1.4

Vo and V. are the swelling equilibrium and polymer volume fractions where cross-linking took
place, respectively. V is the volume of the isotropically swollen material and Vo the volume in the
dry state, and Q is the degree of volume swelling at equilibrium .

The swelling kinetic equations of particle that is submerged into sufficient water can be
used for description of the water diffusion into structure of polymer by assuming an
incompressibility of both polymer and water.*?” If one assumes an arbitrary shaped particle, there
is a need to introduce a parameter for water uptake onto the particle surface. This assumptions and
equations can be applied to a spherical particle. Consider a particle with an arbitrary shape filling
an area indicated by Q(0). When t > 0, the area can be expressed by Q(t). So, at each point X€Q(t)
where x is the distance of particle surface. The local volume fraction of water can be signified as
0(x,t), where applying 8o < 0(X,t)< Omax and constraining the system to 0(Xx, t), where Omax and 6o
are the maximum and initial constant values for 6, respectively. The boundary of the area can be
denoted as 0 Q(t) at which 6 = 0p where 0p indicates the value of 0 at the boundary. The boundary
has an outward normal vector n and a velocity v. Diffusion into a particle is described by the

following set of equations:

99 | divg=0
ot 977 For zeQ(t) and t > 0 Equation 1.5a
q=-DVo
6| oQ(t) = oy, Fort>0 Equation 1.5b
0|t=0=po Equation 1.5¢

q denotes the water flux and D is a diffusion coefficient which is independent from time. For
simplification of calculation, it can be assumed that the diffusion process occurs linearly (when D
is a constant), despite water diffusion into a dry particle is non-linear. During swelling, a moving

boundary, 0 Q(t), can be defined to account for growing the particle size when water enters to the
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boundary. For a given small surface of 0 Q(t), with an area A, the growth in particle volume in
space from time t to time t+At results (6=1) which means that an excess volume of water (Vexcess)
is placed inside the particle close to the boundary, that must diffuse into the particle. This volume
can be expressed as eq. 1.6:

Vexcess: (1_9b)(\_/ﬁ)AAt Equation 1.6

As this volume of water diffuses into the particle, the following equation also can be used to

express the term, Vexcess, by €q. 1.7.
Vs =~ D[ 1.V 0]3Q(0) | AAL =D (V0.n) AAt Equation 1.7
By combining eq. 1.2 and 1.3, the volume balance can be calculated using eq. 1.8.
D(V6|6Q(t).n)=(1-g,) (v.n) Equation 1.8

The volume balance relates to the water flux at the boundary and the speed of the boundary growth.
equation 1.4 takes volume conservation into account across a moving boundary. Fasano et al.1?8
used equation 1.4 to investigate the effect of water absorption by a spherical particle. These sets
of equations can be employed to address water diffusion in an arbitrary domain and its subsequent
relationship to swelling. Based on the discussion above, the swelling of biopolymers is related to
uptake and the molar volume of the solvent, adsorbent porosity and surface functionality. This
thesis research aims at the modification of biopolymers to improve the aforementioned properties

to enhance efficient swelling in water.
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CHAPTER 2
2  Methodology
2.1 Overview of techniques for detection of water and ethanol

Important aspects of an analytical method include the limit of detection (LOD) and its
relative sensitivity for discrimination between two or more components (resolution). Herein, the
application of different techniques for detection and quantification of water-ethanol is discussed.

Gas chromatography (GC) is an important analytical technique for the detection of
compounds that can be vapourized without thermal decomposition. Since the ethanol is volatile,
quantitative analyses are possible using GC.%? (The LOD for ethanol was found to be 0.1 ppm).
Typically, GC can be used for testing the purity of a sample, separating the different components
and relative amounts of different components of a mixture. Weatherly et al.® examined the response
range for water and ethanol using GC, by considering the thermal conductivity detection (TCD),
and barrier ionization detection (BID) techniques. Validation of these methods was accomplished
by using standard reference materials. In addition, Tiscione et al.* employed GC with flame-
ionization detection (HS-GC-FID) for quantification of ethanol since its automation can be
obtained with acceptable sensitivity, and accuracy.

High Performance Liquid Chromatography (HPLC) is a promising analytical technique,
that differs from GC, where LC employs a liquid as the mobile phase.>® Although HPLC can be
employed more widely for compound analysis, it is considered a more expensive method relative
to GC due to the level of solvent consumption. (The LOD of ethanol was found to be 0.02uM for
ethanol in water).” Both HPLC and GC method require time for chemical separation to occur which
may be on the order of 15-20 minutes. Sharma et al.® suggested the HPLC method for the
determination of variety of alcohols. This method is advantageous due to the use of pure water as
amobile phase. Yarita et al.’ reported a unique HPLC method referred to as reversed-phase column
high-performance liquid chromatography (RP-HPLC). RP-HPLC was used to produce higher
resolution signals for the separation of organic compounds that has been used successfully for
ethanol determination in alcoholic beverages.

The Karl Fischer (KF) titration is a useful technique for the determination of water content
by use of coulometric or volumetric titration.° Fregolente et al.!! reported the application of this
method to evaluate the presence of water in biodiesel and diesel fuel samples. The advantage of
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this method lies in its high selectivity towards water. Furthermore, this method is laborious and
the reagents can be expensive, especially in the case of large sample volumes.

Infrared (IR) spectroscopy is a technique based on the absorption of infrared radiation. This
equipment is fairly inexpensive, where the analysis of samples using this method is simple and
fast. Generally, this method can be employed as a complementary method and for identification of
functional groups within a molecule. *>** Application of the IR technique for detection of water
and/or ethanol can be considered difficult due to overlap of spectral signatures which poses
problems for water-cosolvent mixtures. However, Laakso et al.* used a low-resolution FT-IR
spectrometry for measurement of ethanol in human breath. Sharma et al.8 indicated a very strong
peak for C-O, stretching at ca. 1015.3 and 1044.2 cm™, for methanol and ethanol, respectively and
this absorption of vibrational stretching frequency for C-O of alcohols was used for quantification
purposes. In cases where water is present in the mixture, the C-O group signal of alcohols can be
measured using Horizontal Attenuated Total Reflectance (HATR-FTIR) with a zinc-selenide
crystal.

Among the various types of spectroscopic methods, Nuclear magnetic resonance (NMR)
spectroscopy is a potential quantitative technique that allows for measurement of the composition

of mixtures in cases where well-resolved spectral signatures are required.*®

2.2 Quantitative NMR spectroscopy (QNMR)

NMR spectroscopy is a suitable technique for elucidation of chemical structure and
composition of materials. Quantitative NMR refers to the use of NMR spectroscopy for the
determination of the concentration of one or more chemical species in solution. Proton NMR
spectroscopy as a useful tool for quantitative analysis was first employed in 1963 by Jungnickel
and Forbes for calculating the intra-molecular proton ratios of an organic substance.*® Another
study by Hollis proved the application of quantitative NMR (qQNMR) for analyzing the fraction of
aspirin and caffeine in mixtures.” The use of GC and gNMR together was employed by Gongalves
et al.8to quantify the level of ethanol (%) in a pharmaceutical formulation of indinavir sulfate. In
this research study, ethanol was quantified by *H NMR and compared with estimates obtained by
GC results. It was reported that the disparity between the ethanol content (%) obtained by these
two methods is insignificant, affirming the suitability of *"H NMR spectroscopy as an alternative

method for detection and quantification of ethanol in pharmaceutical mixtures. The gNMR method
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is considered more advantageous since it requires relatively small amounts of sample and shorter
analysis time. Another study on application of qNMR technique for determination of alcohol
content was reported by Isaac-Lam by using a low-field 45 MHz NMR spectrometer.®%° The use
of a benchtop NMR spectrometer promoted features of this method for its ease and cost of
operation when compared to high-field NMR instrumentation.?! Recently, there has been progress
in the use of gNMR in analytical chemistry since it can be used with or without any specific internal
standard. 22 However, the applications of gNMR with other nuclei (e.g., 3P and 3C) are restricted
due to their low sensitivity/natural abundance. Nevertheless, recent progress in the development
of high-field magnets has enabled quantitative analysis of samples at low concentration.?®> gNMR
spectroscopy has found a deserved place in environmental science. Reliable results by gNMR
relate to the acquisition, processing parameters and referencing techniques. Based on the mode of
application, reference compounds are classified as internal and external standards, where
appropriate choice enables reliable estimation of the analyte concentration. Attention to sample
preparation and experimental procedures can reduce systematic errors and provide better accuracy
and precision.

Since the signal intensity of the spectrum (Ix) in NMR spectroscopy is directly proportional
to the number of nuclei (Nx) corresponding to a particular resonance, it can be employed as a
quantitative technique for detection of relative analyte levels in solution. Even though this
technique requires a high-level of operational skill, it is practical for analytical measurements of
samples.?® Since the spectrometer constant of all resonances in a NMR spectrum remains the same,
quantitative measurements are possible in situ without the need of chemical separations as for the
case of chromatography (GC and HPLC). However, factors like pulse excitation, repetition time,
broad-band decoupling, digital resolution and data processing via integration errors affect the
measured values. Generally, there are two ways by which quantitative analysis is possible through
the use of qNMR spectroscopy. The two strategies outlined below relate to relative and absolute

quantitation are discussed in sections 2.2.1 and 2.2.2, respectively.
2.2.1 Relative quantitation method

A facile gNMR method involves the measurement of relative quantitation, where the molar

ratio for two compounds x and y (Mx and My) can be calculated by equation 2.1.2
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M« _Ix Ny
M, I, Ny

Equation 2.1

The terms | and N represent integral area and number of nuclei, respectively.

2.2.2 Absolute quantification method

There are two analytical methods for the determination of the absolute concentration of
analytes. In cases where all components present in the NMR spectrum, along with impurities, can
be measured quantitatively, the composition can be assessed from mass-balance consideration by
additivity of components to the total overall composition (100%). This method has limitations
when resonances from the impurities overlap with species of interest or other impurities. In cases
when quantifying the purity of one of the main components, it can be calculated directly from the

NMR spectrum using equation 2.2, %

Px:k Nag My Wa Psg Equation 2.2

lg Ny Msg W

In this equation, I, N, M, W and P are terms corresponding to the integral area, number of

nuclei, molar mass, gravimetric weight and purity of analyte (x) and standard (std), respectively.

2.2.3 Referencing method in quantitative NMR

In this method, addition of a standard reference compound in solution with known
concentration is necessary to determine a NMR “response factor” per nuclide under specified
experimental conditions. This technique can be used directly since there is no need to add standard
reference material to each sample, also known as “Concentration Conversion Factor” (CCF). For
example, an internal standard is identified at a known concentration of a reference compound that
is dissolved in a known volume of analyte solution for quantitative analysis. Different reference
compounds such as tetramethyl silane (TMS), and tetrahydrofuran (THF) are widely used as
internal standards for gNMR analysis. The solubility and chemical interaction of an internal
standard with the analyte are the two most significant conditions that enable estimation of the
analyte concentration.?®% In one study, the minimum detection limits (MDL) for proton
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measurements in water ranged from 3 to 10 ug/g.2® Various parameters affect the accuracy and
precision of gNMR technique such as recycle delay, pulse sequence, and acquisition time, where
detailed aspects of these parameters are outlined in the experimental section in the Appendix A,
chapter 2.

2.3 Sorption

The term sorption is generally used for describing the combined process of absorption and
adsorption. These processes involve a substance (adsorbate and absorbate) to be adsorbed onto
and/or absorbed within a substrate, as shown in Figure 2.1. While the absorption involves the
uptake of adsorbates from the bulk phase into the network of the adsorbent (phase transfer),?’
adsorption is the attraction of the adsorbate from the bulk phase onto the surface of the adsorbent.?®

Whereas, absorption is a volume-driven phenomenon, adsorption is a surface-driven phenomenon.

Figure2.1 A) Gas-Solid Absorption and B) Liquid-Solid Adsorption process. Solid line
denotes the solid-medium phase boundary.
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2.3.1 Absorption and adsorption processes

Sorption is an accepted term that represents a combination of two phenomena, absorption
and adsorption. During adsorption process, the adsorbate species from the bulk phase binds to the
surface of adsorbent while absorption takes place within the interior phase of the sorbent.
Absorption as a physical process can be estimated according to the “Nernst distribution law” since
the absorbed substance is uniformly distributed in the bulk of the other.?® This law suggests
distribution of a solute (solid or liquid) in non-miscible solvents. This law can be represented using
following equation 2.3, where C; is concentration of “X” in solvent 1, C> is concentration of “X”

in solvent 2, and Kgq is a constant called the partition coefficient (distribution constant).

Ci_
C2

K 4 Equation 2.3

In general, the adsorption process is categorized by: (i) physisorption, and (ii)
chemisorption. Physisorption involves non-covalent interactions between the adsorbate and the
adsorbent by physical forces such as van der Waals interactions, surface charge interaction (e.g.,
electrostatic forces), dipolar (e.g., hydrogen bonding), and m-m interactions. Chemisorption
describes covalent bonding interactions, Metal-ligand binding, ion-ion interactions between the
adsorbate and adsorbent. The interaction between the adsorbate and adsorbent is driven by multiple
intermolecular forces such as van der Waals and/or hydrogen bonding. These interactions that
result in physical adsorption are weak and reversible, where the process has an enthalpy of
desorption ca. 20-40 kJ/mol. The nature of the physical adsorption can be understood according
to the polarity of the interacting species. Indeed, polarity of the interacting species plays an
important role in physisorption as a driving force. Physisorption also occurs via solvent driven
association such as the hydrophobic effect, where the apolar adsorbate resides on the surface of
the sorbent leading to an overall increase in the entropy of the solvent (water) medium.* By
contrast, chemisorption occurs via strong interactions that result in irreversible adsorption between
the adsorbate-adsorbent system. The driving force for chemical adsorption is valence force that is
similar to processes related to covalent bond formation, where sharing of electrons occurs for the

adsorbate-adsorbent system. Chemisorption is characterized by large exothermic heats of

33



adsorption in the range 100-400 kJ/mol. By contrast physisorption is often characterized by heats
of adsorption that lie below 100 kJ/mol.

Among the methods mentioned above for the separation of water and ethanol, adsorption-
based processes are among the most attractive and simple techniques chiefly due to their lower
energy consumption requirements.®*? Various adsorption techniques are employed for water-
ethanol separation that include fixed-bed adsorbents, as well as adsorptive dehydration.®! Hu et
al.*® used two types of Chinese cornmeal as adsorbent for packing a fixed bed for separation of
ethanol and water. Their results indicated that the adsorption capacity of water mainly depends on
the vapor velocity, temperature, and the particle-size distribution of cornmeal in the fixed bed.
Determining the efficiency of an adsorption process can be estimated by the chemical and
structural properties of the adsorbate such as the porosity and surface chemistry of the adsorbent
and by adsorption techniques including batch and column methods.2*Adsorption, as mentioned
above, can be defined as the accumulation of substrates (the adsorbate) on a surface of the
adsorbent in contact with the air/water phase. Although the term adsorption can be used to refer to
the same process in air or water media, the mechanism of this process differs for these two
conditions due to medium effects. Since the separation of water-ethanol takes place in their liquid
form, the solvent-solvent interactions compete with the solid-solvent adsorption processes.
Therefore, distinguishing between adsorption in solution vs. gas phase systems seems necessary

for developing a better understanding of the process.

2.3.2 Solution vs. gas-based adsorption
Adsorption occurs onto an adsorbent when the adsorbate is in the form of a gas or liquid.
The difference between gas phase and liquid phase adsorption is shown by the illustrated processes

in Figure 2.2.
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Figure 2.2  Chemical adsorption processes using a solid substrate with an adsorbate in various
phases: A) gas adsorption,®? and B) solution-based adsorption.

In solid-gas adsorption, the process involves noncovalent binding of the gas to a vacant
sorption site on the adsorbent surface. Thus, the sorption capacity of the adsorbent can be
considered as the amount of adsorbate bound onto the adsorbent surface.®® For liquid-phase
adsorption, all sorption sites are occupied by either a solvent or solute molecule in contrast to gas-
phase adsorption. Thus, the adsorption process is the replacement of solvent molecules by the
solute, along with the role of solute-solvent interactions. As a result, all models for liquid-phase
adsorption account for the solute and solvent activities together.®®

2.3.3  Solution-phase adsorption

Liquid-phase adsorption on solid adsorbents occurs via equilibrium or dynamic processes.
As briefly mentioned before, an adsorption process can be carried out using batch and column
methods. The focus of this discussion will concentrate on the batch technique. Batch studies at
equilibrium have some benefits, such as easy access to sorption sites at the interior of the adsorbent.
In this method, the solid adsorbents are placed in the solution phase, which consists of the
adsorbate/solvent, adsorbate species, and the solvent medium, where the adsorbent surface
interacts with the ensemble until equilibrium occurs between the bound and unbound sites of the
adsorbent. At equilibrium, the maximum sorption capacity (Qm) can be determined graphically via
a plot of sorption capacity (Qe) vs. equilibrium or total concentration and analyzed using a suitable
isotherm model.®” For liquid-phase adsorption process, Qe is a function of the mole fraction of the
solute relative to the specific surface area of the adsorbent. Assuming that the ideal-dilute solution

condition governs the adsorption process, Qe can be estimated using mass-balance considerations,
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the initial concentration of adsorbate (C,), equilibrium concentration of adsorbate (Ce), mass of the

adsorbent (m) and volume of solution (V) according to Equation 2.4.

Qe = (CO-CG) xWSqution Equation 2.4

m

2.3.4 Dye-based adsorption method

A) OH B) HO OH

\\\\\\

NO2 O

Figure 2.3  The molecular structure of A) p-nitrophenol (PNP) and B) phenolphthalein (PHP)
in their non-ionized forms.

At equilibrium conditions, the uptake of an adsorbate by an adsorbent system can be
determined using mass-balance considerations provided that the fraction of free or bound
adsorbate can be determined. In the case of adsorbates that contain chromophores, the decrease in
the concentration of the unbound species (Ce) can be measured using the optical absorbance
properties of the adsorbate, according to the Beer-Lambert law. For dyes such as p-nitrophenol
(PNP) and phenolphthalein (PHP), the observed colour can be induced by hydrogen bonding with
water (as solvent) that reduces the energy gap for the n—n* electronic transition. When adsorption
of dyes takes place in the bonding sites of the adsorbent, the adsorbate is no longer dispersed in
the bulk solvent but exists in a bound state by interaction with the adsorbent. PNP will exhibit a
distinct yellow colour in the presence of the solvent; therefore, this dye-based technique can be
coupled with batch equilibrium and/or kinetic studies for studying the adsorption process since the

optical density can be related to the concentration of unbound dye in solution.®® Based on the
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assumption of large molar absorptivity coefficients for various dyes, the UV-Vis method is
considered sensitive to dye concentration over the uM to mM range. In addition, these dyes can be
employed to estimate the sorption capacity of adsorbent materials to estimate textural properties,
analogous to the use of the nitrogen adsorption method. Thus, the ability to measure free or bound
dye in a heterogeneous sorption process enables evaluation of the binding affinity, sorption site
accessibility, and even surface area of the adsorbent.®® Furthermore, it is well established that dyes
can exist in various ionization states (cationic, anionic, or neutral forms) depending on the pH and
nature of the dye. In the case of solvent (water and ethanol) adsorption, the major reason for
adsorption studies that employ model dyes such as p-nitrophenol (PNP) and phenolphthalein
(PHP) relate to the insight provided on the textural and surface chemical properties of adsorbents.
The properties are dependent on the nature of the dye-adsorbent system according to the type of
adsorbent-adsorbate interactions. PNP is an aromatic dye with a pKa of 7.14. The pH of the PNP
solution can be adjusted using a buffer, depending on adsorption conditions required. It should be
noted that some ionization occurs near the pKa value so the pH conditions need to be adjusted to
control the degree of ionization of such adsorbate species, according to the Henderson-Hasselbalch
equation.*® At pH conditions well below the pKa, the dye exists in its non-ionized form; whereas,
the dye will exist as an anion species above its pKa. The sorption properties of phenolphthalein
(PHP) were reported by Bertau and Jorg using amylose-based polysaccharides. The degree of
decolorization is related to the relative accessibility of the —OH groups of the polysaccharide to
afford decolorization of PHP. The sorption process resulted in variable decolourization of
phenolphthalein (PHP) because of the formation of noncovalent complexes.** A noticeable change
in the molar absorptivity of PHP is evidenced by complex formation according to a decolourization
from pink to transparent in alkaline solution, especially for adsorption onto B-cyclodextrin and its
polymer forms.*> PHP is a special category of dye since the binding with -OH groups, especially
in the case of B-cyclodextrin, leads to a shift in pKa of the dye to result in optical transparency vs.
a strong absorbance ca. 500 nm above its pKa value. In some ways, the shift in pKa above is
analogous to the colour change observed in acid-base titrations on going from colourless to pink
upon titration with a base as PHP goes from below to above its pKa of the dianion species. PHP is
considered as a reporter dye with “on-off” properties according to its bound and unbound states,
especially in the case of adsorption by polysaccharides for the reasons of pKa shift described above.

“3Analogous decolourization effects were observed for the adsorption of PHP in the presence of
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cellulose and its cross-linked forms.** The nature of the active sites of adsorbents involved in the
adsorption process can be inferred by studying model dyes such as PHP. A greater understanding
of the role of solvent polarity and the H-bonding ability of a solvent can be inferred by studying
the adsorption of a model dye (PHP) with adsorbent systems of interest. This can provide insight
on the role of solvent adsorption for species with variable polarity, such as water vs. ethanol. The
relative water solubility of PHP is 400 mg/L at 20 °C.* The hydrophilic character of adsorbates is
a consideration in the sorption process due to the role of hydrophobic effects and the availability
of suitable binding sites on the adsorbent surface.*® In summary, the application of the dye-
adsorption method using adsorbents provides more detailed information about structural and
surface chemical properties of the adsorbents by accounting for the role of surface chemistry and
textural properties in the overall mechanism of adsorption.*’

The adsorption process can be studied through graphs referred to as adsorption isotherms,
defined as a graph with the amounts of adsorbate bound onto the surface of an adsorbent (ordinate)
and concentration of the adsorbate (abscissa) at constant temperature and pressure. The adsorption
isotherm profiles are categorized according to the nature of the adsorption process. The shape of
the adsorption isotherm is an informative tool for understanding the size of the pores on the surface
of the adsorbents. The following discussion outlines the various categories of adsorption isotherm

in more detail.

2.3.5 Adsorption isotherms

According to the International Union of Pure and Applied Chemistry (IUPAC), there are
six general types of adsorption isotherms.*® Each isotherm type is governed by the surface area
and the pore diameter of the adsorbent material. Pore sizes can be classified according to their
relative diameter:
1. Macropores: Possess pore diameters larger than 50 nm.
2. Mesopores: Possess pores within the range of 2-50 nm.
The hysteresis loop is associated with the secondary pore filling process of capillary condensation.
For this range, the pores are large enough to fit more than gas molecules and capillary condensation

may occur.
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3. Micropores: Possess pore diameters of 2 nm and less. Typically, pores of such small dimensions
afford adsorption of one gas molecule within the cross-sectional area to accommodate the gas that

lead to formation of adsorbed monolayers similar to the Type | isotherm.
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Figure 2.4  Variable types of sorption isotherms (IUPAC report) for gas adsorption. (Figure is
reprinted with permission from ref. 48).

Type |

This isotherm type shows a monotonic increase in uptake, which reaches a specific sorption
capacity at the plateau region. Adsorbents in this category are usually microporous materials with
a very small cross-sectional area such as activated carbon or zeolites.*®
Type Il

This isotherm type shows two extremes in terms of pore size dimensions representative of
large macropores. The surface area of the pores is large enough to allow formation of multilayer
adsorption with no limitations.
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Type Il

This isotherm type is observed when strong adsorbate-adsorbate interactions exist and the
binding of adsorbate molecules with one another exceeds the interaction between the adsorbate
and adsorbent.
Type IV

Mesoporous materials tend to follow the Type IV isotherm profile, which describes multi-
layer adsorption processes. This isotherm suggests the occurrence of capillary condensation in the
case where a hysteresis loop for the adsorption-desorption profile is observed.
Type V

The Type V isotherm curve is analogous to Type Il but the interactions between the
adsorbates are weaker in this case. This isotherm type shows finite sorption sites by a plateau. The
presence of a hysteresis loop suggests that the agglomerated particles desorb cooperatively as a
collective group.
Type VI

This type of curve represents a step-wise multilayer adsorption profile. Initially, one
sorption site is filled and another site will be occupied thereafter. This type of isotherm reveals
that the required energy to adsorb at one site should differ sufficiently from other sites for

preferential filling to take place.

2.3.6  Classification of adsorption isotherm models
2.3.6.1 Langmuir isotherm

Irving Langmuir developed this isotherm a century ago to explain the adsorption behaviour
of hydrogen gas on a palladium surface using a simple kinetic model.** He applied several
assumptions to create this model. The first assumption dealt with the nature of the materials. He
assumed a homogeneous surface that results in sorption sites on the material surface with similar
energy of adsorption if each site can be treated independently. Secondly, he supposed monolayer
coverage for adsorption, which means one layer of adsorbates on the surface. Lastly, he assumed
that the adsorbate gas should behave like an ideal gas so that interaction between the gases within

the monolayer could be neglected.
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Figure 2.5 Langmuir model of gas adsorption onto a solid adsorbent.

— Qm KLCe
1+ KLCe

Equation 2.5

e

Qe (mmol/g or mg/g) is the sorption capacity or amount of material adsorbed per gram of
substrate. Qm (mmol/g or mg/g) is defined as the maximum adsorption capacity of the material at

saturation and Ky is the equilibrium adsorption constant for the adsorbent/adsorbate system.

2.3.6.2  Freundlich isotherm
According to the Freundlich isotherm model, the heat of adsorption for all sorption sites is not

absolutely uniform to account for surface heterogeneities.
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Figure 2.6 The Sips and Freundlich isotherm model of gas, where surface
heterogeneity is included.

1
Q.= K:.CF Equation 2.6

This model can be described using equation 2.6, where the surface heterogeneity is the
parameter 1/n:>° The major difference between the two models is that the Freundlich model
assumes that an infinite amount of adsorbate can be taken up by the adsorbent. On the other hand,
the Langmuir model assumes monolayer adsorption that undergoes saturation as soon as each site

binds with an adsorbate.>®
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2.3.6.3  Sips isotherm

The Langmuir and Freundlich isotherm models have common assumptions for considering
monolayer coverage. However, Freundlich isotherms can account for surface heterogeneity while
the Langmuir model assumes monolayer adsorption. By considering the occurrence of surface
heterogeneity, the Langmuir isotherm does not account for variable enthalpy of adsorption at the
sorption sites and is no longer valid. Thus, application of a general Langmuir-Freundlich isotherm
IS a great advantage, where the sorption capacity at saturation can be described as a function of the
energy distribution for the sorption sites. For cases with distribution of heat of adsorption close to
unity, the Langmuir isotherm (unitary heat of adsorption) is preferred, especially if the distribution
follows Gaussian behaviour. Based on these rules for combination of the Langmuir and Freundlich

isotherm models, the Sips isotherm model was developed.®!

_Qulksco)™

Equation 2.7
Ns
1+ (Ks Ce)

Qe

In the case where the ns parameter is not close to the unity, the equation represents the
Freundlich isotherm model and reflects surface heterogeneity. Equilibrium constant Ks represents
binding affinity of the adsorbate to the sorption sites. A large value of Ks indicates that the sites
are readily accessible and adsorption is favoured at the adsorption sites. When the exponent value
(ns) approaches unity, the model converges to the Langmuir isotherm model, where the energy of
the sorption site has a singular value. At dilute concentration, the model converges to the
Freundlich isotherm. It is important to note that this model assumes monolayer coverage when ns
is equal to unity. The Sips model is very useful for the study of solution-phase adsorption, due to
its ability to account for both Langmuir and Freundlich adsorption behaviour. However, the
assumptions of the Sips isotherm are not generally applicable under two limiting conditions.
Firstly, when there is a strong lateral adsorbate-adsorbate interaction, all previous isotherms
assume ideal solutions with zero enthalpy of mixing. One weakness related to the Freundlich and
Sips isotherms indicates that the “ns” parameter enables one to infer the possibility of
heterogeneous sites, while lateral interactions between adsorbates can contribute surface

heterogeneities. Thus, the assumptions of the Sips isotherm can be violated when the lateral
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adsorbate-adsorbate interaction dominates (e.g. Type Il isotherm). Secondly, assumptions of the

Sips isotherm are violated when multilayer formation occurs.

2.3.6.4 Brunauer-Emmett-Teller (BET) isotherm model

All three previous isotherms (Langmuir, Freundlich, and Sips) primarily considered
monolayer coverage; whereas, the BET model takes into account multilayer adsorption. Multilayer
adsorption occurs after formation of a monolayer, where the next adsorbed layers are stacked on
top of one another through adsorbate-adsorbate interactions.® Depending on the strength of the
interaction between layers, Type I1-V isotherms may be obtained. Specifically, this model can be
employed as a useful tool for providing thermodynamic information such as the enthalpy of
adsorption/desorption. Determination of the sorption capacity of the substrate at the first
monolayer is possible if the BET model follows a Type Il or 1V isotherm.
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Figure 2.7 BET model of physical adsorption for gas. The dashed lines represent bonding
between the adsorbate and the adsorbent surface.

In this model, the constant term c (cf. Equation 2.8) is considered a function of the enthalpy
for adsorption on the first layer and enthalpy of condensation for the gas. A larger value of ¢
suggests a large enthalpy for adsorption of adsorbates with the adsorbent, and this implies that
adsorption of a species onto the adsorbent surface does not occur favourably. This leads to
adsorption of molecules on the surface of the adsorbent, where additional species are able to adsorb
onto the existing bound layer of adsorbate instead of the adsorbent surface directly. Unlike the
other isotherms, the initial concentration (C,) of the adsorbate is required. The BET isotherm model
predicts the saturation accurately when an amount of adsorbate is bound to the surface of the
adsorbent. The BET model assumes that the formation of multiple layers of adsorbate continues

until the adsorbate is completely adsorbed onto the adsorbent surface and condensation occurs.
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Where P and po are equilibrium and the saturation pressure of adsorbates, respectively, na

Equation 2.8

is adsorbed gas quantity, the nm represents the monolayer capacity, and C is BET constant. As
outlined above in the description of isotherms, the following discussion of intermolecular
interactions can provide further insight on the magnitude of the isotherm parameters by relating
the thermodynamic factors to molecular-level processes for the adsorbate-adsorbate systems of
interest. Generally, the thermodynamics of the adsorption processes describe the behavior of the
adsorbent-adsorbate system as a function of state variables (P, T, concentration) for the adsorption
process. Although thermodynamics is just a continuum description of the chemical state of
systems, limitations on the prediction of microscopic details or elementary processes on the atomic
scale but one may correlate free surface energy to chemical potential. Changes in Gibbs energy of
surface processes during adsorption have been related to chemical potentials by Gibbs surface
excess.>

Equation 2.9 and 2.10 consider the differential change of the Gibbs Energy (dG) for a

thermodynamic system during any change of state:

[6G ] e e e
dG=|— dP{—} dT-{—} dA{—} dni Equation 2.9
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dG=VdP-SdT +ydA+X p;dnj Equation 2.10
i
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P is pressure, T is temperature, A is surface area, y is surface tension, V is the system volume, p is
chemical potential, and S is entropy. In the adsorption process, the surface tension [y ; N/m] at the
interface of the adsorbent and solvent is equivalent to the surface energy [Nm/m?], which is a key
driving force for all surface phenomena. The Gibbs surface excess can be related to an isotherm
models such as Langmuir. The adsorption isotherm describes how much adsorbate will adsorb for
a given set of state variables. As described in the isotherm section, the value of adsorption can be
recast as surface coverage (0), defined as the fraction of occupied/accessible sites, or by the total
volume taken up by the sum of adsorbed particles in the first monolayer.

The use of the BET method as a static technique employs a sorption isotherm for
calculating the surface area of adsorbents.> A derivate equation of the BET expression can be used

to calculate the surface area of adsorbents according to the equation 2.11.

-1
P -1 +(C )xi Equation 2.11

(Po'P)na nmC nmC Po

The parameters (nm and C) of the BET equation can be obtained by plotting the adsorption
isotherm typically at a relative pressure (P/Po) range of 0.05-0.35 due to existence of a linear
relationship. Through the nn value, the surface area can be calculated using molecular cross-

sectional area (A) through equation 2.12:

Stotal = nch Equation 2.12

Where N is Avogadro’s number and V is the molar volume of the adsorbate. Then, the
specific surface area (m?/g) can be calculated by dividing the total surface area by the sample
weight (g).

Stotal = _SEET__ Equation 2.13

Sample Mass
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The method of Barrett, Joyner, and Halenda (BJH) is a well-known procedure for calculating the
pore size distribution of a material from experimental isotherms according to the Kelvin model of

pore filling. The BJH equation can be expressed by equation 2.14. *

k n
Ve (X)=2 AV (ri<re(xd))+ D ASti(ri>re(x)) Equation 2.14

i=1 i=k+1

Vads (Xk) is the volume of adsorbate at relative pressure (xx),Vi is pore volume, S;represents the
pore surface area of pores, and t is the thickness of the adsorption layer.

As briefly outlined above, the adsorption isotherm can be used for calculation of surface
area and pore size distribution. Furthermore, the shape of an obtained isotherm using these models
can be employed as a tool for the interpretation of an adsorption process. The following section
will provide useful information on types and application of the hysteresis of adsorption/desorption

curves for characterization of the textural properties (e.g porosity and surface area) of a material.

2.3.7  Hysteresis in solid-gas adsorption/desorption curves

A typical nitrogen gas-adsorption isotherm can be obtained by plotting Qe vs. the relative
pressure (P/Po). For instance, depending on the pore shape, cylindrical pores often display type H1
profiles, while ink-bottle pores have type H2 profiles.*® Gas absorbed into the structure of the
adsorbent undergoes condensation. The desorption process takes place after the condensation step
and occur in the solution state. Therefore, the amount of heat (enthalpy of adsorption) evolved
during this processes are different. The desorption branch generally differs from the isotherm
branch of adsorption due to the difference for the enthalpy of adsorption vs. desorption. Based on
this difference, hysteresis loops have been described based on gas adsorption results, where this

technique can provide useful information on the adsorption-desorption process. (cf. Figure 2.8)
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Type H1

The H1 type of hysteresis is possible when nitrogen gas adsorbs onto the walls of the pores
prior to formation of multilayers until the pore volume is fully occupied. Cylindrical pores are
associated with this type of hysteresis as the filling of the pores occurs uniformly within the pore
and allows a steep asymptote profile when condensation occurs.
Type H2

The H2 hysteresis is related to ink-bottle pores due to difficulties in the filling for some of
the pores. Although the adsorption into the pores is similar to H1, attenuation of capillary
condensation is the reason behind this hysteresis loop. The IUPAC types of profiles note that
desorption isotherms are governed by other factors that can also affect the isotherm shape, such as
the presence of network pores within a material. However, the desorption curve does not follow
the original/initial desorption branch of the hysteresis profile.
Type H3

The H3 hysteresis loop exists in the isotherm due to adsorbate-adsorbate interaction
following the completion of the monolayer coverage. For example, thin slit-like capillaries can
promote this type of hysteresis.*®
Type H4

This type of isotherm is distinguished by the high adsorption affinity of the adsorbent,
which indicates microporosity that allows for strong adsorbent-adsorbate interactions.*® The
desorption-isotherm branch looks like the H3 type and the pore structure is almost slit-shaped.
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Figure 2.8 The four general hysteresis loops detected for nitrogen adsorption and desorption as
defined by IUPAC. (Figure is reprinted with permission from ref. 48)

Isotherm types and models are useful analyzing tools for understanding of the adsorption
process under variable conditions. One of the main factors governing the adsorption process is the
adsorbent itself. Adsorbents with different structural and chemical properties and even different
shapes behave differently toward adsorbates. To gain a better grasp of the adsorption process,

familiarity with the physicochemical properties of various types of adsorbents is essential.

2.4 Knowledge gaps and hypotheses

The applications of biomaterial sorbents, especially cellulose and starch have gained
increasing attention in recent years due to interest in the development of sustainable alternative
sorbent materials. However, research on these materials for the purpose of water-ethanol
adsorptive separation is sparsely reported in terms of liquid phase separation. Modification of these
biomaterials to alter their chemical and textural properties can be done by a variety of synthetic
methods. Although, there have been many studies on the modification of cellulose and starch by
various types of surface functionalization, limited studies have examined the effect of cross-linking

degree in a systematic fashion.>”® The structural characterization of these materials is necessary
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for understanding the role of cross-linking and its extent on the adsorptive properties of a modified
adsorbent to improve the adsorption capacity. Meanwhile, there is a variety of native forms of
biomass available that can be employed as an adsorbent in controlled uptake of chemical species
and separations from aqueous solution. The adsorptive capacity of biomass can be enhanced in a
parallel manner as for the case of biopolymers by synthetic modification. In addition, detection of
water/ethanol has been carried out commonly using GC and LC techniques, as outlined above.
However, it is necessary to find other techniques due to limitations such as thermal degradation
and such as longer run times for separation and quantitative analysis. The development of
alternative methods may provide abundant opportunities for future research such as quantitative
NMR (qNMR) could be employed for detection of water/ethanol without the necessity of
chromatographic separation. The use of gNMR offers in situ detection (assuming there is no
spectral overlap with the NMR signatures of interest) with shorter analysis times (ca. 1 min for

data acquisition).

This PhD thesis research addresses various knowledge gaps and hypotheses (H):

e Biopolymers such as cellulose, starch, and their modified forms are capable of
separating/removing of components from a mixture. (H1)

e Modification using cross-linking can alter the textural properties (surface area and
porosity) and surface chemistry of starch and cellulose biopolymers. (H2)

¢ Quantitative proton NMR spectroscopy is a suitable quantitative method for determination
of water and ethanol in binary mixtures. (H3)

e Biomass such as Miscanthus and its modified forms that contain varying amounts of
cellulose and lignin biopolymers are suitable for adsorptive separation/removal of
components from a mixture. (H4)

e The adsorption process is highly influenced by hydration phenomena. (H5)

2.5  Research objectives
The overall objectives of this research are focused on the sorption properties of biopolymers
and their modified forms for the fractionation of water/ethanol in binary mixtures. The short-term

objectives are related to the synthesis of modified biopolymers and their structural
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characterization, along with the evaluation of the sorption properties of the biopolymers and their
modified forms.

The overall objectives proposed in this thesis research can be further organized by dividing it
into various projects:
Project 1) To synthesize and characterize the biopolymers modified with variable cross-linking,
including starch and cellulose. Studies of the dye uptake properties using p-nitrophenol at
equilibrium conditions and a study of the solvent swelling properties in neat solvents (water and
ethanol). This project is outlined in Chapter 3.
Projects 2 and 3) To develop an NMR method for in-situ quantitative analysis of water and ethanol
in binary mixtures. Characterize the structural and physicochemical properties of polysaccharide
materials containing different types of starch and cellulose. To study the adsorption properties of
materials using various characterization methods included UV-vis/ IR/ thermal gravimetric
analysis. These projects are outlined in Chapters 4 and 5.
Project 4) To evaluate the relative water selective adsorption behaviour of biomaterials by the
quantitative NMR (QNMR) method. Evaluate the potential utility of native and treated biomass
components of Miscanthus for the fractionation of water (W) and ethanol (E) in binary W-E
mixtures.
Project 5) To study the role of hydration phenomena in starch and cellulose biopolymers (including
modified forms) employing thermoanalytical and various spectroscopic techniques in an effort to
provide a greater understanding of the adsorption properties of these biopolymers. This project is

outlined in Chapter 7.

2.6 Organization of this thesis

This PhD thesis focuses on the study of adsorption-based phenomena of biomaterials and
their modified forms, according to the knowledge gaps and hypotheses defined in Chapter 2.
The thesis research is divided into 8 chapters where Chapter land 2 provide background
information relevant to the studies that follow in the manuscripts outlined in Chapters 3 to 7. The
content of the manuscript chapters represent verbatim copies of the published or submitted
manuscripts where editing of presentation format was carried out to meet the requirements of the
University of Saskatchewan guidelines set forth by the College of Graduate and Postdoctoral

Studies (CGSPS). The literature review of the research is contained within the introduction section
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of each manuscript chapter in order to address the specific objectives of knowledge gaps. The
manuscripts in Chapters 3—7 are either published peer-reviewed or under review (Chapter 7), as

outlined below.

Manuscript 1: Dehabadi, L.; Wilson, L. D. Polysaccharide-based materials and their adsorption
properties in aqueous solution. Carbohydr. Polym. 2014, 113, 471-479. (Chapter 3)

A hypothesis of this research proposes that biomaterials such as starch and cellulose and
their modified forms may be useful as adsorbents in adsorption processes for separation of water
and ethanol. The objectives of this project are in line with the first objective of this thesis including
synthesis and characterization of polysaccharides (PSs). In this study, PSs such as cellulose and
starch with variable amylose and amylopectin content were modified by cross-linking with
epichlorohydrin (EPI). Another related objective concerns the evaluation of the textural and
adsorptive properties of the polymers using nitrogen gas adsorption-desorption and dye-based
probe (p-nitrophenol) measurements. Hence, the modified polymers were characterized using
spectroscopic (IR and NMR) methods, nitrogen adsorption and thermal gravimetric analysis
(TGA). The findings indicate that the cross-linked PS—EPI materials have tunable properties as
evidenced by their variable properties compared to the unmodified (native) form. Moreover, the
optimum yield of the synthesized polymers was obtained at the reaction temperature (50-54"C).
In addition, solvent uptake, nitrogen adsorption, and aqueous dye sorption showed a complex
relationship between amylose and amylopectin content in the PS—-EPI polymers and their
physicochemical properties. Finally, structural variation of the polysaccharide (i.e. branching,
molecular weight, and relative amylopectin/amylose content) was confirmed to contribute to the
solvent uptake in neat solvents (i.e. water vs. ethanol). The uptake properties were observed to
depend on the nature of the cross-linking, as evidenced by the dependence on the textural

properties and surface chemistry.
Manuscript 2: Dehabadi, L.; Wilson, L. D. Nuclear Magnetic Resonance Investigation of the

Fractionation of Water—Ethanol Mixtures with Cellulose and Its Cross-Linked Biopolymer Forms.
Energy Fuels, 2015, 29 (10), 6512-6521. (Chapter 4)
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Manuscript 3: Dehabadi, L.; Wilson, L. D. NMR Investigation of the Fractionation of Water—
Ethanol Mixtures with Starch and Its Cross-Linked Forms. Energy Fuels, 2016, 30, 5684—5692.
(Chapter 5)

The hypothesis of these studies proposes that quantitative proton NMR spectroscopy is a
suitable technique for quantitative determination of water and ethanol in binary mixtures.
Furthermore, cross-linked biomaterials with variable cross-linker ratios could show different
adsorption properties towards water and ethanol components in mixtures. The second and third
projects (Chapters 4 and 5) cover the second objective of this thesis where the development of a
versatile qgNMR method for the study of the adsorptive fractionation of water and ethanol by starch
and cellulose materials is also investigated in this research.

An overview of the key results obtained from the above mentioned research relates to the
water-ethanol fractionation properties of biopolymers such as cellulose and starch (linear amylose
vs. branched amylopectin) obtained from different biomass sources. As well, the application of the
biopolymer adsorbent materials for fractionation of biofuel mixtures is outlined for binary
mixtures with variable water and ethanol composition. To develop new adsorbent materials,
chemical modification of cellulose and starch (amylose and amylopectin) was conducted via a
cross-linking strategy. The fractionation properties were then compared to various native cellulose
and starch forms. The gNMR method was shown to be effective as an in situ analytical method
that allows for measurement of the changes in the ethanol and water mixture concentration (before
and after adsorption) in the presence of cellulose, starch and their modified forms. The composition
of unbound and bound species was analyzed using a Sips isotherm, because it can provide
estimates of the relative uptake of the water fraction vs. the ethanol fraction by cellulose and starch
after exposure to such mixtures. This allows the exploitation of the unique adsorption properties
of these biopolymers, especially in the case of modified cellulose and starch according to cross-
linking effects. A study of the isotherms indicated that the cellulose and starch materials could be
used to fractionate the components in binary water-ethanol mixtures with a higher adsorption
affinity for water over ethanol. The relative solvent selectivity observed from these two studies is
reported as 2.5:1 and 80:1(water: ethanol), respectively. These results confirm that biofuel
mixtures containing ethanol and water can be enriched without the use of distillation and by means
of an adsorption-based approach reported herein in Chapter 4. These studies demonstrate a novel

method for the potential refining of biofuels that further illustrate the utility of this green chemistry
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adsorption method. This approach offers significant potential savings in the energy consumption
during the separation step of biofuels production. The development of a new adsorption-based
method for water separation from such mixtures is reported and its advantages over conventional
distillation. These reports also lead to a greater understanding of the role of polysaccharide

components that are employed for use in chemical separations, as described in Chapter 5.

Manuscript 4: Dehabadi, L.; Mahaninia, M. H.; Soleimani, M.; Wilson, L. D. Miscanthus biomass
for the sustainable fractionation of ethanol-water mixtures. ASC Sustain. Chem. Eng. 2017, 5(4),
2970-2980. (Chapter 6)

The hypothesis of this research proposed that biomass such as Miscanthus and its modified
forms with variable particle sizes might show enhanced water adsorption. The third objective was
explored in project 4. The focus of this research was on the potential application of native and
treated Miscanthus as a potential biomass adsorbent for fractionation of water and ethanol in binary
mixtures, as outlined in Chapter 6. Miscanthus biomass can be prepared to yield a variety of
particle sizes. As well, chemical pretreatments were carried out to generate modified cellulosic
biomass and lignin. These materials were hypothesized to play a key role in the fractionation of
water (W) and ethanol (E) in binary mixtures. In this research, the adsorption properties of
cellulose-enriched and lignin materials were evaluated using gNMR spectroscopy to monitor the
separation process in binary W-E mixtures. The adsorption capacity results obtained for water and
ethanol show that cellulose-enriched materials had lower water uptake compared to the raw
Miscanthus biomass (RM), but higher water uptake compared to lignin. This work revealed a
solvent selectivity ratio of 3:1 water: ethanol for (RM) in binary W-E solutions. This selectivity
ratio is close to that reported for pure cellulose and its cross-linked forms. The key point of this
research is that the particle size variation had a minimal impact on the overall adsorption of water
and ethanol. By contrast, the impact of chemical treatment was greater according to the content of
hydrophilic sites and pore structures of the biomass. According to the data, the regeneration
process resulted in a 12% decrease for the relative uptake of water and ethanol. This research
contributes to a greater understanding of biomass treatment effects and the deconvolution of
biopolymer adsorptive contributions for the fractionation of water-ethanol mixtures. Another
contribution of this work relates to the development of advanced biomaterials for the adsorptive

processing of beverages, food, and biofuels using sustainable biomaterials.
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Manuscript 5: Dehabadi, L.; Karoyo, A. H.; Wilson, L. D. Spectroscopic investigation of the
fractionation processes of water-ethanol mixtures using biopolymer materials. ACS Omega 2018,
Submitted. (Chapter 7)

The overall objectives of this research relate to the use of thermoanalytical and
spectroscopic techniques for evaluation of the solvent contribution in the adsorption process of
biomaterials and their modified forms with various adsorbates. The final objectives of the thesis
related to project 5 are described in Chapter 7. The main objectives of this study focused on the
role of hydration effects to gain insight on the adsorption properties of biopolymers. This was
achieved through the use of different complementary techniques such as Raman spectroscopy and
differential scanning calorimetry (DSC). Also, the measurement of dielectric constant and swelling
properties of the various adsorbent materials was shown to provide useful experimental evidence
for further understanding the adsorption of water in biopolymers and their cross-linked forms. The
importance of this study relates to the relationship between hydration effects and the mechanism
of fractionation of water and ethanol. Due to the strong influence of hydration on the properties of
biomaterials, a molecular-level understanding of hydration processes is the subject of ongoing

interest in food, environmental, and energy science.
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CHAPTER 3

MANUSCRIPT 1: Polysaccharide-based materials and their adsorption properties in
aqueous solution.

Leila Dehabadi, Lee D. Wilson*

Description

This thesis project involves the preparation, characterization and assessment of equilibrium
sorption properties of polysaccharide-based adsorbents. This research reports on the synthetic
modification of various polysaccharides, starch and cellulose, according to a cross-linking strategy
with epichlorohydrin (EPI) at variable synthesis conditions (e.g., nature of the biopolymer, stirring
rate and temperature). The polysaccharides (PSs) include starch (amylose and amylopectin) and
cellulose with variable molecular weight. The modified polysaccharides are designated as PS-EPI
with tunable properties, where the structure of the materials and their physicochemical properties
were assessed by various characterization methods such as nuclear magnetic resonance (NMR)
spectroscopy, thermogravimetric analysis (TGA), infrared (IR) spectroscopy and adsorption
isotherms using nitrogen gas or a suitable dye in solution. The dye-based equilibrium sorption
properties of the PS-based adsorbents were evaluated using p-nitrophenol (PNP) at pH 6 as a model
organic compound. The solvent swelling behaviour of the PS-EPI adsorbents were tested in neat

solvents using ethanol and water, respectively.

Author’s Contribution

The project was conceived by the supervisor (L. D. Wilson) with some input on the types of
polysaccharide precursors from L. Dehabadi. The experimental studies related to the preparation
and characterization of the materials was carried out by L. Dehabadi along with the first draft of
the manuscript. Subsequent editing was carried out by the supervisor and L. Dehabadi prior to
publication of this research.

Relation of Manuscript 1 to Overall Objective of this Project

The importance of this research was significant toward developing a series of modified
polysaccharide materials with incremental levels of cross-linking. The structural characterization
and evaluation of the adsorption properties not only provided the evidence for writing the first

manuscript but also served as an initial starting point for future studies and further understanding
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of adsorption properties of such modified biopolymers. Particularly, some of the experiments such
as the solvent-swelling test provided spectacular vision about textural and surface chemistry of
adsorbents. The variable solvent-swelling properties of the PS-EPI materials in water and ethanol
solvents indicated the role of polysaccharide’s structure in water uptake. In turn, all other
experimental results showed trends which supported the hypothesis (H1) introduced in Chapter 1.
This hypothesis is further explored in subsequent chapters (3-4) with more focus on the study of
starch and cellulose adsorption properties in binary W-E mixtures. The objectives of Chapters 3
and 4 relate to the evaluation of the adsorptive fractionation of W-E binary mixtures using
polysaccharides with variable nature (starch vs. cellulose) at incremental levels of cross-linking
from low to higher values (1:2, 1:3.6 and 1:5.4 PS-EPI mole ratios).

Research Highlights

e Diverse types of polysaccharide—epichlorohydrin (PS-EPI) modified materials were
prepared and structurally characterized.

e Modified materials were studied that contain amylose, amylopectin, and cellulose with
incremental levels of cross-linking.

e Modified materials displayed variable uptake according to the level of cross-linking and
the nature of the polysaccharides.

e Modified materials adsorbed variable amounts of water (up to ~300%) that generally
exceeded levels observed for ethanol.

e Modified materials displayed tunable adsorption toward p-nitrophenol in agueous solution

according to the type of polysaccharide and the level of cross-linking.
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3. Polysaccharide-based materials and their adsorption properties in agueous solution.
Leila Dehabadi, Lee D. Wilson*
Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon,
Saskatchewan, Canada S7N 5C9.
*Corresponding Author.

Supplementary Information (Appendix A, Chapter 3)

3.1 Abstract

Polysaccharides (PS) of cellulose, soluble corn, and maize-derived starches with variable
amylose/amylopectin content were cross-linked with epichlorohydrin (EPI) to form polymeric
adsorbents. The properties of the PS—-EPI biomaterials were prepared by varying the synthesis
conditions (nature of polysaccharide, temperature, and reagent ratios) to afford network polymer
materials with tunable properties. The optimized polymers were obtained at a reaction temperature
(50-54°C) according to their yield and were characterized using spectroscopic methods (IR and
NMR), and thermal gravimetric analysis (TGA). The textural and adsorptive properties of the
polymers were evaluated using nitrogen gas and dye-based methods employing p-nitrophenol.
Solvent uptake, nitrogen adsorption, and aqueous dye sorption showed that the amylose and
amylopectin content in the PS-EPI biopolymers displayed a complex relationship with their
physicochemical properties. Polymers with greater cross-linking did not show incremental
changes in water or dye uptake. Structural variation of the polysaccharide (i.e. branching,
molecular weight, and relative amylopectin/amylose content) contributed to the sorption properties

by modifying their textural properties and surface chemistry.
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3.2 Introduction

Polysaccharides such as starch and cellulose from plant sources are relatively abundant,
naturally occurring, nontoxic, inexpensive and economically important biomaterials. They are
amenable to chemical modification which make them especially attractive biomaterial platforms
to produce value-added materials in technologies such as in drug delivery,'? biomedical devices,*
tissue engineering scaffolds,® dispersions,® waste water treatment’ and bio-refineries.® Starch and
cellulose are abundant plant-based biopolymers, where the former serves as the plant’s main
energy reserve while the latter provides structural stability to plant cell walls. Starch may occur as
granules (small compact form of starch molecules), which are composed mainly of two
biopolymers, where the main component is amylopectin (70-80%), a branched polymer comprised
of a-1,4-linked glucose units with a-1,6 branching links. The secondary component is amylose, a
linear polymer consisting mainly of a-1,4-linked D-glucose units.®? X-ray structural analysis of
starch granules indicates a model of repeating amorphous and crystalline domains.*?> The
crystalline domains of starch are associated with amylopectin while the amorphous regions are
associated with amylose interspersed with amylopectin.!® By comparison, cellulose is much more
crystalline in nature due to its B-1,4 linked D-glucose units arranged in a linear chain with no
coiling or branching.!> These biopolymer components adopt a relatively linear and rigid
conformation where the monomer units undergo extensive intramolecular and intermolecular H-
bonding.® The tertiary structures of starch and cellulose impact their physicochemical properties.
For example, the relative ease with which cellulose chains form stabilizing intra- and
intermolecular interactions results in a self-assembled material with high tensile strength and
relatively low solubility in water and many organic solvents. These properties, which contribute
to its suitable function as a structural component of plant cell walls, limit its industrial use due to
material processing challenges. ® On the other hand, the variable crystalline properties of starch
granules due to the amylose and amylopectin content affect its structure and physicochemical
properties. As with the case of cellulose, the crystalline domains of starch makes it less soluble in
water but the presence of the amorphous regions imparts lower structural rigidity and greater water
solubility. This variable affinity of such biopolymers to water is useful in the food industry for
improving food texture but may attenuate the sorption properties with xenobiotics due to
competitive sorption in aquatic environments.!* Mixed biopolymers in starch may limit a detailed

understanding of their structure and properties but such materials may display unique
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physicochemical properties that are nonlinear with respect to their composition. For example,
starch with high amylose content is commonly associated with high viscosity due to increased
interactions and entanglement of the linear amylose chains.!! Enhanced interaction between
amylose chains is relevant for preparing starch-based derivatives with high thermal and
mechanical stability.'® Starch with high amylopectin content favours swelling whereas starch with
high amylose content displays decreased swelling capacity.'* 117 Swelling is a property closely
associated with expansion of the polymer network and is important in drug delivery or for
entrapment of guest molecules of a suitable size. Therefore, materials with well-defined swelling
properties are important in sorption-based applications. In a recent study, Kyzas et al.'®
demonstrated that sorbents that undergo pre-swelling display rapid dye adsorption.

To expand the range of applications of starch and cellulose, cross-linking is a versatile
strategy that affords materials with tunable mechanical and chemical properties.t 3 7141920 The
cross-linker introduces intermolecular bridges or cross-links between biopolymer units, which
may alter the overall textural properties and surface chemistry of the framework. For example,
Dastidar and Netravali 2* cross-linked waxy maize starch to obtain an environmentally friendly
resin that has improved toughness and water resistance compared with native starch. Hamdi et al.
1 cross-linked soluble starch to form microspheres with controlled particles with narrow size
distribution for drug delivery applications. The physicochemical properties of the modified
biopolymers may be further varied by the reaction parameters (e.g., temperature, solvent, and
prepolymer composition).!® For example, Ashish et al.?? employed high amylose starch to form
biodegradable implants for sustained drug delivery. Kaur et al.?’ studied the effects of cross-linker
content on the physicochemical properties of starch and attributed their observations to cross-
linking of the starch polymer chains. Onofre et al.® used cross-linked starch with varying
amylose/amylopectin content to study the rates of sustained drug release and reported its influence
on the degree of cross-linking.

In this study, starch granules (containing varying amylose and amylopectin content) and
cellulose were modified by chemical cross-linking with epichlorohydrin at variable reaction
conditions. The resulting polysaccharide-epichlorohydrin (PS-EPI) biopolymers were studied by
evaluating their sorptive uptake properties in aqueous solutions with a model organic dye

adsorbate, p-nitrophenol (PNP). The results of this systematic study will contribute to a greater
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understanding of the relationship of the sorption properties and structure of such PS-EPI

biopolymers in aqueous solutions.

3.3 Experimental:
3.3.1 Preparation of PS-EPI biopolymers

Different sources of starch (corn, maize, high amylose, high amylopectin), natural cellulose
fiber from cotton linters, and epichlorohydrin were obtained from Sigma-Aldrich (Oakville, ON,
Canada) and used as received. The synthesis of starch-epichlorohydrin biopolymers employed a
modified procedure, described elsewhere.? Briefly, an aqueous solution of NaOH (2 M) was used
to dissolve and ionize the polysaccharide hydroxyl groups prior to the addition of variable amounts
of epicholorohydrin (EPI) to produce cross-linked forms. The effect of temperature on the cross-
linking reaction was evaluated at 40, 50, 60 and 70°C.

3.3.2 Characterization of PS-EPI biopolymers

The PS-EPI biopolymers products were characterized using *C solid NMR spectroscopy
with a wide-bore (89 mm) 8.6 T Oxford superconducting magnet system equipped with a 4mm CP-
MAS (cross polarization with magic angle spinning) solids probe. Operating parameters were
controlled using an Avance DRX360 console and workstation running TopSpin 1.3 (Bruker Bio
Spin Corp; Billerica, MA, USA). Standard pulse programs utilized were included in the TopSpin
1.3 software. Samples were packed in 4mm outer diameter zirconium oxide rotors capped with
Teflon MAS rotor caps. Acquisition was carried out using MAS at a rotational speed of 5 kHz, 2-
sec recycle delay and 750 ps cross polarization time. The chemical shift of adamantine (6=38.6
ppm) was used as an internal shift reference.

Fourier Transform Infrared (FT-IR) spectra were obtained with a BIO-RAD FTS-40
spectrophotometer operating in diffuse reflectance mode. Multiple scans were obtained with a 4
cm? resolution and corrected against spectroscopic grade KBr background and as the sample
matrix over the spectral range of 400-4000 cm™. Thermogravimetry analysis (TGA) was
performed using a TGA Q50 (New Castle, DE) operated at a heating rate of 5°C min™ up to a

maximum temperature of 500°C under a N2 (carrier gas) atmosphere.
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3.3.3 Solvent swelling properties of PS-EPI biopolymers

The swelling properties of the sorbent materials were studied by use of approximately 40
mg of material that was equilibrated in 6 ml of solvent (either Millipore water or neat ethanol for
48 h). The weight of hydrated polymer (Ws) was determined after tamping dry with filter paper
by weighing, and then drying in an oven at 60°C for 12 h to a constant dry weight (Wg). The

swelling ratio was calculated using equation 3.1.

W:MXNO% Equation 3.1
Wi

3.3.4 Dye adsorption studies

The textural properties were evaluated using nitrogen adsorption and a dye-based sorption
method with UV-vis detection. Aqueous dye solutions of p-nitrophenol (PNP) were prepared at
pH 6, below the pKa value (7.14) of PNP.?* Approximately 20 mg of the powdered and sieved (40
mesh) PS-EPI biopolymers were mixed in 10 ml of solution containing PNP at variable
concentration (0.1 to 25 mM) in 10mM potassium phosphate monobasic buffer solution (pH 6) in
4 dram glass vials. The vials were sealed with a parafilm liner between the cap and the glass bottle,
followed by equilibration on a horizontal mechanical shaker (Poly Science, Dual Action Shaker)
for 24 h at 180 cycles/minute. The samples were then centrifuged (Precision Micro-Semi Micro
Centricone, Precision Scientific Co.) at 1800 rpm for 30 min. The UV-Vis absorbance of PNP in
the supernatant solutions was measured at Amax= 318 nm using a Varian CARY 100 double beam
spectrophotometer at room temperature (295+0.5 K). An absorbance calibration curve was
obtained from standard solutions of PNP and the molar absorptivity of PNP (¢=9495 M-tcm™) was
determined using the Beer-Lambert relation. The equilibrium concentration (Ce) of PNP in the
supernatant solutions was determined and the sorptive uptake (Qe) of the sorbent material was
calculated using equation 3.2, where V is the volume of solution, Co is the initial stock

concentration (mM), and m is the mass of sorbent.

Qe = (Cor;ce) ><V\/Solution Equation 32
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The sorptive uptake (%P) of PNP from aqueous solution was calculated using equation 3.3.

(Co_Ce)
Co

%P = x100% Equation 3.3

Nitrogen adsorption measurements were obtained using a Micromeritics ASAP 2020
(Norcross, GA) to obtain the surface area and pore structure properties. The surface area was
calculated from the adsorption isotherm ! and the micropore surface area was determined using
the de Boer t-plot method.?®

3.4 Results and Discussion
3.4.1 PS-EPI biopolymers synthesis

As indicated above, the molecular structure of native starch and various other biopolymers
can be modified by cross-linking with an appropriate linker unit such as epichlorohydrin, 31419
Cross-linking EPI with starch or cellulose involves secondary and primary hydroxyl groups;
however, a generalized illustration of this process is shown in Scheme 3.1. The PS -EPI
biopolymers were prepared at low, medium, and high reactant mole ratios (i.e. 1:2, 1:3.6 and
1:5.4). The temperature conditions for the cross-linking reaction were varied to determine the
optimal cross-linking temperature conditions, which were used for all PS-EPI biopolymers

preparations.
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Scheme 3.1  Generalized cross-linking reaction between epichlorohydrin (EPI) with selected
hydroxyl groups of a linear polysaccharide (PS).

The cross-linking of starch with epichlorohydrin resulted in variable yield of products (50-
98%), which are shown in Tables 3.1 and 3.2, and the PS-EPI biopolymers products were generally
water insoluble. In Table 3.1, the greatest yield was obtained with the 1:2 starch-EPI mole ratios
and at 50-54°C synthesis conditions. The yields obtained herein are comparable to values (75-95%)
reported by Ashish et al.?2 where high amylose starch was cross-linked with epicholorohydrin at
50 'C (cf. Table 3.1). The vyield variability can be attributed to the differences in type of
polysaccharide, stirring rate, reagent concentrations, and reaction time. Ashish et al. 22 used high
amylose starch, which is known to favour cross-linking reactions. In this study, different types of
starch were used with amylose/amylopectin (AM/AP) with variable weight ratios (w/w %) to
evaluate the effects of composition and branching on the starch-EPI biopolymer properties. The
following PS systems were employed: soluble starch (50% AM/AP), corn starch (73% AP/27%
AM), and maize starch (98% AP), including cellulose to evaluate the effect of PS structural

rigidity.
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Table 3.1 Material yield (%) for PS-EPI biopolymers containing soluble starch-EPI at various
cross-linking ratios and reaction temperatures (°C).

PS-EPI Mole ratio Polysaccharide Yield (%) Yield (%) Yield (%) Yield (%)
biopolymers (PS-EPI)  Composition 40-45°C 50-54°C  60-64°C  70-75°C
ID Code

SSE-1 Low ~50%(AM/AP) 86 98 66 62
(1:2)

SSE-2 Medium ~50%(AM/AP) 52 63 48 49
(1:3.6)

SSE-3 High ~50%(AM/AP) 56 71 69 37
(1:5.4)

* Numerical descriptors in the 1D code refer to the different mole ratios of PS-EPI, as follows: 1
= Low (1:2 mole ratio); 2 = Medium (1:3.6 mole ratio); and 3 = high (1:5.4 mole ratio)
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Table 3.2 Material yield (%) for PS-EPI systems prepared at 50-54 °C.

Polysaccharide PS-EPI Yield (%)
PS-EPI biopolymers Composition biopolymers 50-54 °C
ID Code”
Cornstarch-EPI (low) (73% AP) CSE-1 95
Cornstarch-EPI (medium) (73% AP) CSE-2 53
Cornstarch-EPI (high) (73% AP) CSE-3 56
Maize starch-EPI (low) (98% AP) MSE-1 71
Maize starch-EPI (medium) (98% AP) MSE-2 51
Maize starch-EPI (high) (98% AP) MSE-3 45
Low cellulose-EPI (low) 100% CE-1 58
Cellulose-EPI (medium) 100% CE-2 42
Cellulose-EPI (high) 100% CE-3 45
High Amylose corn-based (low) (98% AM) AMCE-1 77
High Amylose corn-based (medium) (98% AM) AMCE-2 36
High Amylose corn-based (high) (98% AM) AMCE-3 51

* Refer to footnotes in Table 3.1 for ID Code descriptors.
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3.4.2 FT-IR spectroscopy

The IR spectra of starch and some selected representative modified forms are shown in
Figure 3.1. Additional IR results of other systems are provided in (Appendix A3, Figure A3.1).
The relative similarity of the IR spectra of starch and its modified forms supports that the primary
structure of the polysaccharide was preserved during cross-linking formation, as anticipated. The
spectral frequencies are in agreement with those reported elsewhere’ and the following
characteristic IR bands are observed: O-H stretching ~ 3400 cm™, C-H stretching ~ 2900 cm™, and
C-C stretching ~ 1600 cmwith relatively similar spectral frequencies among the various modified
forms prepared herein.” The characteristic ring vibrations and the anomeric C-H deformation bands
are observed between 900-550 cm™. Also, the broadening of bands in the range of 900-1400 cm™
are attributed to cross-linking with epichlorohydrin.?

nce(a.u)

Absorba
5

200 1000 1600 2200 2800 2a00 a000

Wavenumber (cm™)

Figure 3.1  FT-IR spectra of starch and its PS-EPI biopolymers. A) SSE-1 synthesized at 60-
65°C, B) SSE-1 synthesized at 50-54°C, and C) unmodified starch.

3.4.3 13C NMR spectroscopy

The PS-EPI biopolymers have limited solubility in various organic solvents such as
DMSO, thus, NMR spectra were obtained for selected samples in the solid state using CP-MAS
NMR methods, as shown in Figure 3.2. Each glucose monomer of starch contains six C atoms and
the spectrum shows four broad 3C NMR lines between 60 and 110 ppm with some overlapping
of the various carbon signatures, as observed for amylose-based materials.?® The results in Figure

3.2, showing intense signals at 72.9, 71.4, 70.0, 63.6 and 61.7 ppm as well as a lower intensity
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signal at 100.5 ppm, agree with other reports. > 2’ There are four *3C signatures for starch, which
appear at 100 ppm (anomeric carbon C1), 84 ppm (C4), 70 ppm (C2, C3, and C5), and 61ppm
(C6). A comparison of the spectra for the PS-EPI biopolymers indicates greater line broadening
relative to starch, and this is understood according the reduced chain dynamics (longer correlation
times) of the polysaccharide upon cross-linking, as reported in a previous study of cycloamylose

biopolymer cross-linked with epichlorohydrin.'4 %
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Figure 3.2  '3C CP-MAS NMR spectra of maize starch and selected PS-EPI biopolymers at 295
K. A) MSE, B) MSE-1, C) MSE-2, and D) MSE-3.

3.4.4  Thermogravimetry analysis (TGA)

TGA is a useful method for the quantitative characterization of material composition since
it provides a measure of the weight loss due to decomposition, oxidation, or loss of volatile
materials, and provides estimates of the relative biopolymers’ composition.'® 2 In this study, TGA
results are presented as a first derivative of mass loss with temperature against temperature (DTG
plot) to provide information on the decomposition temperature and degree of cross-linking of the
biopolymers. A greater degree of cross-linking for amylose-based materials is expected to increase
the overall thermal stability of such modified forms.?® The DTG curves for starch, cellulose and
its modified forms are shown in Figure 3.3. The thermal decomposition of these materials occurs
over the 200-400°C range; whereas, DTG results for the “as-received” starch and cellulose show
decomposition at ~290°C and ~330°C (cf. Figures 3.3A and 3.3B). These temperature values agree

with reported literature values of 280°C for high amylose corn starch 2 and 330-334°C reported
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for cellulose derived from corn cobs.?® Cross-linking of these biopolymers with epichlorohydrin
results in PS-EPI biopolymers with higher decomposition temperatures, providing further support
that such materials display greater thermal stability. The PS-EPI biopolymers display an average
decomposition temperature of 364 + 2°C. The difference in thermal stability is evident for starch
materials since the starch-EPI biopolymers display higher decomposition temperatures (~+70°C),
as compared to cellulose-EPI biopolymers (~ +15°C). Figure 3.3C shows MSE-1 that contains
~98% amylopectin and showed the highest DTG intensity at 364°C. Pratt et al.?® used DTG peak
areas to estimate the modified forms composition and the degree of cross-linking. In this case,
however, no general trends can be gleaned from DTG intensity results that unequivocally correlate
with the AM, AP, or content of EPI of the modified materials. This could mean that the degree of
EPI cross-linking is affected by other factors such as steric effects due to branching of the
polysaccharide (e.g., AP vs. AM), macrocycle effects, and framework structural effects depending
on the nature of the polysaccharide and cross-linker. A closer inspection of the DTG curves show
that they can be best modeled by a sum of three Gaussian functions centred at 270 °C, 320 °C and
360 °C (refer to Appendix A3, Figure A3.2). Apart from the decomposition temperatures of the PS
(270 °C) and the PS-EPI framework (360°C), there is another thermal event at 320°C. A TG/mass
spectrometry study of starch-EPI thermal decomposition showed other pathways, aside from
polymer dehydration, as the main route of starch-EPI decomposition, which yield secondary
degradation products.®® The presence of other thermal events in the DTG plots can be used to infer
the presence of different types of cross-linked materials. Table 3.3 summarizes the relative peak
area (%) for the various thermal events of each of the cross-linked materials. Using the peak area
under the 360°C event in panel C, it can be related to the degree of cross-linking in descending
order: AMCSE-1 > SSE-1~CSE-1 > MSE-1. This trend is consistent with the relative reactivity of
such PS materials with EPI. AMCSE is a linear PS allowing for ease of accessibility of hydroxyl
groups to react with EPI; whereas MSE is a branched PS, which may present some steric
accessibility of its hydroxyl groups for EPI cross-linking. The relative amount of cross-linking of
EPI is estimated from the integrated area of the respective thermal event (at 360°C) corresponding
to modified biopolymers’ decomposition profile. In panel D, intermediate ratios of EPI were used
and the results show a similar trend as in panel C. However, by increasing the amounts of EPI
(panel E), the TGA results can no longer be modeled by a simple sum of three Gaussian functions.

Instead, the DTG results can be modeled by a minimum of six Gaussian components (Appendix
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A3, A3.2) and reveal that cross-linking has resulted in modified biopolymers with heterogeneous

domains of intermediate and higher levels of cross-linking.
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Figure 3.3 First derivative plots of A) pure starch and starch-EPI biopolymer; B) pure cellulose
and cellulose-EPI biopolymer and C-E) various PS-EPI biopolymers.
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Table 3.3 TGA results for PS-EPI biopolymers prepared at 50-54 °C.

PS-EPI biopolymers Peak Area Peak Area Peak Area

ID Code” (270°C)  (320°C)  (360°C)
CSE-1 25% 21% 53%
CSE-2 30% 39% 30%
CSE-3 21% 9% 69%
MSE-1 12% 57% 30%
MSE-2 14% 57% 28%
MSE-3? 11% 27% 61%
AMCSE-1 31% 14% 55%
AMCSE-2 31% 14% 55%
AMCSE-32 15% 32% 52%
SSE-1 29% 16% 54%
SSE-2 39% 10% 51%
SSE-32 16% 27% 58%

*The fitting details found in supporting information.
& Areas under the curve were taken from convolution of three Gaussians but the fit was not

optimal.

3.4.5 Equilibrium solvent swelling properties

The equilibrium swelling of the unmodified polysaccharides and respective modified forms
provide an indication of the relative uptake of the solvent (i.e. water or ethanol) at ambient
conditions. Swelling is an important property to measure when assessing the potential of new
adsorbent materials since solvent uptake plays a role in the adsorption process, as evidenced by
the elementary kinetic steps (e.g., film diffusion, intraparticle diffusion, surface adsorption). For
example, Kyzas et al.® reported the relationship of swelling and dye sorption properties of
chitosan derivatives. They describe that pre-swelling of the adsorbents prior to dye adsorption in
aqueous solution affects the rate of the adsorption process. The swelling behaviour of the adsorbent
materials in water and ethanol [Sw and Sg; Equation 3.1] is presented in Table 3.4. It is noted that
the AMCSE modified forms have a greater adsorption capacity for water relative to ethanol;
whereas, the MSE biopolymers display the opposite behaviour. The PS-EPI biopolymers display
a greater preference for the uptake of water over ethanol. The occurrence of selective solvent
uptake by the modified forms of biopolymers depends on several factors: i) textural properties (i.e.
pore size, pore volume, and surface area), and ii) surface chemistry of the modified framework
according to the relative accessibility of hydroxyl groups of the sorbent. PS-EPI biopolymers with

a pore size less than 4A will preferentially adsorb water (2.8 A) due to steric exclusion effects.'’
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In contrast, PS-EPI biopolymers with a pore size exceeding 4A can retain either species since
ethanol has a greater size (4.6 A).Y7 Since the PS-EPI biopolymers synthesized in this study have
similar pore sizes and in the range of ~ 21A -28 A, steric effects are not anticipated. Solvent
selective adsorption may occur depending on the surface chemistry of the framework. In cases
where the surface accessibilities of hydroxyl groups vary, the surface chemistry may govern the
adsorptive interactions, as evidenced by the variable swelling capacity of the different PS-EPI
biopolymers. When the AM units are self-assembled and aligned within the polymer structure, the
probability of AM cross-linking with another AM is high (cf. Scheme 3.2). By comparison, cross-
linking of branched AP with either AM or another unit of AP is expected to result in more
pronounced pore domains due to the effects of polysaccharide branching. Comparison of the PS-
EPI biopolymers obtained from a common polysaccharide (i.e. CSE-1, CSE-2 and CSE-3) with
variable cross-linking shows different water swelling capacity. In the case of modified materials
with similar cross-linking (CSE-1 and CSE-2), the water swelling capacity is lower than that for
CSE-3. There is no clear correlation between the degree of cross-linking and the swelling
properties of the other modified biopolymers; however, the trend in swelling of modified
biopolymers with different AP and AM content varies incrementally. The results reveal that
AMCSE has the highest swelling capacity in water; whereas, MSE shows the lowest water
swelling capacity, in agreement with a previous report.!® The results indicate that modified
biopolymers with high AM content adsorb more water than modified biopolymers with high AP

content.
A)
% | f EE E
Scheme 3.2 Molecular structure of linear and branched polysaccharides cross-linked with

epichlorohydrin (dark line segment): A) Modified linear amylose, and B) Modified
branched amylopectin.
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Table 3.4  Equilibrium swelling properties in water (Sw) and in ethanol (Sg) of polysaccharides
and PS-EPI biopolymers at 295 K.

PS-EPI Sw (%) SE (%)!
biopolymers

SSE 35+4 8+3
SSE-1 67+12 13+7
SSE-2 117+18 27+3
SSE-3 157+21 82
CSE 81+8 13+4
CSE-1 235+9 8+3
CSE-2 269+6 84
CSE-3 156+11 1+0.2
MSE 255 4+2
MSE-1 527 4+1
MSE-2 107+9 32
MSE-3 153+9 2x05
AMCSE 637 1+0.3
AMCSE-1 188+11 21
AMCSE-2 307+16 18%4
AMCSE-3 248+12 14+6
CE 166+9 2+0.1
CE-1 244 +£11 120+ 14
CE-2 206+9 9218
CE-3 161+3 15%5

Note: Errors represent standard deviations from triplicate measurements.

3.4.6 Nitrogen gas adsorption

Molecular nitrogen is one of the most common gas adsorbates employed for the study of
the textural parameters of adsorbent materials because of ready availability of nitrogen, low cost,
and its inert nature.?! Equation 3.4 describes the relationship between the equilibrium amounts of
adsorbed nitrogen (n°) onto the modified biopolymers against external pressure (p) at constant

temperature (T):
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n®=f| = Equation 3.4
p T,gas,solid

Where n® is a function of the relative equilibrium gas pressure and the saturated vapour
pressure (p°) for the solid-gas adsorption process at isothermal conditions. In addition to nitrogen
adsorption, dye-based methods (vide infra) have been used to provide complementary estimates
of the textural properties of modified materials. Dye probe molecules such as p-nitrophenol (PNP)
are a suitable probe for the estimation of the surface area and pore structure of adsorbents in

aqueous solution, as described elsewhere ! for modified biopolymers containing amylose.
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Figure 3.4 Nitrogen adsorption-desorption isotherm for cellulose at 77 K.

Figure 3.4 is consisted with dried cellulose in which all the pores have collapsed. A
comparison of the cellulose-EPI and starch-EPI biopolymers suggests that the structure of
cellulose-EPI is more rigid than the starch-EPI biopolymer, in agreement with the well-defined

mesopore characteristics of cellulose.®2

3.4.7 Adsorption of PNP in aqueous solution

Figure 3.5 shows 3-D plots representing the percent uptake of PNP from aqueous solution
by the polysaccharides and PS-EPI biopolymers at 298 K and pH 6. In all cases, a fixed
concentration of dye and dosage of adsorbent were used throughout, as indicated. A comparison
of panels A-C for PS-EPI biopolymers with the same EPI content shows that the level of PNP
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removal increases as the concentration of PNP increases. This is true for most of the PS-EPI
biopolymers but some exceptions were observed for SSE and CSE, where the level of dye uptake
decreased for various concentration of PNP; 0.1 mM to 10 mM or from 10 mM to 25 mM. The
results suggest that SSE and CSE have fewer adsorption sites compared to the other modified
forms. According to panels B and C, the sorption capacities for PNP do not follow a trend for PS-
EPI biopolymers, which possess an irregular or non-uniform morphology. In Figure 3.5 A, PS-EPI
biopolymers with high amylose (AM PS-EPI) display decreased sorption as the EPI ratio
increased; whereas, modified biopolymers with high amylopectin (AP) display high PNP sorption
as the EPI ratio is increased. The decrease in PNP sorption capacity in the case of modified
AMCSE can be taken as a result of greater cross-linking between AMCSE chains. This results in
smaller micropore structures, which hinder access of PNP to the adsorption sites. On the other
hand, greater cross-linking of the MSE-EPI biopolymers does not yield micropore structures, due
to branching of AMCSE-EPI biopolymers that may provide suitable host sites for PNP. The effect
of matching of pore sizes to the guest dimensions, as evidenced by increased adsorption capacity,
was reported by Huang et al. 3 They report a water-compatible hyper cross-linked polystyrene
type resin to adsorb PNP where the pore size matches the molecular size of PNP. Higher levels of
cross-linking may contribute steric effects for the uptake of PNP; whereas, intermediate cross-
linking does not. The variation in sorptive uptake observed for the intermediate cross-linked

biopolymers may reflect the importance of surface chemistry, as noted in other related studies.?*
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Figure 3.5 Sorptive uptake of PNP with polysaccharides and their respective modified forms
with variable cross-linking and dye concentration at pH 6 and 295 K: A) C, = 0.1
mM PNP, B) C, =10 mM PNP, and C) C, =25 mM PNP. Panels A and B are scaled

along the same z-axis range for comparison purposes.

3.5 Conclusion
In this study, a series of PS-EPI biopolymers were prepared by cross-linking several types

of polysaccharides (PS) of variable composition (i.e. amylose, amylopectin, and cellulose) with
epichlorohydrin. Cross-linking was carried out at different mole ratios at an optimal temperature
of 50°C to afford PS-EPI biopolymers with favourable adsorption properties toward nitrogen gas,
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solvents (i.e. water and ethanol), and p-nitrophenol in aqueous solution at pH 6. PS-EPI

biopolymers with high AM content have relatively high adsorption capacity for water. Differences

in

dye sorption of modified biopolymers at comparable cross-link density reflect differences in

surface properties related to the accessibility of dipolar functional groups, such as hydroxyls, on

the modified material’s surface. Further studies are underway to ascertain the specific structural

role of the modified material’s structure and its dependence on the sorptive properties with various

adsorbates.
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CHAPTER 4

MANUSCRIPT 2: An NMR investigation of the fractionation of water-ethanol mixtures
with cellulose and its cross-linked biopolymer forms.

Leila Dehabadi and Lee D. Wilson#

Description

This research study is directed toward an understanding of the relative adsorption properties of
cross-linked biopolymers as adsorbents for the adsorptive uptake of water or ethanol components
in binary mixtures. Therefore, this study focused on preparation and characterization of cross-
linked biopolymers containing cellulose following the methodology described in the Chapter 3.
Quantitative measurement of water or ethanol removal in binary mixtures can be accomplished by
using Karl Fischer titrations, gas chromatography (GC) or high performance liquid
chromatography (HPLC) to measure the relative ethanol or water content in mixtures, which is
often tedious and time-consuming. An alternative and potentially convenient method with rapid
quantification of water or ethanol can be carried out using *H-NMR spectroscopy. Thus, the main
goal of this work is to develop a quantitative *H-NMR technique to directly measure the
composition of water and ethanol solvents in binary solutions to enable characterization of the
adsorption isotherms of cross-linked biopolymers in the presence of binary solvent systems. The
ability to measure multi-component mixtures provides insight on the adsorptive fractionation and
potential solvent selectivity of cellulose and modified cellulose adsorbent materials. The
fractionation selectivity of cellulose and its modified forms for water (W) and ethanol (E) in binary

mixtures varied from 1 to 2.5.

Authors’ Contributions

The supervisor (L. D. Wilson) conceived the project concerning the use of quantitative NMR for
quantification of water and ethanol in binary mixtures using the adsorbent materials. Dr. Keith
Brown and the supervisor contributed investigation of the relaxation time in NMR techniques. L.
Dehabadi modified the NMR solvent systems by using a mixture of deuterated dimethyl sulfoxide
(DMSO-ds) with deuterium oxide (D20) as solvent for *H-NMR analysis. The first draft of the
manuscript was prepared by L. Dehabadi with subsequent revisions and editing with the

supervisor.
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Relation of Manuscript 1 to Overall Objective of this Project

As mentioned in Chapter 2 (cf. Section 2.4), a knowledge gap related to polysaccharides and their
modified forms relates to the limited understanding of the structure and adsorption properties of
such materials. Thus, the objective of this work relates to evaluation of the solvent selective uptake
of cellulose and its modified forms in binary solvent systems containing ethanol and water. The
significance of this work was related to the overall objective of the research project because this
research study is demonstrated by the development of a suitable methodology for the quantification
of water and ethanol in binary solvent systems. The capability to measure relative changes in
water-ethanol composition before and after adsorption enables determination of the adsorption
isotherm in such solvent systems. The subsequent use of gNMR enabled the measurement of
variable adsorptive uptake of water over ethanol in an incremental manner according to the level

of cross-linking of cellulose.
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Research Highlights

e Adsorptive uptake properties of cellulose and its cross-linked forms were studied using
quantitative tH-NMR (QNMR) spectroscopy in binary solvent systems.

e Quantitative NMR vyields direct analytical estimates of relative solvent uptake in binary
solvents.

e Selective uptake of water occurs in ethanol-water binary systems by cellulose and its
modified forms.

e Tunable solvent uptake occurs according to the level of cross-linking.

e The contribution of cellulose to selective solvent uptake was assessed.
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4.1 Abstract

Cellulose was cross-linked with epichlorohydrin (EPI) at variable composition and the
fractionation properties were investigated in binary ethanol-water solutions, including the pure
solvent systems. The relative uptake of each solvent was measured using quantitative *H-NMR
(GNMR) spectroscopy. This study highlights the utility of gNMR as a rapid screening method for
estimation of solvent selective fractionation in binary mixtures. The uptake properties of cellulose-
EPI cross-linked polymers with ethanol and water were well described using the Sips isotherm
model. Modeling shows that the monolayer surface coverage (Qm) of adsorbates onto the polymer
materials covered a range of values (1.13 - 2.44 g/g) with heterogeneous adsorption behaviour
according to the Sips exponential fitting parameter (ns=1). The cellulose-EPI adsorbents display
unique fractionation with water (W) and ethanol (E) from binary solutions, as evidenced by the
relative selectivity (Rselectivity) Value in binary W-E solvent systems. The Reselectivity [Qm(W)/Qm(E)]
values at saturative uptake conditions varied (1.10 to 2.03) and further illustrate that cellulose
materials display molecular selective solvent fractionation in binary water-ethanol solutions. This
study provides a greater molecular level understanding for the adsorptive uptake properties of
cellulose that is relevant to developing cellulose-based adsorbent technology for the fractionation
of biofuels and related chemical separations.
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4.2 Introduction

Adsorption is ubiquitous to many natural, physical and biological processes and it is a key
step in food processing,! environmental remediation,? and transport of pollutants in soil,
groundwater, sediments, or aquatic environments. Pervaporative separation of alcohol fractions is
a commonly used method for alcohol removal in beverages such as spirits. Water and ethanol
removal is a key process for the food processing industry as well as alcohol and fuel production.®
" Production of natural flavour compounds through esterification requires continuous water
removal* and some technologies such as pervaporation,® headspace evacuation, sparging of dry
inert gas through the reaction medium have been studied.® Production of ethanol by fermentation
of biomass feed stocks normally produces a mixture of ethanol and water® that often requires
separation via solvent extraction or distillation which often demand significant material and/or
energy inputs. By contrast, adsorptive-based methods represent an alternative chemical separation
pathway that reduces the consumption of materials, energy, and operational costs. Solid-solution
adsorption occurs when species such as adsorbates are transferred heterogeneously from the bulk
of fluid phase to the surface of a solid phase adsorbent.1%3 Adsorptive processes in many natural
chemical and biological systems* are governed by various interactions that stabilize the
adsorbent/adsorbate complex.’® Thus, an understanding of such adsorptive interactions is
fundamentally important for the design of new sorbent materials, especially for mixtures of
adsorbates where molecular selective adsorption may occur.*® Water-alcohol binary systems are
of considerable interest in the fields of food chemistry and biofuel production because water
removal enhances the market value of bioethanol and the longevity of food products’ storage
properties by resistance to microbes. In food and biofuel production, water removal from mixtures
of esters with short chain acids and alcohols is very important in the production of fragrance
compounds.t’ Esters are commonly produced by lipase enzymatic reactions in water'® and the
continuous removal of produced water is a key factor for achieving high product yields.*®

Physical separation techniques such as distillation and membrane-based pervaporation
have been reported to achieve separation of water from ethanol.2%-?2 In general, high purity ethanol
is often obtained by traditional separation methods such as distillation; however, significant
infrastructure and energy inputs for distillation may approach 50-60% of the energy value content
required to separate ethanol and water.?® In some cases distillation is not feasible for thermally

labile mixtures or when operational costs pose limitations. Thus, there is a need to develop more
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sustainable methods for water/ethanol separation. Adsorption-based methods offer an efficient
strategy for the separation of chemical mixtures that do not require differences in volatility for the
separation of azeotropic components?! and also offer a suitable alternative for pressure or
temperature sensitive mixtures.’

The adsorption properties of naturally occurring adsorbents such as zeolites,? clay,?* barley
and wheat straw? have been reported. However, less effort has gone into the development of
synthetically modified biomaterials such as modified cellulose.?® Polysaccharide-based adsorbents
and their modified gel-based materials?’ offer advantages over unmodified biopolymers.? In a
recent study of modified polysaccharides, the swelling behaviour of these biomaterials in water,
ethanol, and binary mixtures indicated that cellulose-based materials display molecular selective
adsorption properties in water-alcohol mixtures.?® Barley straw has relatively high cellulose
content and this biomass sorbent displayed modest uptake selectivity between water and ethanol
in binary mixtures.?® To understand the molecular fractionation of such biosorbents, systematic
uptake studies are required to further understand the molecular selective separation for binary
water-ethanol systems.

In this paper, we report the utility of *H-NMR spectroscopy as a rapid screening tool to
aide in the quantitative estimation of the fractionation properties of cellulose and its cross-linked
forms in water-ethanol binary solutions.?® The results of this study represent two key contributions
to the field of energy production and chemical separation of biofuels, as follows: i) the
development of a versatile NMR method for in situ quantitative analysis of biofuels mixtures, and
ii) the elucidation of the role of cellulose materials for the adsorptive fractionation of water and
ethanol. In this study, an investigation of the adsorptive properties of cellulose and its
epichlorohydrin cross-linked polymers were evaluated in water-ethanol mixtures.? This research
highlights the utility of a quantitative 'H-NMR spectroscopy method for analytical in situ
estimation of water and ethanol adsorption?® and the role of cellulose materials in the molecular

selective uptake of water and/or ethanol in binary solvent systems.
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4.3 Experimental
4.3.1 Materials

Cellulose (CE) and its modified forms containing epichlorohydrin (EPI) were prepared and
characterized, as reported recently.?® Table 4.1 shows the product yield (%) and equilibrium
swelling properties®® in water (Sw) and in ethanol (Sg) for pure cellulose and cellulose-EPI at

various cross-linking ratios and reaction temperatures (‘C).

Table 4.1 Selected physicochemical properties of cellulose (CE) and its cross-linked polymers
CE-X. Where X represents the relative mole content of epichlorohydrin.

*Polymer Mole ratio Yield (%) Sw (%) Se (%)
ID code

CE-1 Low (1:2) 58 244 + 1 120+1
CE-2 Medium (1:3.6) 42 205+9 92+8
CE-3 High (1:5.4) 45 161+ 3 15+5
CE Not applicable Not applicable 166 +9 2+0.1

* Numerical descriptors used in the ID code refer to the various mole ratios of cross-
linking as follows: CE = Cellulose; CE-1 = Low (1:2 mole ratio); CE-2 = Medium (1:3.6
mole ratio); and CE-3 = high (1:5.4 mole ratio) cross-linking of the CE-EPI biopolymers.

4.3.2 Methods

Anhydrous ethanol (reagent grade, Commercial Alcohols Inc. Brampton, ON, Canada) and
Millipore water were used to prepare different weight ratios (w/w %) of ethanol-water solutions.
Approximately 20 mg of adsorbent was added to a 4 dram glass vial with 10 g of a binary ethanol-
water solution and shaken (Poly Science, Dual Action Shaker) at 160 rpm and room temperature
for 24 h to achieve equilibrium. The samples were centrifuged (Precision Micro-Semi Micro
Centricone, Precision Scientific Co.) at 1800 rpm for 1 h. Thereafter, 1 g of supernatant solution
was added to 0.05 g mixtures of tetrahydrofuran (THF) and deuterium oxide (D20, 99.8%, both
from Sigma-Aldrich). THF serves as an internal standard while DO serves as the deuterium field
locking solvent, where the weight contents of these components were held constant for all NMR
measurements. An adapted procedure using deuterated dimethyl sulfoxide (DMSO-ds, 99.9%,
from Sigma-Aldrich) was employed as a field locking solvent instead of D2O. All *H-NMR
spectroscopic measurements were obtained using a wide-bore (89 mm) 11.7 T Oxford

superconducting magnet system (Bruker Bio Spin Corp; Billerica, MA, USA) equipped with 5 mm
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PaTx1 probe. Spin-lattice relation times (T1) of the pure solvents and their binary mixtures were
measured by the inversion-recovery method.?

NMR operating parameters were controlled using a SSSC 500 console and workstation running X
WIN-NMR 3.5. All measurements employed standard pulse programs available from the TopSpin
1.3 software. In this study, a quantitative NMR method (QNMR) was used to measure the relative
water-ethanol (W-E) content in binary solutions by independent calibration curves derived from
various standard binary W-E solutions at variable weight composition (w/w; %). Each solution
contained an analytical internal standard (THF) and a locking solvent (D20 or DMSO-dg). The
equilibrium time of the sorption process was evaluated by varying the incubation time of 20 mg
samples of adsorbent with the binary W-E mixtures until no further change was observed.
Quantitative evaluation of the relative amounts of adsorbed solvent at each time was evaluated
using *H-NMR spectroscopy under fully relaxed and steady-state conditions.

4.3.3 Models and equations

The thermodynamic sorption behaviour of the polymer adsorbents in W-E binary solutions
was analysed by fitting the adsorptive uptake for each solvent component (W or E) against the
equilibrium concentration of each solvent (W and E) using various models (Langmuir, Freundlich,
and the Sips isotherms).30: 3

The equilibrium sorptive uptake (Qe) of the adsorbent material with ethanol, water, and
binary (W+E) solvent systems was calculated using equation 4.1, where Wsouution 1S the weight of
solution (W+E), Co; is the initial solvent concentration of the i component (g), Ce,i is the
equilibrium concentration of the i component (W or E), and m is the mass of sorbent. The solvent
concentration of the i component (W or E) is expressed on a relative fractional weight basis

(Wiw).

(Co,i _Ce,i) Equation 4.1

WSqution

e,i m
Uptake data were presented as Qe,i (i= W or E), which can be analysed by different models
such as Langmuir, Freundlich and Sips. The Langmuir model describes monolayer sorption

between adsorbate and adsorbent. On the other hand, the Sips and Freundlich models account for
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the relationship between the adsorbent surface and an adsorbate. Replacing DO by DMSO-ds as
the NMR locking solvent was used to minimize exchange processes and to optimize spectral
resolution of the *H-NMR spectral signatures for the various solvent mixtures. In D,0O, there are
exchangeable protons in the binary W-E system such as OH that contributes to line broadening
and spectral overlap due to chemical exchange effects. Isotherm models such as the Langmuir
model provide the following parameters: Q. (uptake of the respective i" component; W or E), Qm
(monolayer adsorption capacity of sorbent) and Ce is the residual equilibrium concentration of the
adsorbate (W or E) in a binary W-E solvent according to equation 4.2.32

Q _ QnKiCe Equation 4.2
® 1+ KLCe

The Freundlich and Sips models provide heterogeneity factors, which are denoted as nr and

ns according to equations 4.3 and 4.4, respectively.

-1
Q.= Kecl" Equation 4.3

The Sips model provides an estimate of the monolayer surface coverage of the adsorbate
(Qm) for W or E onto the adsorbent surface. Furthermore, the Sips model provides information on
the heterogeneity of the adsorbent surface according to the heterogeneity factor (ns) in equation
4.4. The Sips model accounts for a combination of Langmuir- and Freundlich-type sorption

behaviour at certain limiting conditions. When ns = 1, Langmuir isotherm behaviour (no
heterogeneity) is predicted; whereas, Freundlich behaviour is predicted when (KSCE)ns <<<1 (ns

#1).

_Qulk.cd)™

Q.= - Equation 4.4
1+(ksce)
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The adsorption kinetics can be tested by three common types of models: the pseudo-first-
order (PFO), pseudo-second-order (PSO) and pore diffusion models. PFO and PSO models have
been tested to evaluate the adsorption mechanism. The non-linear Egnuation 4.5 and linear

equation 3.6 pseudo first-order kinetic models® are expressed as:

Q. :Qt(l-e'klt) Equation 4.5

IOg(Qe'Qt) = Iog(Qe)-% Equation 4.6

k1 is the rate constant of the PFO kinetic equation and where Qe and Q: are the uptake amounts of
adsorbate (W or E) at equilibrium and variable time (t). The PFO kinetic model for adsorption is
expressed as plots of Q; vs.t and log(Q, — Q) vs.t for non-linear and linear PFO models,
respectively. The values of K; and Qe can be obtained from the slope and intercept of plots of
log(Q. — Q) vs. t. The non-linear equation 4.7 and linear equation 4.8 second-order Kinetic

models are defined by the following equations.®* 3

t_ 1 2+i Equation 4.7
Qt kZQe Qe

t_ ! 2+L Equation 4.8
Q. k2Q. Qe

The parameter k; is the adsorption rate constant (g.mg*.min) according to the PSO model.
The PFO kinetic model for adsorption is expressed as a plot of Q; vs.t and ins. t for non-linear
t

and linear analyses, respectively. The k> and Qe parameters can be obtained from the slope and

intercept from plots of t/Q;vs. t. The pore diffusion equation is described by equation 4.9:

Q,~ Kdto's Equation 4.9
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Ka (mg/g min?) is the diffusion rate constant, and Q is the amount of adsorbate adsorbed at time

(t). A plot of Q: against t yields a slope equal to the Kq term.

4.4  Results and Discussion
According to an NMR relaxation study,® the relaxation time (T1) of the *H nuclei of ethanol

increases nonlinearly with increasing ethanol concentration where the rate of relaxation (R1) is
defined byR, =R’(1+B,m), where R; and R/ are relaxation rates in DO and where the

concentration of ethanol may be expressed on a weight basis (mole/kg or w/w). Therefore, the
relaxation time is an important factor that should be considered in binary W-E mixtures. In such
binary mixtures, D,O and DMSO were used as NMR solvents. The CHz group of ethanol and the
contribution of -OH groups of water and ethanol to T1 were studied across a wide range of W-E
compositions, where the results are shown to vary with increasing ethanol (w/w) content. The
concentration dependence of Ty is understood by the fact that the relative water mobility and
structured water decrease as the ethanol content increases.®® These factors together contribute to
the relaxation time (T1) where the results in Table 4.2 show that the T1 values increased as the

ethanol content increased for the W-E binary solutions.

'H nuclear magnetic resonance (NMR) spectroscopy is a suitable technique for structure
identification and quantification of organic compounds present in various states.>’ In this study,
H-NMR was evaluated to provide in situ quantitative estimates of the composition of components
after the equilibrium sorptive uptake process in binary W-E mixtures, as described by equation
4.10.

Sorbent (s) + Wx/Ey (soltn) <—> Sorbent-Wz-Ez: (s) + Wx-z/Ey.z> (soltn)  Equation 4.10
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Table 4.2 Relaxation time (T1) and relaxation delay (D1) values of various nuclei in pure and
binary W-E solvent systems. The -CHs group of ethanol was studied in DO, and the —
OH group of water was studied in DMSO-ds NMR locking solvents at 295 K.

*Toun* T1(-CHs)* D; (-CHa)* *Toun® T1(-OH)? Dj (-OH)?
100%H-20 0.04s 0.2s 100% H20 0.72s 3.6s
(0.03s) (0.559)

25% Ethanol 0.22s 1.1s 25% Ethanol 2.9s 1455
(0.15 %) (25)

50% Ethanol 1.16s 5.8s 50% Ethanol 2.7s 1355
(0.8 5) (1.95)

75% Ethanol 0.68s 3.4s 75%  Ethanol 2.6s 13s
(0.47 s) (1.8 5)

100% Ethanol 2.1s 105s 100% Ethanol 0.72 ms 3.6 ms
(1.559) (0.5 ms)

*Tnun 1S the specific time for which the resonance signal is just passing through zero.
!Determined using DMSO-ds as the locking solvent
2Determined using DO as the locking solvent

This solid-solution system illustrates a physical separation of water (W) and ethanol (E) in a
binary (Wx/Ey) solution (soltn) according to an adsorption process at equilibrium. The limiting
case presented above shows an arbitrary solvent uptake (Z and Z’) by the sorbent relative to the
original solvent composition of water and ethanol (X and Y). After phase separation of the solid
adsorbent, the composition of ethanol and water in the liquid phase after sorption was calculated
by comparison with the original solvent composition before sorption using gNMR. By carefully
choosing an internal calibration standard, it is possible to avoid overlap of the *H-NMR resonance
signals of the standard and respective solvent signatures. In this study, THF was chosen as the
internal calibration standard because its chemical shift does not overlap with the *H-NMR
signatures of water and ethanol (-CH2 and —CHz groups) in the binary solution.

The 'H-NMR spectra of 10% E in solution with THF/D,O (Figure 4.1) show that chemical
shift () values for the THF standard occur at 6=1.60 ppm and 6=3.51 ppm, corresponding to the
two nonequivalent methylene groups of THF. On the other hand, the chemical shifts for ethanol
occur at 3.40 ppm, 0.90 ppm, and 4.60 ppm, corresponding to the —CH>, -CH3z and -OH groups,
respectively. It is apparent from Figure 4.1 that the 5 value for THF (3=1.60 ppm) is well resolved
from the —CHs group of ethanol and was used for the calculation of the ethanol content in the

binary mixture by equation 4.11.
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peakarea for THFat1.60ppm  concentration of THF o NTHE

= - Equation 4.11
peakarea for — CH, ethanol  concentration of ethanol

Nethanol

The n parameter terms refer to the number of moles of *H nuclei for ethanol and THF, respectively.

T T T T T T T T T T T 1
55 5.0 a5 40 35 3.0 25 20 1.5 10 0.5 ppm

Figure 4.1 H-NMR spectrum of ethanol (E and E’) and water (W) in the W-E mixture
where THF was the internal standard (IS and IS”) and D20 is the field-
locking solvent at 295 K.

Equation 4.11 can be used since all other instrument parameters are held constant and the
integrated H-NMR signal is directly proportional to the concentration of the species giving rise
to the signal of interest. The 'H-NMR signal at §=1.60 ppm is due to two methylene groups of
THF and its integrated peak area is proportional to the number of *H nuclei. Therefore, the ratio
of the relative peak areas for THF and the —CHs group of ethanol relates to the ratio of
concentrations of each respective solvent component. The concentration of THF is known
independently, which allows for the concentration of ethanol in the binary mixture to be calculated
by equation 4.11.

In binary W-E solutions containing D-O, the mixture cannot be calculated in the same way as
the aliphatic groups of ethanol due to some uncertainty arising from exchange between the OH
group of water and ethanol, including the overlapping signals of H,O and HOD.*® Water

suppression experiments were investigated; however, it was not necessary for improvement of the
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spectral signatures of ethanol since the —CHs signal was alternatively measured.3” The
concentration of water was calculated indirectly by mass balance of the binary mixture the CH or

—CHs groups of ethanol, as described by equation 4.12.

Ethanol (w/w; %) + water (w/w; %) +THF (w/w; %) =100% Equation 4.12

The use of a fixed amount of DMSO-de as an NMR locking solvent instead of D.O allows
for quantification of the -OH group of water and ethanol binary mixtures due to the improved
spectral resolution of each respective signature. This is attributed to solvent effects and anisotropic
behaviour of DMSO-ds relative to D,0.%2 Figure 4.2 shows the spectra of water and ethanol in
binary mixtures indicating that there are two separate resonance lines for OH appearing at 6=4.50
ppm and 6=5.20 ppm for ethanol and water, respectively, including the reduced chemical
exchange. The integrated peak areas of the signals W, E’, and E are in a ratio of 1:2:3, in agreement
with the relative number of the *H nuclei of the various groups (-OH, -CHz, and —CHj3) for ethanol.
The results are in good agreement with independent gravimetric estimates of solvent components
(Table 4.3). The signal (W) is assigned to the —OH group of water. The peak area for the —CHz3
and —OH groups were used in the calculation of the ethanol and water content (w/w; %) in binary

mixtures, according to the gravimetric value (nw and ng) by equation 4.13.

Area(solvent)  'H, i (solvent) . Nsolvent

=— Equation 4.13
Area(THF) H uciei (THF)

nuclei NTHF

The NMR parameters corresponding to the area (solvent) refer to the relative integrated
peak areas for the *H-NMR signal of interest (W or E). The *Hnyciei refer to the number of *H nuclei
of interest for the solvent, where nsovent is the moles of solvent (W or E), and ntnr refers to the

number of moles of THF.
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Figure 4.2 H-NMR spectrum of ethanol (E, E’, and E*’) and water (W) in a binary
mixture with THF as an internal standard (IS and IS’) in DMSO-ds at
295 K.

Table 4.3 Comparison of water-ethanol content in binary mixtures by gravimetric (w/w; %) and
quantitative 'H-NMR (QNMR; w/w; %) spectroscopy at 295 K.

Ethanol Ethanol from Difference Ethanol by Difference
(Wt%0o) gNMR (Co;wt%)  (wt-gNMR)  gNMR (Co;wt%) (wt-gNMR)
(in D20) % (in DMSO-ds) %

5.00 4.32 0.67 5.03 0.03
10.00 8.89 1.10 9.19 0.81
15.00 14.85 0.15 13.30 1.70
20.00 16.50 3.50 14.40 5.60

25.00 23.10 1.90 22.10 2.90
30.00 23.54 6.46 28.90 1.10
35.00 25.74 9.26 33.70 1.30
40.00 33.66 6.34 39.60 0.40

45.00 44.99 0.01 43.00 2.00
50.00 46.75 3.25 48.60 1.40
55.00 50.27 4.73 55.50 0.50
60.00 58.52 1.48 59.50 0.50

70.00 64.68 5.32 70.50 0.50
75.00 67.54 7.46 74.90 0.10

80.00 69.63 10.37 80.00 0

85.00 79.53 5.47 84.70 0.30

90.00 89.87 0.13 90.10 0.10
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In Table 4.3, the results for the difference (%) in composition show that the relative error
for ethanol content obtained by gNMR (DMSO-ds as locking solvent) is less than the estimated
error when D>O was used as the solvent for field locking purposes. Therefore, the determination
of the ethanol composition according to gNMR was preferred when DMSO was the locking
solvent, as evidenced by the greater agreement between the gravimetric and gNMR values. The
preferred use of DMSO-ds is related to the reduced exchange and better spectral resolution of
NMR lines described above. Quantitative 'H-NMR spectroscopy allows for simultaneous
measurement of water and ethanol in binary mixtures. By comparison, techniques such as the Karl
Fischer titration and chromatography (GC or HPLC) may resolve only one of the two components
in binary solutions.3%: 40

Based on the foregoing discussion of DMSO-dg, the sorption isotherms were obtained
using the gNMR method with DMSO-ds as the field locking solvent. The corresponding gNMR
results using D-O as the solvent system are provided in the supporting information (cf. Figure A4.1
in Appendix A4). Figure 4.3 shows the isotherm data for W-E mixtures adsorbed onto CE-EPI at
295 K. The results show that for mixtures with lower adsorbate (i.e. E or W) content, the uptake
of ethanol is greater than water uptake for the same solvent composition. At greater adsorbate

1.0

0.8 4

o
o

Qe ¢ (Wiw)

0.24

0.0 0.5 []
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Figure 4.3  Adsorption isotherm for the uptake of solvent components with CE-3 in binary W-E
solutions A) Ethanol uptake isotherm, and B) Water uptake isotherm in mixtures

containing variable ethanol content at 295 K.

levels, the adsorption of water increases more than the uptake of ethanol, in accordance with

equilibrium considerations. The results indicate a greater adsorptive affinity of water with cross-
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linked cellulose than ethanol. The experimental results were modeled by the Langmuir (green),
Freundlich (blue), and Sips (red) models. The quality of the best-fit lines reveals that the Langmuir
and Freundlich models have lesser agreement with the experimental results (cf. Appendix A4,
Figure A4.2), while the Sips model provided a better description of the results (R?=0.968).
Adsorption isotherms of such solid-solution systems provide an understanding of the sorption
affinity and sorption capacity of cellulose materials. In the case of W-E binary solvent systems,
the isotherms may reveal the relative uptake levels of solvent components (W and E) and the
relative selectivity of the system. Tables 4.4 and 4.5 list the best-fit parameters for the Sips
isotherm model. The ethanol and water uptake capacities (Qm) of the cross-linked polymer (CE-3)
display the highest uptake. The Qm values for each sorbent are listed in descending order, as
follows: CE-3 > CE-2 > CE-1 > CE. The heterogeneity parameter (ns) is close to unity indicating
a relatively homogeneous adsorbent surface with uniform adsorption sites. By comparison, the
CE-EPI biopolymers (CE-1 and CE-3) have estimated values for ns that deviate from unity,
indicating some heterogeneity of the adsorbent surface. Among the cellulose materials studied, CE

has a large value for ns, which compares closely to the cross-linked sorbents (CE-1 and CE-3).

Table 4.4 Best fit model parameters for the Sips model for the uptake of ethanol at
295K with cellulose and its cross-linked polymers.

Cellulose Ks(g/g) Ns Qm (9/9) R?
ID Code
CE 4.18+0.67 3.18+2.13 1.03+£0.13 0.903

CE-1 5.34+355 1.38+0.67 1.02+0.37 0.925
CE-2 6.57+1.22 2.04+047 1.09+0.14 0.986
CE-3 347+254 147 £097 1.13+0.52 0.932

Table 4.5 Best model parameters for the Sips model for the uptake of water at 295 K with
cellulose and its cross-linked polymers.

Cellulose Ks(g/g) Ns Qm (9/9) R?
ID Code
CE 10.40£3.19 1.15+055 1.63+0.244 0.937

CE-1 6.69+262 1.18+0.34 1.20+0.206 0.968
CE-2 11.32+8.97 1.08+0.75 1.87+0.63 0.858
CE-3 11.85+4.93 103 £+043 244+0.39 0.912
Note: Statistic information (t-test values) was shown in Appendix A4, Tables A4.1and
A4.2.
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It follows that cross-linking of cellulose with epichlorohydrin may induce morphological
variations and surface heterogeneities*! that contribute to variable textural and surface chemistry
effects* that agree with the known fibrillated structure of cellulose and the surface accessibility of

it hydroxyl groups.

Favourable correlation coefficients (R?) were observed for ethanol and water adsorbed by CE
and its cross-linked polymers (CE-EPI). The use of DMSO-ds as a locking solvent provided better
quality NMR spectra with greater analytical precision than D,O as the locking solvent. Thus,
DMSO-ds was preferred for quantitative analysis by qNMR for the uptake of solvent components
for the binary W-E solutions. The reasonable agreement between experimental results and
isotherm models was concluded from the smaller variation between gravimetric and NMR
estimates. Notwithstanding the uncertainty in the goodness-of-fit between the experimental data
and the isotherm models, the CE-EPI (high) adsorbent displayed more reliable results than the
other materials [CE-EPI (low), CE-EPI (medium) and CE materials] for uptake of water and
ethanol.

As seen in Figure 4.3, the relative uptake of water and ethanol differ across a range of
compositions for the binary mixtures in the presence of the cross-linked polymer (CE-EPI; 1:5.4).
To evaluate the performance of chemical separations of such adsorbents, the molecular selectivity
for each respective solvent component was determined where the equilibrium uptake for W or E
from a binary mixture is reflected by an average estimate expressed as a relative selectivity

(Rselectivity) Value, according to equation 4.14.

_ Qm(Water)
Rselectivity_ Q
m (Ethanol)

Equation 4.14

Figure 4.4 illustrates the Rselectivity Values for cellulose and its cross-linked polymers that were
estimated from equation 4.14 using the Qm values for water and ethanol listed in Tables 4.4 and
4.5. The results illustrate that the cross-linked polymers have greater selective uptake toward water
when compared with pristine cellulose (CE), except for CE-1. A maximum value for Rselectivity Was
observed for CE-3 and this may relate to the level of cross-linking since fewer numbers of surface

accessible -OH groups are present at this elevated level of cross-linking.?® The cross-linking
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reaction between cellulose and epichlorohydrin results in a net loss of one hydroxyl group for each

cross-linker (epichlorohydrin) that undergoes complete reaction (cf. Scheme 1 in ref. 28).

2.0 1

Qm (W)/Qm (E)

o
3]
1

0.0 -

CE CE1 CE2 CE3
Copolymer ID code

Figure 4.4 Equilibrium selectivity ratios (Rselectivity; Equation 4.14) of cellulose and its cross-
linked polymers for uptake of ethanol and water in binary solvent systems at 295 K.
The ID code corresponds to the sorbent materials listed in Table 4.1.

According to Table 4.1, the swelling behaviour of materials are not in agreement with the
trends in isotherm adsorption results. The degree of swelling (%) measured for CE-1 was greater
than CE-3 and CE-2. As the level of cross-linking increases, the -OH groups of cellulose may be
less accessible, as evidenced by the attenuated solvent swelling. Therefore, the low EPI content of
CE-1 does not favour ethanol adsorption due to the presence of abundant surface-accessible -OH
groups of cellulose that offer active adsorption sites for water and ethanol uptake. The variation in
Rselectivity Values may also be related to the surface accessibility of the -OH groups of cellulose for
the cross-linked cellulose. Cross-linking alters the dipolar character of the polysaccharide surface
by decreasing the overall number and accessibility of adsorption sites of cellulose. Cross-linking
of cellulose results in steric effects of the adsorption sites and changes in the textural properties of
the sorbent in a fashion consistent with the differences in morphology of native starch vs.
cellulose,® in agreement with solubility differences in water. The foregoing is in agreement with

the water uptake (cf. Table 4.5) and swelling behaviour in pure solvents (cf. Table 4 in ref. 28).
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As indicated above, the heterogeneity parameter (ns) estimated from the Sips model affords an
assessment of the surface heterogeneity of the polysaccharide. The ns values in Table 4.4 relate to
uptake of ethanol while the values in Table 4.5 relate to water uptake. The ns values in Table 4.4
for ethanol uptake exceed those listed in Table 4.5 for water uptake. The trend for ns suggest that
greater steric effects are more apparent due to apparent surface heterogeneities for the uptake of
ethanol due to its greater molecular size and/or reduced polarity relative to water. The foregoing
results provide insight on the variable adsorption properties of cellulose due to cross-linking by
illustrating the role of surface functional groups and textural properties 2> in accordance with
another independent study (cf. Figure 4 in ref. 46). In the case of biomaterials such as straw, there
are adsorptive contributions arising from other biopolymer components besides cellulose. For
example, additional components such as hemi-cellulose, lignin, low molecular weight organic
compounds (oils), and inorganic species are likely to contribute to the overall uptake properties.*’
The greater uptake of water by barley straw? may relate to other components such as hemi-
cellulose and starch since such biopolymers favour the sorptive uptake of water.*® The reduced
uptake of water in flax-PET fibre composites was attributed to the hydrophobic nature of PET;
whereas, native flax fibres have greater water uptake capacity (cf. Figure 11 in ref. 49). The roles
of surface functional groups and stabilizing interactions were evidenced by AFM and FE-SEM
studies at the oil-water interface where dispersed and agglomerated nanofibrillated cellulose fibers
contribute to the stabilization of emulsions by preventing the coalescence of droplets.>

The effective design of a practical sorption process depends not only on favourable interactions
for the adsorbent-adsorbate system, efficient adsorption also depends on the kinetics of the
uptake.®! Figure 4.5 shows the amount of ethanol and water adsorbed by cellulose as a function of
contact time where the ethanol and water uptake increases rapidly during an initial 6 h phase where
it reaches saturation by ca. 24 h. The rapid initial uptake occurs due to the available vacant
adsorption sites at the surface sites or micropore domains. Thereafter, the number of vacant
adsorption sites decreases until the sorbent surface reaches saturation of the monolayer, as
evidenced by the plateau region of the isotherm. The increase in the number of adsorbed sites from
12 hto 24 his likely due to a slower Kkinetic process, where the gradual rise after the first 12 h may
result from diffusion within narrow micropore sites or the fibril domains (crystalline and

amorphous) of cellulose.
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Figure 4.5 Determination of the equilibrium time for A) Ethanol uptake, and B) Water uptake
from a binary W-E mixture containing 55% of ethanol with cellulose at variable time
at 295 K.

The kinetics of adsorption were modeled using the PFO, PSO and the pore-diffusion models.
The PSO kinetic model is more commonly used for describing the adsorption behaviour of
adsorbents with homogeneous sorption sites, as shown by the best-fit data in Figure 4.5. In Figure
4.6, the PSO kinetic model provides a good description of the kinetic dependence (R? = 0.970 and
0.911) relative to the PFO and pore-diffusion models. The modeling details are provided in the
Appendix A4 (cf. Figure A4.3) for the PFO and pore-diffusion models.
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Figure 4.6 Pseudo-second-order plots for the uptake of ethanol from W-E mixtures:
A) CE and B) CE-2 at 295 K.
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The kinetic parameters, obtained by nonlinear regression analysis for the PSO model
parameters, are listed in Table 4.6. CE-3 was predicted to have heterogeneous adsorption sites
since this level of cross-linking exceeds the estimated number of available hydroxyl groups of
cellulose if one neglects steric effects due to fibril formation. The uptake of ethanol and water
from binary W-E mixtures was observed to follow the PSO profile. The role of EPI may serve to
alter the surface chemistry or the textural microporous nature of native cellulose, as described
above. Cross-linking of cellulose affects the number and surface accessibility of the hydroxyl
groups® for inter- and intra- H-bonding interactions. In accordance with the traditional two-phase
cellulose model, the ordered and amorphous domains are expected to vary, as shown in Scheme
4.1. It follows that cross-linking may contribute defect sites, which increase the overall surface
area and pore structure by adulterating the expected hydrogen bond network of native cellulose.*
Scheme 4.1 illustrates the amphiphilic properties of cellulose, which rely on its degree of
amorphous vs. crystalline properties, in accordance with the variable solvent uptake (W and E)

observed herein for binary solvent systems.
A) B)
L 1@

Scheme 4.1 Schematic illustration of the relative solvent accessibility according to the molecular
structure of cellulose in two different forms: A) Native cellulose and B) cellulose with intermediate
level of cross-linking. The B-1,4-linkages are shown as full straight line segments, inter-chain
hydrogen bonding as dashed lines, and the EPI cross-linking as wavy bold lines. An arbitrary
solvent (oval) is shown but it is not drawn to scale.
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Table 4.6 Kinetic parameters of pseudo-second-order adsorption model for water and ethanol
uptake by CE-3 in a binary solvent system at 295 K.

Pseudo-second-order (PSO)

Cellulose ID code ko (g.mg*.mint) ge,(Mg/Q) R? i
CE 0.928 3.69 0.970 0.007
CE-2 0.609 14.3 0.911 0.001

The rigid and pseudo-linear structure of cellulose is attributed to the -1,4-glycosidic bonds
and the presence of a combination of H-bond acceptors and donor groups for each cellobiose unit
of this biopolymer. The occurrence of intra- and inter-chain hydrogen bonding is highly favoured,
in agreement with the supramolecular framework of cellulose fibres, which are composed of 24-
36 cellulose strands. The fibril-like structure of cellulose is consistent with the relative insolubility
of cellulose in water and its high crystallinity index.>* Cross-linking of cellulose will alter the
hydrogen bonding network and van der Waals interactions among biopolymer chains, which are
supported by the variable adsorption properties described herein. The lower uptake of ethanol
over water agrees with the general notion of the lipophilic character of cellulose due to its unique
supramolecular assembly according to Scheme 4.1. The changes in molecular structure of cellulose
and its cross-linked forms are consistent with the unique Rselectivity Values reported herein, in

agreement with the relative offset in polarity of water (16 D)* and ethanol (8.8). *

45 Conclusion

H-NMR spectroscopy represents a versatile analytical method for quantifying the level of
water or ethanol in binary W-E solutions. The quantitative NMR (QNMR) method reported herein
has advantages for the rapid screening and quantitation of binary solvents, as compared with other
time consuming and labour intensive methods such as the Karl Fischer titration, gas
chromatography, or high performance liquid chromatography. The gNMR method provides an in
situ measure of the relative solvent uptake in binary solvent systems to afford analysis of the
adsorption isotherms of cellulose and its cross-linked forms with water and ethanol in binary
solvent systems. The tunable adsorption properties due to cross-linking effects was evidenced by
the cellulose polymer (CE-3) according to its high uptake capacity for both ethanol and water, in
comparison to reduced uptake for cellulose (CE) and cross-linked polymers (CE-1 and CE-2).

Additionally, the uptake selectivity of water over ethanol (Rselectivity) Was greater for the cross-

103



linked polymers relative to cellulose. CE-3 had an optimal Rselectivity Value and the equilibrium
uptake results were further supported by the corresponding kinetic uptake properties.
Cross-linking of cellulose affects the accessibility of polysaccharide -OH groups, surface
polarity, and the formation of micropore domains, according to the relative EPI content of the
cross-linked biopolymer. This study has contributed to the development of a rapid in situ NMR
method for assessing the relative solvent uptake in binary water-ethanol solutions and a molecular
level understanding of the adsorption process. The cellulose materials investigated herein represent
promising materials for the facile fractionation of water and ethanol in binary W-E solutions using
an adsorptive-based process. Further work is underway® to explore the utility of these biopolymer
materials for diverse types of adsorptive-based fractionation of waterborne organic contaminants

in aqueous solution.
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CHAPTER 5

MANUSCRIPT 3: NMR Investigation of the Fractionation of Water—Ethanol Mixtures with
Starch and Its Cross-Linked Forms

Leila Dehabadi, Lee D. Wilson*

Description

Based on the results from the study of cellulose and its modified forms, the use of qNMR for the
study of solvent-selective uptake in binary W-E mixtures was established. The study is focused on
understanding the structure-adsorption property relationship between starch and its cross-linked
forms in the presence of water-ethanol binary mixtures. In this research, different types of starch
were evaluated according to the relative composition of amylose and amylopectin to gain insight
on the role of linear and branched polysaccharide structures. The starch biopolymers were prepared
and then characterized according to the cross-linking methodology described in Chapter 3 and was
used as an adsorbent. The utility of gNMR enables the quantitative measurement of water or
ethanol composition in binary mixtures and evaluation of the adsorption properties of the starch
materials. The obtained results from the gNMR method for adsorption of ethanol over water
evidenced the enhancement of the adsorption capacity using cross-linked starch materials. The
variable solvent selective uptake (Rselectivity) OF water over ethanol by starch-EPI adsorbents in
binary W-E mixtures enhanced significantly and ranged from 3.8 to 80. The role of structure and
textural properties of adsorbent materials among the different starch biopolymers can be related to
the adsorption properties and water selectivity of the starch-based adsorbents along with
comparison of biopolymer materials reported in literature.

Authors’ Contributions

The project was conceived by the supervisor (L. D. Wilson) with input from L. Dehabadhi on the
choice of variable types of starch with different amylose and amylopectin content. The
experimental work and first draft of the manuscript were completed by L. Dehabadi. Subsequent

revisions and edits were done by the supervisor and L. Dehabadi.

Relation of Manuscript contribution to Overall Thesis Objectives
This research builds upon the demonstrated utility of gNMR reported in Chapter 4 to further

explore the adsorptive fractionation properties of starch-based materials as adsorbents in binary
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W-E mixtures. While the results for cellulose presented in Chapter 4 reveal some measure of
solvent selectivity of water over ethanol, where the use of starch and its modified forms is
hypothesized to have greater solvent selectivity of water over ethanol in binary mixtures The
systematic evaluation of the adsorption isotherms of starch and its modified forms in binary
mixtures provides insight regarding the relationship of polysaccharide structure and adsorption
properties, as outlined in Section 5.4.3. The use of gNMR revealed quantitative results concerning
the Rselectivity OF Starch-based materials that surpassed cellulose-based materials and other
adsorbents. The variation in structure and the adsorptive fractionation properties reveal that the
nature of the polysaccharide and the level of cross-linking play a key role in governing the
adsorption properties of such materials. These results are anticipated to provide further insight on
the adsorptive contributions of more complex polysaccharide biomasses that contain multi-

component systems.
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Research Highlights

e The uptake properties of different structural forms of starch (amylose and amylopectin)
and their cross-linked forms were studied.

e Quantitative analysis of the relative water/ethanol uptake by starch materials was evaluated
in binary mixtures using quantitative *H-NMR.

e The relative adsorptive selectivity (Rselectivity) of water over ethanol was obtained for
different types of starch biopolymers and cross-linked forms.

e The Rselectivity Values for starch biopolymers exceeded those for cellulose and varied in an

incremental manner according to the level of cross-linking.
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5.1 Abstract

The development of low-cost and efficient methods for the fractionation of water and ethanol in
binary mixtures is of great interest in the food processing and fuel production industries. Herein,
we report a systematic study of a series of linear and branched starch-based biopolymers along
with their modified forms via cross-linking with epichlorohydrin (EPI) at variable composition.
The fractionation properties of these adsorbent materials were studied in binary ethanol-water
solutions and compared with the neat solvents. *H-NMR spectroscopy was used to assess the
binary solvent composition for the study of isotherms for the respective solvent components. The
maximum adsorption capacities (Qm) for starch and its cross-linked forms ranged from 0.01 to
2.70 g.g* for water and ethanol in binary mixtures according to the Sips isotherm model. The
fractionation selectivity [Rselectivity; Qm(W)/Qm(E)] of starch-EPI adsorbents for water (W) and
ethanol (E) in binary mixtures range from 3.8 to 80. At saturative isotherm conditions, the Rselectivity
value reveals unique solvent selective uptake in binary W-E mixtures that depend on the amylose
vs. amylopectin composition, along with the cross-linker content of the starch materials. The
unique water uptake properties of starch and its cross-linked forms illustrate the role of textural
properties and variations in the hydrophile-lipophile balance of the polymer network on the
selective adsorption properties. Starch and its modified forms represent a promising class of
adsorbent materials and a sustainable technology for the adsorptive-based fractionation of W-E

binary mixtures.
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5.2 Introduction

Bioethanol is often produced from agricultural waste through fermentation and is
considered as a clean and sustainable biofuel with continued potential as a blending additive to
conventional fossil fuels.® A key challenge associated with bioethanol production is achieving
more effective and economical methods for water (W) removal. Techniques, including azeotropic
distillation, extractive distillation, reactive distillation and adsorptive distillation, can be employed
for the fractionation and enrichment of ethanol content in binary W-E mixtures.? Among these
techniques, distillation is one of the commonly used separation methods used by the fine chemicals
industry. However, there are some disadvantages with conventional distillation that employs the
use of azeotropes like benzene to separate ethanol-water mixtures including high-energy
consumption and costly operational requirements. Distillation relies on well-defined differences
in the volatility and temperature stability of the components for adequate separation. Membrane-
based pervaporation is gaining attention for the separation of labile liquid mixtures because of its
safe operation, reduced energy footprint, and good efficiency.> However, there is a persistent
enquiry for effective, green and environmentally friendly methods for the separation of water and
ethanol in binary mixtures. Adsorption represents a relatively low cost, low energy input, and
promising method for water removal in W-E mixtures,* especially in the condensed phase.
Heterogeneous adsorption processes at the liquid-solid interface involving specific surface
interactions may result in favourable fractionation of liquid mixture due to specific
adsorbent/adsorbate interactions in a multi-component system.®

Recent efforts have been focused on the development of materials and methods to enrich
the separation of W-E binary mixtures.® Diverse types of industrial adsorbents such as zeolites,
clays, and biomass adsorbents have been employed for the separation of water in W-E mixtures.*’8
An important class of inorganic adsorbents for gas phase separations is diatomaceous molecular
sieves and zeolites because of their unique textural properties and extensive pore network
structure. The lack of uniformity in size and tortuosity of various molecular sieves reveals a
drawback that offsets the separation efficacy.>° In contrast, biomaterials and their modified forms
have advantages for the separation of liquid mixtures such as recyclability, high efficiency, and
lower cost and energy consumption. In this respect, starch is an abundant and sustainable
biopolymer adsorbent, which has attracted attention for the separation of W-E mixtures.!*"3 Starch

biopolymers possess unique structural features such as abundant hydrophilic groups according to
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their relative accessibility due to chain branching and variable morphology. Previous reports
indicate that starch-based materials show evidence of solvent selective separations in the case of
alcohol/water mixtures.!* Chemical modification of polysaccharides via chemical cross-linking
can be employed to modify the adsorption properties of adsorbents such as cellulose according to
recent reports.!*® Cross-linked starch represents an important material with suitable properties for
the fractionation of water in mixtures for the food processing industry.'® Cross-linking of starch
results in branching along with the formation of 3-D network structures that display enhanced
swelling and gel formation in agueous solution.!” Thus, cross-linked starch may serve as an
improved adsorbent for water in the fractionation processes for food and biofuels in the condensed
phase. However, there are few reports in the literature describing the application of such
biopolymers for the separation of W-E mixtures (ethanol dehydration), 81° while sparse reports
that employed corn meal, corn grits and pristine starch are available.2%-%*

In a previous study, we reported the utility of cellulose and its cross-linked forms as
adsorbents for the fractionation of W-E mixtures. These modified biomaterials, with molecular
selectivity [Rselectivity:Qm(W)/Qm(E)] ranging between 1.10 to 2.03 at saturative conditions in binary
W-E mixtures®®, demonstrated their promising potential utility for the fractionation of binary W-
E systems.

Farhad et al.?° recently reported that starch-coated surfaces have a higher affinity toward
water vapour than silica gel coatings, which provides support that starch has good potential utility
as a sorbent for water in the vapour state. In this study, we report on the adsorption properties of
starch-based adsorbent materials for the fractionation of solvent components in W-E binary
mixtures using *H-NMR spectroscopy as a quantitative analytical method. Structural variants of
starch derived from corn, maize, and soluble starch were evaluated due to the variation in linear
vs. branched polysaccharide content. The starch materials were further modified by cross-linking
with epichlorohydrin at variable levels to evaluate the fractionation behaviour of starch with
cellulose and its cross-linked forms.® This study contributes to the field of sustainable energy and
biomass by revealing that starch materials display tunable adsorption behaviour in W-E systems
that relate to the role of synthetic modification via cross-linking of such materials.

Generally, the objective for this study was investigation of new techniques and methods for
separation of water and ethanol. The utility of the NMR method for the in situ quantitative analysis

of W-E mixtures, the elucidation of the role of cross-linking of starch-based materials for the
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adsorptive fractionation of water and ethanol, illustration of the remarkable water selective uptake
behaviour of starch-based components, and finally the potential utility of such materials for the
fractionation of W-E mixtures are among the most important aspects of this study. The outcome
of this research would contribute to the field of energy production and chemical separation of

biofuels.

5.3 Experimental
5.3.1 Chemicals and materials

Starch from various sources (corn or maize) containing variable levels of amylose and
amylopectin was chosen as the polysaccharide material. Epichlorohydrin, sodium hydroxide and
ethanol (reagent grade, Commercial Alcohols Inc. Brampton, ON, Canada) were purchased from
Sigma—Aldrich (Oakville, ON, Canada) and used as received. The modified forms of starch
containing different percentages of amylose/amylopectin (AM/AP) (such as SSE, 50% AM/AP,
MSE, 98% AP, AMCE, 98% AM) and various mole ratios of EPI were prepared by a modified

method reported in our previous work.2627

5.3.2 Methods

To examine the sorption capacity of the starch materials with W-E in binary solvents, a
batch adsorption method was used to obtain solid-solution isotherms for each adsorbent-solvent
system. 20 mg of starch (or modified starch) was added to 10 g solvent with variable ethanol-water
content in 4 dram glass vials. Samples of adsorbent and the solvent system were incubated with
shaking (Poly Science, Dual Action Shaker) for 24 h at 160 rpm at ambient conditions to achieve
equilibrium. Thereafter, the samples were separated from solutions by centrifuging (Precision
Micro-Semi Micro Centricone, Precision Scientific Co.) at 1800 rpm for 1 h. Thereafter, 1 g of
supernatant solution was mixed with a 0.1 g mixture containing tetrahydrofuran (THF) with
deuterated dimethyl sulfoxide (DMSO-ds, 99.9%, from Sigma-Aldrich). THF serves as an internal
standard and DMSO-ds serves as the field-lock solvent, where the weight content of THF in
DMSO-ds was held constant for all measurements.

All 'H-NMR spectra were recorded using a wide-bore (89 mm) 11.7 T Oxford
superconducting magnet system (Bruker Bio Spin Corp; Billerica, MA, USA) equipped with 5 mm
PaTx1 probe. NMR acquisition parameters were controlled using a SSSC 500 console and
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workstation running X WIN-NMR 3.5. Standard pulse programs utilized were available from the
TopSpin 1.3 software. In this study, the quantitative NMR method (QNMR) was used to analyse
the relative solvent composition of water-ethanol (W-E) binary solutions by independent
calibration curves derived from various standard binary W-E solutions prepared at variable W-E
composition (w/w; %). Each solution contained an analytical internal standard (THF) and a locking
solvent (DMSO-ds). The recycle delay times were determined based on a previous T; relaxation
study of analogous binary W-E mixtures and their neat solvents.

The equilibrium time of the adsorption process was evaluated by varying the contact times of 20
mg samples of adsorbent with the binary W-E mixtures. Quantitative determination of the
respective solvent adsorbed at each mixing time was evaluated using *H-NMR spectroscopy under
fully relaxed and steady-state conditions. The relaxation time (T) of the pure solvents and their

binary W-E mixtures was measured by the inversion-recovery method.*®

5.3.3 Models and equations

Adsorption isotherms were obtained by using equation 5.1 where Qe is the equilibrium
sorption capacity (mg/g) of the adsorbent materials with the i"" solvent component (E or W) in a
mixed binary (W+E) solvent system; Co,i and Ce;i (mg/L) are the weight (g) of the initial solvent
concentration before adsorption of the i component and Ce; is the weight-based equilibrium
concentration after adsorption of the i'" component (W or E) The composition of the respective
solvent components (W or E) were determined by their weight where the total weight of solution
(Wsolution; W+E), and m is the weight of polymer adsorbent (g). The equilibrium concentration
(Ce,i) of ethanol and water in the supernatant solutions was estimated from the corresponding peak

areas of E and W, before and after sorption.

:Mx Equation 5.1

; W .
e,i m Solution

Finally, equilibrium adsorption was fitted to various isotherm models such as Langmuir,
Freundlich, and Sips models?®?° to evaluate the adsorption behaviour of the adsorbents in W-E
binary solutions. The Langmuir model (Equation 5.2) describes monolayer sorption between
adsorbate and adsorbent where Qmax represents the monolayer adsorption capacity and K.
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represents the Langmuir adsorption constant for the respective solvent component (W or E) in the

binary W-E solvent system. The other terms (Ceand Qe,i ) are defined by equation 5.1.%°

— Qm KLCe,i

Equation 5.2
1+ K L Ce,i

ei

The Freundlich model (Equation 5.3) accounts for nonequivalent binding sites on
heterogeneous surfaces. The heterogeneity factors are denoted by the exponential term (ng) in

equation 5.3.

-1
Q.= KFC(?F Equation 5.3

The Sips isotherm is likened as a hybrid model with features described by the Langmuir
and Freundlich isotherms at certain limiting conditions.?® The Sips model provides an estimate of
the monolayer surface coverage (Qmax) of the adsorbate (E or W) that depends on the uptake
properties of the adsorbent. Equation 5.4 provides an understanding of multi-layer sorption
processes. The Sips model accounts for adsorption processes that display surface heterogeneities
according to the heterogeneity factor (ns) in equation 5.4. When ns = 1, Langmuir isotherm

behaviour (no heterogeneity) is predicted; whereas, Freundlich behaviour is predicted when

(K.C,)"s <<<1 (ns #1).

o, (ksc)™

Q.= n Equation 5.4
1+ ( Ks Ce) S

5.4 Results and Discussion
5.4.1 Selection of polysaccharide materials

The selection criteria for starch was based on commercially available structural forms
which vary from linear (amylose) to increased branching (amylopectin), according to the source

of the polysaccharide. The various structural forms of starch possess variable water solubility and

115



steric effects along with accessibility of primary vs. secondary hydroxyl groups due to branching.3!
Table 5.1 lists the various types of starch-based materials and the corresponding sample ID codes,
where corn starch contains amylose, soluble starch contains ca. 1:1 amylopectin/amylose content,
and maize contains a relatively greater fraction of amylopectin. Also, a summary of the modified
starch yield (%) and equilibrium swelling properties in water (Sw) and in ethanol (Sg) for starch
and its cross-linked forms (starch-EPI) at various compositions is listed in Table 5.1. Accordingly,
the starch materials with variable levels of amylose/amylopectin were cross-linked using
epichlorohydrin with low (1:2), medium (1:3.6), and high (1:5.4) levels of cross-linker to afford
starch-based adsorbents variable framework structures and surface-accessible hydroxyl groups.
Cross-linking of starch affords materials with variable textural properties (surface area and pore
structure) and surface-accessibile hydroxyl groups that contribute to the solvent fractionation

process in W-E binary solutions, according to the cross-linker content,>713-1530
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Table 5.1 Selected physicochemical properties of starch and its cross-linked polymers
Starch-X. where X represents the epichlorohydrin content at different levels (L,
M, H)" of cross-linking.

PS-EPI biopolymers “Polymer ID code Yield (%) Sw (%) Sk (%)
Soluble starch-EPI (L) SSE-L 93 354 8x3
Soluble starch-EPI (M) SSE-M 91 67+12 137
Soluble starch-EPI (H) SSE-H 96 117+£18 27+3
Soluble starch SSE ND 157+21 82
Maize starch-EPI (L) MSE-L 86 25+5 4+2
Maize starch-EPI1 (M) MSE-M 87 52+7 4+1
Maize starch-EPI (H) MSE-H 85 107+9 3zx2
Maize starch MSE NA 153+9 2zx05
High amylose starch-EPI (L) AMCE-L 89 637 1+0.3
High amylose starch-EPI (M) AMCE-M 93 188+11 2+1
High amylose starch-EPI (H) AMCE-H 90 307+16 18+4
High amylose starch AMCE NA 248+ 12 14+6
Cellulose-EPI (L) CE-L 94 244+1 1201
Cellulose-EPI (M) CE-M 88 206+9 9238
Cellulose-EPI (H) CE-H 91 161+3 15%5
Cellulose CE NA 166+9 2+0.1

* L, M and H denotes for the mole ratios of Starch-EPI, as follows: L = Low (1:2 mole ratio); M
= Medium (1:3.6 mole ratio); and H = high (1:5.4 mole ratio). NA denotes not applicable.

5.4.2 Quantitative analysis of water/ethanol components by gNMR

'H nuclear magnetic resonance (NMR) spectroscopy is a unique method for the structural
characterization and identification of organic compounds due to the relative abundance of *H
nuclei and its sensitivity.*?> The *H-NMR method is a suitable technique for quantitative analysis
of mixtures when suitable spectral signatures are well-resolved and instrumental conditions
account for the relaxation dynamics of the accordant nuclei.*®

The relaxation times (T1) for specific nuclei in water and ethanol binary solvents were

reported previously®®, facilitating gNMR analyses of starch-based systems in this study. gNMR
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was used to estimate the solvent composition before and after the sorptive fractionation in binary
W-E mixtures. Molecular selective adsorption for such systems indicates that the physical
separation of one solvent component, such as water (W) over ethanol (E), occurs due to preferential
uptake in a W-E solution. The composition of E and W in the liquid mixtures was calculated using
calibration curves over a defined W-E composition range using qNMR. Tetrahydrofuran (THF)
was chosen as the internal calibration standard because its *H spectral signatures do not overlap
with those of water or ethanol (-CH2 and —CHz groups) in the binary solution (cf. Figure 1 in ref.
15).

Among the various NMR solvents, DMSO-d6 is an optimal choice as a field-locking
solvent due to its miscibility in W-E mixtures and the spectral resolution it affords. Quantitative
integration of the NMR spectra was achieved using the longest relaxation delay (D1) as determined
by the inversion-recovery determination of the relaxation time (T1) of the various nuclei for E and
W in pure and binary W-E mixtures.>®* The NMR spectra of W-E mixtures reveal resolved
resonance lines for OH appearing at 6=4.50 ppm and 6=5.20 ppm for water and ethanol,
respectively, as observed in (Figure 1 of ref. 15). Quantitative analysis of water and ethanol can
be achieved by measuring the integrated signal intensity of relevant signatures (—OH, -CH>, and —
CHs5) for E and W. Favourable spectral resolution of the solvent signatures of fully relaxed spectra
allow for the quantitative analysis by equation 5.5. The relative water content (w/w; %) in binary
mixtures can be calculated according to the respective gravimetric (nw and ng) contributions by
equation 5.5. Similarly, ethanol content was calculated according to the peak area for the —CHs

group.

Area (solvent) _ * Hyucee (5°|Ve”t)x Nsolvent Equation 5.5
Area (THF) 1Hnucei (THF)

NTHF

The relative area for each solvent component refers to the integrated peak area for the *H-
NMR signals, *Hnyckei refers to the number of nuclei of the solvent (E or W), nsoient is the number
of moles of solvent (ethanol or water), and ntur refers to the mole content of THF. The results of

such determinations were obtained in triplicate with standard deviations below 5%.
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5.4.3 Sorption study

Based on the results in Table 5.1, it can be inferred that starch-based materials with greater
amylose content display greater swelling in water over materials richer in amylopectin content.
The swelling results for starch-based materials in neat ethanol are notably smaller by a factor of 5-
to 10-fold compared with those in water. The amylose-based materials reveal comparable swelling
in ethanol except those materials containing amylopectin, where the lowest swelling was observed
in ethanol. The swelling of cellulose materials is relatively high in water and ethanol solvents,
where this effect relates to the unique fibril structure of cellulose. Nitrogen adsorption results for
cellulose show relatively high uptake when compared with starch-based materials, in accordance
with the rigid nature and the micropore network structure of cellulose owing to its unique fibril
morphology. Starch-based materials have lower surface area and reduced pore volume, which
relate to the greater conformational entropy of amylose and amylopectin that results in denser
packing and collapse of the starch framework, in agreement with the nitrogen adsorption and water
swelling results.

In this study, the adsorption isotherms for three classes of starch (MSE, SSE, and AMCSE)
with variable cross-linking are listed in Table 5.1. The value of Qe was calculated using equation
5.1 and analysed by several isotherm models. Estimates of the error contributions to Qe,i (AQe,)
that relate to uncertainties in the solvent concentration (Coi and Ce;) and the mass error of the
sorbent (Am) were obtained by differential error analysis of equation 5.1. The adsorption isotherm
of a solid-solution system describes the relationship between the bound and unbound adsorbate
(W or E) at constant temperature and at equilibrium conditions. The corresponding adsorption
isotherms for the uptake of water and ethanol in W-E binary solutions are illustrated in Figure 5.1.
The isotherm parameters for the starch-based systems are listed in Tables 5.2 and 5.3, according
to the best-fit results for the Langmuir, Freundlich and Sips models. The isotherm results show
that starch-based materials display greater overall uptake of water over ethanol, in agreement with
the swelling results in Table 5.1. The greater adsorptive affinity of water with cross-linked starch
parallels the greater Qm values relative to the parameters for ethanol. The Langmuir and Freundlich
models show reduced R? values further illustrating that these isotherms show poorer agreement
with the experimental results (Appendix A5, Figure A5); whereas, the Sips model provides a better

description of the isotherm since the R? values are closer to unity.
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Figure 5.1 Adsorption isotherms for the uptake of water (W) and ethanol (E) A) MSE and its
cross-linked polymers B) SSE and its cross-linked polymers and C) AMCSE and its
cross-linked polymers in binary W-E solutions at 295 K. The error bars for the
corresponding isotherm results denote the error contributions to equation 5.1

according concentration and mass.
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A comparison of Qm values of AMCE, SSE and MSE reveals that the cross-linked forms
of starch show variable adsorption capacities for water. The greater uptake of water over ethanol
can be related to differences in the physicochemical properties of each solvent. The greater polarity
and smaller molecular size of water enables more efficient interaction with the polar hydroxyl
groups of starch. In the case of cross-linked starch materials, the accessibility of hydroxyl groups
within the polysaccharide framework varies due to steric effects and the net loss of one —OH group
per cross-linked formed via Williamson etherification. Cross-linking of starch results in the
formation of a network structure between adjacent starch polymer units (cf. Scheme 2 in Ref. 26).
In the case of cellulose!* and chitosan®* materials, cross-linking results in a pillaring effect, as
evidenced by the variable textural properties of pristine and modified materials. Evidence of
changes in surface area and pore structure properties was observed by the variable dye uptake for
p-nitrophenol and phenolphthalein in such systems at variable cross-linking. Adsorption isotherms
of W-E binary solvent systems can be used to determine the relative uptake levels of each
respective solvent component (W and E) and to estimate the relative solvent selectivity of the
adsorbent systems. According to Figure 5.1 and Table 5.2, the uptake capacity (Qm) of AMCE-H
displays the highest value for water and ethanol. The Qm values for the starch materials are listed
in descending order for W and E, as follows: AMCE-H > SSE-H > MSE-H. According to the value
of the heterogeneity parameter (ns) in Tables 5.2 and 5.3, the surface of the starch materials is
heterogeneous in nature since ns deviates from unity overall. There are two factors that contribute
to the heterogeneity of the starch surface: cross-linking effects and the disordered arrangement of
the polysaccharide network due to branching or folding of the biopolymer. By contrast, cellulose
is a more rigid polysaccharide with a linear morphology where the ns values lie closer to unity for
water uptake (cf. Table 5 in Ref. 26). Thus, cross-linking of starch contributes to an increase in the
surface heterogeneity of starch materials for several reasons outlined below. The hydroxypropyl
cross-linker contributes to surface heterogeneities® as follows: i) altering the morphology of the
polysaccharide due to steric effects, ii) the formation of micropore domains, and iii) alteration of
the HLB of the starch network due to an overall reduction in the overall number of —OH groups
and iv) non-homogenous distribution of cross-linker in starch or cellulose. These heterogeneities
affect the sorptive uptake and the solvent-selective uptake as compared with unmodified starch,
according to the nature of each solvent (W or E) and the adsorptive interactions that govern the

adsorption process.
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In Tables 5.2 and 5.3, notable differences in the value of Qm for each solvent (W or E) reveal
that the starch materials show preferential uptake toward water over ethanol in binary mixtures.
Molecular selective adsorption relies on differences in the physicochemical properties of the
adsorbate (e.g., polarity) in order to achieve adsorptive fractionation of mixtures. The molecular
selectivity of starch-based materials in W-E mixtures can be understood according to variation in
the hydrophile-lipophile balance (HLB) of the adsorbent, according to the level of cross-linking
and the type of starch biopolymer. The relative molecular selectivity (Rselectivity) Value was
calculated using equation 5.6.

_ Qm (Water)

Rselectivity — Equation 5.6

Qm (EthanoD

Table 5.2  Sips isotherm parameters for the uptake of ethanol at 295 K with variants
of starch at variable levels of cross-linker content.

Starch Ks (9/9) Ns Qm (9/9) R?
ID Code

AMCSE 3.08 +0.22 3.08+1.4 0.0084 +0.0025 0.803
AMCSE-L 4.14 £ 0.67 3.11+1.3 0.0142 £0.0042  0.983
AMCSE-M 3.45+0.13 551+23 0.145 + 0.0098 0.949
AMCSE-H 3471224 1.14 +0.54 0.152 +0.026 0.884
SSE 3.91+1.38 0.895 £0.15 0.0509 + 0.0079  0.993
SSE-L 154 +£4.55 0.668 £0.11 0.0134 £0.0011  0.988
SSE-M 3.49+0.30 528+2.6 0.0263 £0.0030  0.862
SSE-H 579+1.1 2.11 +0.69 0.0643 +£0.0089  0.943
MSE 3.21+0.17 1.68£0.10 0.0321 +0.0012 0.999
MSE-L 3.50+0.21 3.36 £ 0.60 0.0532 +0.0031 0.984
MSE-M 3.39 £ 0.66 2.13+0.87 0.022 + 0.0037 0.869
MSE-H 3.59+0.92 2.43 +0.63 0.0151 + 0.004 0.966
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starch at variable levels of cross-linker content.

Table 5.3  Sips isotherm parameters for the uptake of water at 295 K with variants of

Starch Ks (g/g) Ns Qm (9/9) R?
ID Code

AMCSE 3.91+£092 2.02+0.66 0.608 £0.11 0.871
AMCSE-L 376057 2.40+0.80 1.38 £0.20 0.952
AMCSEM 6.25+0.45 2.76%£0.43 2.64 £ 0.093 0.977
AMCSE-H 384022 479 +£0.22 2.89£0.20 0.969
SSE 281x+1.0 244 £ 1.7 0.202 £ 0.075 0.848
SSE-L 240+087 2.06x0.74 0.0504 £ 0.015 0.944
SSE-M 3.64+£058 256x14 0.885+0.16 0.909
SSE-H 3.79+£041 1.85+0.23 152 +0.11 0.978
MSE 278+042 386+1.2 0.206 £0.030 0.974
MSE-L 8.14+5.2 0.555+0.11 0.540 £ 0.087 0.993
MSE-M 3.26+048 2.17+051 1.16+0.14 0.977
MSE-H 3.17+£032 2.76+0.66 1.24 +0.12 0.974

The Rselectivity Values for starch materials were estimated using the Qm values for water and
ethanol from Tables 5.2 and 5.3. The value of the Rselectivity Varied according to the level of cross-
linking and the nature of the starch biopolymer. Pristine and cross-linked starch materials show
greater selective uptake behaviour toward water over ethanol, especially amylose-based materials
where greater water selectivity (Rselectivity = 4-80) was noted, except for SSE materials. SSE-L
displays a maximum Reselectivity Value for ethanol. The highest Rselectivity Value was observed for
MSE-H. By contrast, cellulose and its cross-linked forms show the lowest Rselectivity Value (ca. 1-
2) relative to the starch-based materials. The Rseectivity Values in Tables 5.2 and 5.3 for starch-based

adsorbents are among the highest reported in the open literature.
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Table 5.4  Rselectivity Of water over ethanol for variable adsorbents.

Adsorbent Selectivity Co Ref
Canola meal 8-20 4-100 wt% (water) 36
Corn meal 0.6 15-75 wt% (Ethanol) 37
Protein-extracted 1.9 80-95 wt% (Ethanol) 38
canola meal

Molecular Sieves 77.97 80-95 wt% (Ethanol) 38

The foregoing literature results, as shown in Table 5.4, provide indirect support for the role of
surface accessibility of polar functional groups in the fractionation of W-E mixtures, along with
the variable textural properties and surface chemistry of polysaccharides due to cross-linking
effects.?® In the case of cellulose with variable cross-linking, evidence of a reduction in the surface
accessible hydroxyl groups and pillaring effects of the fibril structure was shown by variable
decolourization efficacy of phenolphthalein at alkaline conditions (cf. Figure 6 in Ref.14).

Figure 5.2 Equilibrium solvent selectivity ratios for cellulose and starch-based adsorbents in
binary W-E systems at 295 K: A) native cellulose (CE) and its cross-linked forms, B)
starch and its cross-linked forms. The sample ID code is defined in Table 4.1 (O:
native biopolymer, 1: low, 2: medium and 3: high).
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The equilibrium swelling properties of starch materials are a qualitative indicator of solvent
uptake capacity of single component solvents at ambient conditions. Although the swelling
parameters relate to the combined effects from adsorption and absorption (sorption), swelling
enables solvent to permeate into polymer networks and membrane microstructures.® Biopolymer
materials such as starch undergo swelling through expansion of the pore network due to the
inclusion of solvent via physical interactions. Swelling depends on various factors including the
pH of solution, ionic strength, temperature and so forth.*%-%? Cross-linked starch shows greater
uptake of water over ethanol (cf. Table 5.1), along with the isotherm results in Figure 5.1, Tables
5.2 and 5.3. Furthermore, amylose-based polymers such as AMCSE showed the highest adsorption
capacity for water, while SSE and SSE-L materials displayed greater uptake of ethanol over water.

Differences in the preferred uptake of water over ethanol for starch and its modified forms
are illustrated in Figure 5.2. The observed trends in Rselectivity relate to the effects of cross-linking
due to surface heterogeneities (see below) that favour uptake of solvent (W or E) according to the
relative accessibility of polar functional groups and textural properties of the adsorbent.*®
Increasing the cross-linker content resulted in an increase in the water uptake selectivity due to
steric or pillaring effects, surface accessibility of polar functional groups, and textural properties
(cf. Scheme 2 of Ref. 26). These factors contribute to the swelling and solvent selectivity of starch
biopolymers; however, a detailed understanding of the role of cross-linking on the structure and
function of these materials is the subject of ongoing and future studies. The greater uptake
selectivity of water over ethanol for starch and its modified forms observed in this study finds
support from other studies related to solvent selective uptake.**** The physicochemical properties
of the solvent such as the relative size and polarity of water and ethanol are key factors that
influence the uptake of water over ethanol observed for starch-based materials. The offset in molar
volume (Vm) of water (Vm=18 cm®/mol) and ethanol (Vm=58.0 cm®/mol) and relative polarity
(H20: 16 D and C,HsOH: 8.8 D)*° contribute to the observed fractionation of solvent species. The
solvent physicochemical properties influence the variable kinetic and thermodynamic uptake
properties of starch materials. The foregoing is consistent with the effects of cross-linking on the
textural properties and HLB of the adsorbent materials, according to the observed Rselectivity for
starch- and cellulose-based adsorbents.

In general, starch shows greater uptake selectivity toward water over ethanol according to

the greater accessibility of polar (-OH) groups in starch. Cellulose materials have reduced
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accessibility of polar groups due to more extensive intra- and inter-molecular hydrogen bonding,
owing to their fibril morphology and lower water solubility. Thus, the smaller solvents like water
with greater polarity afford more stable binding interactions compared with ethanol over a range
of surface accessible donor and acceptor groups at the polysaccharide surface. The variable
Rselectivity Values for starch with different cross-linker content, along with variable amylopectin vs.
amylose content account for a range of HLB in such starch materials.** Cross-linkers alter the HLB
by introducing new functionalities and also increasing the carbon chain of the materials and
amylopectin vs. amylose due to the variable lipid content effect on HLB. The stabilizing effect of
hydrogen bonding with water and ethanol differs according to the level of cooperative interactions
due to the structured nature of each solvent.*® Thus, the role of molecular size, polarity, and
adsorption site accessibility is highlighted in a study of the adsorption of apolar organics and water
molecules using polysaccharides where the separation of smaller organic molecules, such as urea
with molecular dimensions close to water, represent challenges in molecular selectivity.*6:4

The relevance of polysaccharide structure on its kinetic adsorption properties is evidenced
by the uptake of the adsorbate via three successive steps: i) transport of molecules from the bulk
of the solution to the exterior surface of adsorbent particles through a boundary layer of two phases;
ii) diffusion processes that relate to the transport of the adsorbate to the interior active sites of the
adsorbent (intraparticle or internal diffusion); and iii) adsorption at the active sites within the
micropore network of adsorbent. The specific adsorption capacity is often controlled by the third
step and strongly relates to the role of pore structure and surface functionalization.?® Crini®® has
suggested that polysaccharides display rapid adsorption kinetics due to the favourable solvation of
the polar groups, in agreement with the swelling results for water over ethanol summarized in
Table 5.1. The variable branching of amylose vs. amylopectin and its cross-linked forms (cf. Figure
5.3) influences the kinetics of adsorption in the above steps in agreement with the observed solvent

selectivity in such starch materials.
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A) B)

Figure 5.3 Conceptualized molecular structure of cross-linked polysaccharide materials: A)
amylose, B) amylopectin, where i) denotes low cross-linking and ii) denotes higher
cross-linking. The red bar represents the cross-linker and the black line is the
polysaccharide backbone. The hydroxyl groups are not explicitly shown and the
diagrams are not drawn to scale.

Among the various polysaccharides investigated, AMCSE showed notably higher
adsorption performance and selectivity relative to SSE and MSE. Amylose is a linear starch based
on a-1—4 glycosidic bonds with a molecular weight ca. 10°-10° amu and a moderate degree of
polymerization (n=600).*® Amylopectin is a branched form of starch containing a-1—4 and a-
1—6 glycosidic bonds with a relatively high molecular weight (ca. 10’-10° amu). The linear and
branched structural variants of starch influence the physical and biological properties of these
materials that parallel the water and ethanol uptake properties of starch.*® Highly branched
amylopectin vs. linear starch variants influence the relative surface accessibility of the hydroxyl
groups and their adsorptive interactions. The third step in the kinetic process of adsorption
described above is influenced by cross-linking and the steric accessibility of polar functional
groups; however, the structural details of such complex polysaccharides is currently lacking and
require further dedicated studies. The fractionation properties of cellulose were reported for alkyl

carboxylate anions and their mixtures in aqueous solution by Udoetok et al.}* The fractionation
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behaviour of cellulose paralleled the surface accessibility of polar functional groups since an
alteration of the HLB and textural properties of the biopolymer was related to the level of cross-
linking. Similarly, the high selectivity of Carboxymethylcellulose, and other polysaccharide
polyelectrolyte membrane materials, for the dehydration of many aqueous/alcohol mixtures (under
pervaporation conditions) is readily understood in terms of the HLB parameter, which is used to
describe the selectivity of water or ethanol.>® The findings presented by Reineke et al.>® parallel
the observed trends in solvent selectivity in this study. This is due to the effects of solvent
size/polarity and the relative HLB of starch biopolymers and their modified forms, which is in

agreement with the cross-linking effects illustrated in Figure 5.3.

5.5 Conclusion

'H-NMR spectroscopy is a versatile and rapid screening technique for the estimation of
solution composition in W-E binary mixtures for the study of fractionation in W-E binary mixtures
using starch and its cross-linked forms. Starch-based materials show preferential uptake of water
(2.68 g/g) over ethanol (0.152 g/g) in binary W-E solutions where selective solvent fractionation
occurs at different levels of cross-linking using epichlorohydrin with starch- and cellulose-based
materials. A cross-linked form of high amylose (AMCSE-H) starch revealed the highest uptake of
ethanol and water when compared with starch materials such as MSE and SSE. The variable uptake
selectivity of water over ethanol (Rselectivity) Was attributed to the unique structure and textural
properties of starch and its modified forms as shown in Figure 5.2. Overall, starch-based materials
display greater selectivity (Rselectiviy #80) for water over ethanol. This research contributes
significantly to the biofuels sector and sustainable energy production through the development of
adsorbents with tunable solvent fractionation properties according to the nature of the
polysaccharide and modification via a facile cross-linking method. Further studies are underway
to develop a more detailed understanding of the structure-activity relationship related to the
adsorption properties of these starch-based biopolymers.
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CHAPTER 6

MANUSCRIPT 4: Miscanthus biomass for the sustainable fractionation of ethanol-water
mixtures

Leila Dehabadi, Mohammad H. Mahaninia, Majid Soleimani, and Lee D. Wilson*
Description

This research relates to the technological importance of biomass for the fractionation of binary
solvent mixtures containing water and ethanol, as in the case of biofuels and beverage production.
Chapters 4 and 5 report on the utility of gNMR as an analytical tool for quantifying the relative
solvent uptake of cellulose and starch biopolymer systems. The results from Chapters 4 and 5
provided insight on the differential uptake of water and ethanol according to the nature of the
biopolymer and the synthetic modification. In this study, an industrially relevant biomass material
(Miscanthus) was used as an adsorbent containing different biopolymer compositions of cellulose
and hemicellulose depending on the nature of the pre-treatment. The adsorption properties of this
material toward uptake of water or ethanol in binary mixtures were analysed. Also, Miscanthus
samples with physical treatment (different particle sizes) and chemical treatment were prepared
and characterized. Quantitative *H-NMR spectroscopy was used for measurement of water or
ethanol composition, before and after adsorption in binary mixtures. The adsorptive solvent
selectivity ratios of these materials at equilibrium were estimated using the maximum adsorption
capacity (Qm) for water and ethanol from the adsorption isotherm model. The maximum adsorption
capacities of water Qm (W) and ethanol Qm (E) fractions, determined using the best-fit Sips model,
are listed in parentheses: raw Miscanthus biomass (Qm (W) =8.93 and Qm (E) =4.15) and pretreated
Miscanthus biomass (Qm (W) =4.73 and Qm (E) =3.22, g.g-1). Finally, the regeneration of these
materials was investigated to demonstrate their usability and durability. The relative uptake (W
and E) for raw and pretreated Miscanthus decreased by ca. 12% after four adsorption-desorption

cycles.

Authors’ Contributions
The project was conceived by the supervisor (L. D. Wilson). The experimental work and data
analysis was carried out by L. Dehabadhi, while the chemical treatment was done by Dr. Majid

Soleimani from the Department of Chemical & Biological Engineering. L. Dehabadi prepared the
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first draft with assistance from M. H. Mahaninia while subsequent editing was done by the

supervisor, Dr. Wilson, and L. Dehabadi.

Relation of Manuscript 4 to Overall Objective of this Project

This study relates to an understanding of biopolymer components and their respective roles in
adsorptive properties in the presence of binary solvents containing water and ethanol. The
relationship of biomass treatment to the removal and/or enrichment of various biopolymer
components provide insight on the relative role of such components in the overall adsorptive
process for the removal of water and ethanol in binary mixtures. This work connects to the overall
objective of this project as outlined in section 2.4 in Chapter 2. These objectives include evaluation
of the relative water selectivity behaviour of biomaterials using quantitative NMR method and
investigating the potential utility of native and treated biomass components of Miscanthus for the
fractionation of water and ethanol mixtures. An outcome of this study relates to the utility of
biomass adsorbents, their reusability, and an understanding of the physical and chemical treatment

processes that enhance adsorption properties.
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e Miscanthus was modified by mechanical milling to vary the average particle size.

Research Highlights

e The relative role of biomass and its respective components was evaluated as an
adsorbent for the removal of water and ethanol from binary mixtures.

e Greater uptake of water over ethanol was observed for raw Miscanthus compared to
chemically pretreated biomass.

e Regeneration and reusability of biomass using swelling tests was shown over four cycles.
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6.1 Abstract

Miscanthus is a rich source of lignocellulosic biomass with low mineral content suitable for
applications that range from biofuel production to value-added biomass-derived products such as
a sustainable biosorbent. Herein, the utility of Miscanthus and its modified forms were used for
the fractionation of water (W) and ethanol (E) mixtures using an in situ analytical method, referred
to as quantitative NMR (gNMR) spectroscopy. Miscanthus was pretreated by hydrolysis and
subsequent grinding to yield materials with variable biopolymer contents (cellulose and lignin)
and particle sizes. The Miscanthus materials were evaluated as sorbents in binary water-ethanol
(W-E) mixtures. The maximum biomass adsorption capacities (Qm; g.g™*) with water Qm (W) and
ethanol Qm (E) fractions were determined by the best-fit Sips model parameters listed in
parentheses: raw Miscanthus biomass (Qm (W) =8.93 and Qm (E) =4.15) and pretreated Miscanthus
biomass (Qm (W) =4.73 and Qm (E) =3.22, g.g}). The fractionation properties of Miscanthus and
its biopolymer constituents revealed a molecular selectivity [Rselectivity= Qm(W)/Qm(E)] between W
and E. The Rselectivity Values are given in parentheses, as follows: untreated Miscanthus (3:1);
pretreated Miscanthus (1.5:1); and lignin (1:5.4). The pretreated Miscanthus was prepared by acid
and base hydrolysis for the removal of hemicellulose and lignin, respectively, leading to cellulose
enrichment. The raw and pretreated Miscanthus have preferential water uptake properties that
relate to their relative biopolymer composition such as cellulose. To test the reusability and
regeneration of Miscanthus, the biosorbent was tested over four adsorption-desorption cycles. This
work contributes to a greater understanding of chemical treatment effects on biomass and
evaluation of the adsorptive contributions of biopolymer components for the fractionation of

water-ethanol mixtures.
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6.2 Introduction

Lignocellulosic biomass is an abundant, non-food, and inexpensive plant-based biomass
that represents a renewable and sustainable source of cellulosic fibres suitable for the production
of biofuels.! Among the commonly available biomass sources, Miscanthus has attracted great
attention for the large-scale industrial production of bioethanol due to its abundant carbohydrate
content.* A key challenge involving ethanol production for food and fuels is the ability to carry
out efficient and low-cost separation of produced ethanol from water-rich fermentation media.>™
The traditional method of solvent separation by conventional distillation is energy intensive and
requires specialized infrastructure that incurs high operating costs.” The recovery cost of ethanol
by conventional distillation was estimated at ca. 50% of the caloric energy value of the produced
ethanol. Thus, alternative and more sustainable strategies are required to address the fractionation
of water and ethanol such as solid-phase adsorption processes. Adsorption phenomena are
important in many natural, physical, and biological processes where phase separation occurs
between the bulk and the adsorbent surface.’!! Differences in the adsorptive affinity of liquid
phase components with an adsorbent in solid-liquid adsorption yields fractionation of mixtures.
Studies concerning the research and development of cost-effective biosorbents for the fractionation
of ethanol or other types of alcohols in water are known.” 121 Ranjbara et al.'® report the use of
canola meal for selective water (W) uptake in water-ethanol (W-E) mixtures, where a columnar
material was developed for drying ethanol (E) with variable water content (4-90 %).%® Two recent
studies of polysaccharides and their modified forms report their fractionation efficacy in W-E
binary mixtures, where the W/E solvent selectivity (Rselectivity) varied from 1.10 to 2.03 for cellulose
materials.}* By contrast, greater Rselectivity (3.8 to 80) was reported for starch-based materials.” The
current study was motivated by the unique properties of Miscanthus and its promising potential as
a sustainable biosorbent alternative for the fractionation of W-E mixtures.’® Miscanthus contains
three major biopolymer components with variable composition: cellulose (40 to 60 wt %),
hemicellulose (20 to 40 wt %) and lignin (10 to 30 wt %). It can be inferred that the adsorption
properties of such biopolymers are variable in nature based on their structure and physicochemical
properties.’® The structural complexity of Miscanthus and its biopolymer components and the
structure-function relationship to adsorption properties are poorly understood at the present time.
Thus this research aims to contribute a bridge the knowledge gaps concerning the structure-

function relationship to adsorption properties of Miscanthus and its modified forms in W-E
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mixtures. This study will contribute significantly to the research and development of Miscanthus
biomass as a sustainable alternative for the industrial fractionation of mixtures related to
production of beverages, food, and fuels. Knowledge of the biopolymer components (cellulose,
hemicellulose, and lignin) of Miscanthus and their roles can contribute to an understanding of the
above knowledge gaps, especially for the case of adsorption properties in binary mixtures
containing water-ethanol (W-E).

Surface chemistry and textural properties are posited to play important roles in the
adsorption process of biomass such as Miscanthus.!” Herein, we report on the adsorptive properties
of Raw Miscanthus (RM) and Pretreated Miscanthus (PTM) in binary W—E mixtures using a
quantitative NMR spectroscopy (QNMR) method. Miscanthus was chemically pretreated to
remove biopolymers such as hemicellulose and lignin to afford biomass with modified
composition and particle size. This study contributes to an understanding of Miscanthus biomass
for adsorptive fractionation of W-E binary mixtures in several ways: i) establish the utility of the
gNMR method for in situ estimation of biomass fractionation of W-E mixtures; ii) elucidate the
effect of adsorbent particle size and chemical treatment on the adsorption properties; and iii) to
evaluate the sorptive contributions of biopolymer components toward water and ethanol. This
research contributes to a greater understanding of biopolymer components and pretreatment
strategies for biomass sorbents and their utility for the fractionation of binary W-E solvent

systems. 8

6.3 Experimental
6.3.1 Materials

Miscanthus biomass with variable particle sizes was prepared by Richardson Milling Ltd.,
Martensville, SK, Canada. The raw biomass (Miscanthus) was cleaned by using a sieve (Link
Manufacturing Company Inc., Fargo, ND). Thereafter, the Miscanthus biomass was separated by
sieving through various mesh sizes (70, 40, and 16) to obtain variable sized particles for chemical
pretreatment to alter the cellulose content. Miscanthus was treated to obtain products with variable
lignin content, which were not further treated via sieving due to their fine particle size. Miscanthus
was treated using alkaline and acidic conditions to vary the content of cellulose and lignin. To
modify the raw material as a cellulose-enriched (cellulose 90%) fibre, a method reported by

Soleimani et al.!® was used. Briefly, the biomass was pretreated with a 1.2 N sulfuric acid solution
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at atmospheric pressure and 100°C for 120 min to extract hemicellulose. Then, the acid-pretreated
fibre was subjected to a 5% (w/v) NaOH solution at 100°C for 100 min. to remove lignin. Lignin
isolation followed the method reported by Sluiter et al. 2° Briefly, the raw fibre was cold digested
in a 72% (w/w) sulfuric acid at 30°C for 1 h. Then, the suspension was transferred to a larger vessel
with dilution changing the concentration of acid to 4%, followed by digesting the solid fraction at
121°C for 1 h. Finally, the solid fraction obtained after two stages of digestion was separated and
considered as lignin to be used for the adsorption study herein.?° Table 6.1 shows the raw (as-
received) and pretreated Miscanthus with variable particle sizes with solvent swelling at
equilibrium?® in water (Sw) and ethanol (Sg), respectively. The equilibrium uptake capacity of
Miscanthus (raw and pretreated) was obtained in water and ethanol after immersing in each solvent
for 24 h at 295 K. Swelling was reported by the difference in the weight before and after oven
drying (at 60 "C). For the regeneration study, the sorption data for water and ethanol were obtained

by repeating the adsorption-desorption cycles on raw and pretreated samples.

Table 6.1 Swelling properties of raw and pretreated Miscanthus with different particle sizes in
water (Sw) and ethanol (Sg) neat solvents at 295 K.
Raw Miscanthus ID code Sw (%) Se (%)

(RM) biomass

Miscanthus 16 RM-16  (1.31+0.03)x10° (4.26 0.02)x10?
Miscanthus 40 RM-40  (1.78+0.01)x10° (9.21% 0.03)x10?
Miscanthus 70 RM-70  (1.39+ 0.01)x10° (7.72+ 0.02)x10?
PTM (variable lignin, %)* Lignin (1.91+ 0.02)x10°  (6.44+ 0.02)x10?
PTM (variable cellulose, %)* ID code Sw (%) Se (%)

Miscanthus 16 PTM-16  (1.30+0.01) x10® (9.11+ 0.01)x10?
Miscanthus 40 PTM-40  (1.39+ 0.00)x10° (8.14 0.01)x10?
Miscanthus 70 PTM-70  (2.60+0.01) x10° (8.78 0.04)x10?

RM: Raw Miscanthus: *PTM: Pretreated Miscanthus biomass: 16, 40 and 70 are mesh sizes of
Miscanthus.
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6.3.2 Characterization

The weight loss profiles of samples at variable temperature were measured using a
thermogravimetric analyser (TGA; Q50 TA Instruments) using an open aluminum pan
configuration. Samples were held isothermally at 30 °C and allowed to equilibrate for 5 min prior
to heating at 5 "C/min up to 500 ‘C. The IR spectra were obtained with a Bio-RAD FTS-40
spectrophotometer where 6 mg of sample were mixed with 60 mg of spectroscopic grade
potassium bromide (KBr) using a mortar and pestle followed by drying at 60 ‘C. The samples were
analysed as powders in reflectance mode where the Diffuse Reflectance Infrared Fourier
Transform (DRIFT) spectra employed multiple scans at 295 K against a background spectrum of
KBr. The spectral resolution was 4 cm™ over the 400-4000 cm™ region. Nitrogen adsorption was
obtained using a Micromeritics ASAP 2020 (Norcross, GA) to estimate the surface area (SA) and
pore structure properties with an accuracy of £5%. In brief, ca. 1 g of sample was degassed at an
evacuation rate of 5 mmHg s in the sample chamber until the outgas rate became stabilized (<10
mmHg min?), while the sample temperature was maintained at 100 "C for 48 h. Alumina
(Micromeritics) with a known pore volume (PV) and SA was used to calibrate the instrumental
parameters. The BET SA was calculated from the adsorption isotherm.'* 2! The micropore SA was
obtained using a t-plot (de Boer method). The Barret-Joyner-Halenda (BJH) method was
employed to estimate the PV and pore diameter from the adsorption isotherm using the Kelvin
equation, where the pores are assumed to be slit-shaped. The morphology of raw and pretreated
Miscanthus was measured using a Hitachi S-3400N scanning electron microscope (SEM). The
particle size was measured using a Mastersizer S Long Bench Particle Size Analyzer (PSA),
Malvern Instruments. PSA detects particle size via measurement of the scattered diffraction pattern
from the sample after passage through a laser beam.

The study of different weight ratios (wt %) of W-E solutions used anhydrous (100%)
ethanol (reagent grade) obtained from Commercial Alcohols Inc. (Brampton, Ontario, Canada).
Fixed amounts (ca. 150 mg) of each adsorbent (raw and pretreated Miscanthus with variable
particle sizes) were mixed with 10 g of solution containing W-E (adsorbate) with variable wt%
ratios in 4 dram vials. The samples were equilibrated at room temperature on a horizontal shaker
table (SCILOGEX Model: SK-0330-Pro) for 24 h at 160 rpm. Next, the samples were centrifuged
(Precision Micro-Semi Micro Centricone, Precision Scientific Co.) at 1800 rpm for 1h followed

by adding 1 g of supernatant solution to 0.05 g mixture of tetrahydrofuran (THF) and dimethyl
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sulfoxide (DMSO-ds, 99.9%; Sigma-Aldrich). *H-NMR spectral analysis was conducted using a
wide-bore (89 mm) 11.7 T Oxford superconducting magnet system (Bruker BioSpinCorp,
Billerica, MA) equipped with a 5 mm PaTx1 probe. The NMR operating parameters were
controlled by SSSC 500 console and workstation running X WIN-NMR 3.5 using the standard
commercial pulse programs from the TopSpin 1.3 software library. Quantitative NMR analysis
was carried out using an internal standard (dry THF) and a field-locking solvent (dry DMSO-ds)
that was added to each solution in fixed amounts. The inversion—recovery method enabled
determination of the spin—lattice relation time (T1) of each pure solvent and their binary mixtures.?2
Independent calibration curves of standard binary W—E solutions at variable composition (wt%)
were used for gNMR determination of W—E content. As stated previously,'* a solvent system (THF
and DMSO-ds) was used to evaluate the equilibrium time of the sorption process and incubation
time of 150 mg of adsorbent in binary W—E mixtures. The relative solvent uptake at equilibrium
was estimated by gqNMR at fully relaxed conditions using a batch method. W-E composition was

estimated before and after exposure of the sorbent in the binary W-E solutions.

6.3.3 Quantitative NMR (qNMR) spectroscopy

Quantitative NMR (gNMR) enables estimation of the solvent composition in binary W-E
mixtures, especially for well-resolved NMR signatures in W-E mixtures. The relative uptake of
solvents via adsorption in binary W-E solutions was estimated using gNMR. THF was selected as
an internal standard since its NMR spectral signatures do not overlap with the W-E binary solvent
(-CH2, —CHg3, and -OH groups). DMSO-de served as the NMR locking solvent and its anisotropic
properties afford fully resolved lines for the -OH groups of binary W-E mixtures with negligible
deuterium exchange.!* The recycle delay (D1) accounted for the relaxation time (T1) of various
nuclei using an inversion-recovery pulse sequence in neat and binary solvents. ** The 'H-NMR
signatures for W and E show two separate signatures for OH at 6=4.50 ppm and 6=5.20 ppm,
respectively.!* Quantitative NMR was achieved by integration of the signal intensity of selected

'H nuclei (-OH, -CHz, and —CHs) of the solvent components by equation 6.1.

Area(solvent) “H,.;(solvent) . Nsovent

- Equation 6.1
Area(THF) Hucei (THF)

NTHF
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The water content (wt %) in the binary mixtures was calculated using gravimetric estimates
(nw and ng) in equation 6.1. Similarly, the ethanol content was obtained by the peak area of the —
CHs group. The relative area for each solvent component refers to the *H integrated peak area for
the NMR signature in the mixed solvent (E or W), where nsoivent IS the number of moles (E or W),

and ntqr refers to the mole content of THF.

6.3.4 Models and equations

The adsorption isotherm is shown as a plot of equilibrium uptake of adsorbate species (W
and/or E) in a mixed binary (W+E) solvent system by an adsorbent. The uptake (Qe; mmol/g or
mg/g) by the sorbent phase is plotted vs. residual equilibrium concentration of unbound adsorbate

(Ce; mmol/L or mg/L), according to equation 6.2.

(Corcul,

. Wi .
e, m Solution

Equation 6.2

In equation 6.2, Co and Ce (Mg/L) are the initial concentration (wt %) of each respective solvent
component (W or E), before and after adsorption. The relative weight content of each solvent
component (W or E) was determined, where the total solution weight (Wsolution) and the adsorbent
mass (m) were measured. The Sips isotherm model was used to analyse the isotherm profiles to
estimate thermodynamic parameters of adsorption (cf. Equation 6.3). In particular, the sorption

capacity and sorption affinity constant of the adsorbent was evaluated in W-E binary solutions. %

Qmlkscd)™
Q S URLALA. 47/ Equation 6.3
e Ns
1+(kscCe)

Ks is adsorption constant, ns is the sorbent surface heterogeneity, Ce is the residual adsorbate
concentration, and Qm represents the monolayer adsorption capacity of sorbent. This equation
provides an assessment of the heterogeneity of the adsorption process according to the exponential
term (ns).% Equation 6.3 accounts for Langmuir behaviour (ns=1), while the Freundlich isotherm

is inferred 2 when ns deviates from unity.
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6.4 Results and Discussion
6.4.1 Pretreatment of Miscanthus

The raw fibre content of Miscanthus (dry basis; wt%) is mainly composed of cellulose (48
%), hemicellulose (24 %), lignin (12 %), and inorganics (2 %). The Miscanthus biopolymer
composition can be altered by applying an appropriate pretreatment technique such as hydrolysis
to modify the fibre content, as illustrated in Scheme 6.1 (cf. Experimental section). Scheme 6.1
illustrates that the biopolymer content (hemi-cellulose and lignin) of Miscanthus can be modified
by acid/base hydrolysis, along with mechanical treatment to yield fibre materials with variable

composition and particle size, respectively.

PTM ™ Lignin

Hemicellulose &)

£ { A )|
Pretreatment Sg l /;\} \{ / 11,
4 - -

Hemicellulose

é/

Lignin
Cellulose / Cellulose Lignin

Scheme 6.1 Conceptual illustration for the pretreatment of raw Miscanthus to yield fibres with
variable biopolymer content. The sample ID codes of the products are listed in Table
6.1.
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6.4.2 Characterization
6.4.2.1 Particle size determination

The particle size distribution (PSD) and average particle size of raw and pretreated
Miscanthus are shown in Table 6.2. The corresponding particle size distribution is provided in the

Supporting Information (cf. Figure A6.1 in Appendix A6).

Table 6.2 Average particle size estimates for raw and pretreated Miscanthus.

Raw Miscanthus (RM) Average particle

(untreated) diameter (pum)
RM-16 1230

RM-40 483

RM-70 193
Pretreated  Miscanthus Average  particle
(Increased Cellulose diameter (um)
content)

PTM-16 1110

PTM-40 364

PTM-70 79.5

Note: Sample ID codes are defined in Table 6.1

Table 6.2 shows the particle size results for raw and pretreated Miscanthus, where a
decrease in the average particle size occurs after pretreatment due to changes in the fibre
composition. In Table 6.2, the reduced particle size of pretreated Miscanthus relates to a lower
tendency to undergo aggregation due to greater wetting of the particle grains after hemicellulose
removal. Cellulose is relatively insoluble in water in spite of the presence of hydrophilic polar
hydroxyl groups on its surface. Cellulose is composed of D-glucopyranose attached together via
B-(1,4) linkages that undergo extensive intra- and inter-strand hydrogen-bonding of biopolymer
chains,'* contributing to its unique mechanical strength and chemical stability. The particle size
distribution shows a reduced full width at half maximum (FWHM) for the RM-40, and RM-70
materials (cf. Figure A6.1 in Appendix A). Physical treatment of Miscanthus such as mechanical

grinding, milling, and sieving results in particle size variations, which affect aggregation and
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wetting properties of biomass. The physicochemical properties of hydrophobic biopolymer
components such as cellulose are affected by particle size and likely contribute to variable surface

effects due to the aggregation effects described above. ®

6.4.2.2 Nitrogen adsorption

Nitrogen adsorption is a technique that provides estimates of the surface area (SA) and
pore structure properties of solid phase materials. Table 6.3 lists the accessible surface area (SA)
and average pore size diameter (Pw) for different particle sizes of raw and pretreated Miscanthus
estimated from N adsorption isotherms (cf. Figure A6.2 in Appendix A6). The shapes of the
isotherms resemble a Type Il system according to the convention defined by the International
Union of Pure and Applied Chemistry (IUPAC). A Type Il isotherm can be shown for a range of
pore size dimensions. This uptake profile is representative of sorbents with large macropores
where the surface area of the pore is so large that multilayer adsorption can occur without any
restrictions. As well, the Type Il isotherm describes behaviour typical of nonporous materials
where adsorption occurs mainly on the external surface.?* The results obtained above show the
saturation of an adsorbed monolayer at low relative pressure (p/p°~ 0.2). The isotherm displays
low uptake of nitrogen up to greater relative pressure values (p/p° ~ 0.9), while further adsorption
occurs at higher (p/p° >0.9) values due to adsorption onto the powder grain boundaries.?* 26 A
large proportion (>90%) of the nitrogen uptake occurs at the grain boundary surface sites, while a
smaller fraction occurs within the micropore sorbent domains. The absence of well-defined
hysteresis loops for Miscanthus (raw and pretreated) provides additional evidence of reduced pore
volume due to the reversible evaporation and condensation over the range of p/p° values.?® By
contrast, the lignin shows evidence of mesopore structure according to the hysteresis loop near
p/p° above 0.9, along with greater uptake at higher values resulting from the greater SA of lignin.
The results are in agreement with the more rigid and branched network structure of such
polyphenolics relative to biomass rich with biopolymers with more densely packed domains such
as cellulose and hemicellulose. The surface area (SA) of the raw/pretreated Miscanthus and lignin
are listed in Table 6.3 where particles with similar size such as pretreated Miscanthus have greater
SA and diameter relative to raw Miscanthus. The low SA values in Table 6.3 strongly suggest that
the pore structure had collapsed upon drying and the SA estimated is due mainly to the external

surface. Meng et al.?” also reported increased surface area for chemically treated Populus fibre
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when compared with the raw biomass. The greater SA of PTM relates to the removal of
hemicellulose and lignin during the pretreatment steps that results in greater defibrillation effects
due to chemical etching of the biopolymer network. The effect of pretreatment may be offset due
to packing effects and/or shrinkage at 77 K during the adsorption process. A decrease in the particle

size for both types of Miscanthus reveals an incremental rise in the SA of the biomass.

Table 6.3 Accessible surface area (SA) of raw and pretreated Miscanthus biomass with variable
particle sizes.

Raw Miscanthus ID code SA (m?/g)
(RM)

Miscanthus 16 RM-16 0.43
Miscanthus 40 RM-40 0.56
Miscanthus 70 RM-70 0.74
PTM! Lignin 137
(greater lignin, %)

PTM?! ID code SA (m?/g)
(greater cellulose content)

Miscanthus 16 PTM-16 0.71
Miscanthus 40 PTM-40 0.64
Miscanthus 70 PTM-70 0.96

IPTM — pretreated Miscanthus at variable hydrolysis conditions

6.4.2.3 Thermal gravimetry analysis (TGA) and FT-IR

Thermal gravimetry analysis is a commonly used method for materials characterization since
it provides insight about the thermal stability and relative composition of multicomponent
materials. Mohamed et al.?® estimated the cross-linker content of cyclodextrin polymers using
TGA, where individually resolved thermal events led to estimates of the relative polymer
composition. The TGA curves are shown as weight-loss profiles vs. temperature at constant
heating rate, along with derivative weight on the right hand ordinate (cf. Figure 6.1A). As noted
above, TGA affords estimates of the biomass composition for well resolved thermal events.?! 28

The TGA and IR for raw and pretreated Miscanthus are shown in Figure 6.1A-B.
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Figure 6.1 TGA profiles (A) and FT-IR spectral results (B) for Lignin (1) and raw/pretreated
Miscanthus (2). The IR and TGA results for Miscanthus with different particle sizes
are not shown. The results for mesh size 40 are shown to illustrate representative
behaviour of the biomass.

The main thermal events observed for the Miscanthus materials are characterized by a
broad thermal curve with similar shapes between 200 and 400°C, as shown in Figure 6.1A. The
thermal transitions observed below 100 °C relate to the loss of water.2l A comparison of
Miscanthus with a higher cellulose and hemicellulose content reveal that it undergoes
decomposition more readily than materials with greater lignin content. The TGA results indicate
that lignin is more stable and difficult to decompose relative to cellulose or hemicellulose
biopolymers?® due to its branched phenolic structure and reduced oxygen content as compared with
polysaccharides. The thermal properties of Miscanthus are consistent with the variable lignin
content of the biomass, since lignin content strongly depends on base hydrolysis pretreatment of
the biomass.?*3° The thermal profiles for the mass loss of cellulose and hemicellulose are similar.
Thus, the TGA profiles for raw and pretreated Miscanthus are accounted for on the basis of
differing biopolymer composition and the variable structure and thermal properties of each
respective biopolymer.

In Figure 6.1B, the FT-IR results for Miscanthus and lignin are shown where the spectra
for raw and pretreated Miscanthus show strong and broad IR absorption at 3300 cm™ for OH
stretching, where sharp and intense bands appear at ca. 2900 and 2800 cm for the —CH stretching
of the polysaccharide. The intense bands at 1460 cm™ relate to skeletal bands/C-C bending

146



vibrations of alkyl and aromatic groups.®! The band at 1750 cm™ corresponds to the C=0 stretching
vibrations of a carbonyl group.®? The band ca. 1370 cm™ is assigned to the OH in-plane
deformation of alcohols and phenols, while the band near 1200 cm™ was assigned to the C-O
vibrations of primary alcohols. The spectra for raw and pretreated Miscanthus and lignin are very
similar with some minor differences, where the enhanced band appearing at 1500 cm™ relates to

the skeletal bands for the lignin-enriched material.

6.4.2.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to study the morphology and textural
characteristics of raw and pretreated Miscanthus. SEM may provide estimates of the surface
roughness, pore structure and accessible SA of biopolymer materials.3* 34 Figure 6.2A shows the
surface features of raw Miscanthus particles, which appear as flat and smooth domains. The SEM
results show that the surface displays greater roughness with the presence of large cellulose fibres
and pores due to the greater removal of hemicellulose and lignin (Figure 6.2B). Figure 6.2C shows
the surface domains of lignin with a disintegrated loss of structure and pore features on the
biopolymer surface, as compared with RM and PTM.*>% The rigid structure of lignin concurs with
the branched and mesoporous nature of such materials due to inefficient packing of such
polyphenolics. The greater SA of lignin is supported by the nitrogen isotherm results above, where
similar trends in textural properties were noted for branched and rigid polymers according to

swelling and dye adsorption results.?®

Figure 6.2 SEM images: A) raw Miscanthus, B) pretreated Miscanthus (greater cellulose
content), and C) Lignin.

6.4.3 Equilibrium solvent swelling properties
Solvent uptake and swelling properties provide a measure of the potential utility of such

materials as adsorbents. The relative uptake in neat solvents may be regarded as a proxy measure
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of the relative equilibrium adsorption properties, as outlined in a recent report on starch and its
cross-linked forms in water, ethanol, and binary (W-E) mixtures.” The relationship between
swelling and sorption properties of materials has been reported where the role of solvent-swelling
in the kinetic uptake processes is a key step in the overall adsorption process.?! The equilibrium
swelling data of particles with variable particle sizes for raw and pretreated Miscanthus are listed
in Table 6.1 along with their relative solvent uptake (W or E) at ambient conditions. The sorbents
besides lignin display high water affinity according to the greater uptake of W over E. RM-16
shows a greater selectivity towards water relative to raw Miscanthus 40, and 70. The observed
effect may relate to variation in SA and pore volume (PV) effects according to the particle size
(Table 6.3). The biomass solvent uptake capacity depends on the textural properties and surface-
accessible polar functional groups of the biopolymers. Raw Miscanthus is likely to have similar
surface chemical properties, while the SA may vary slightly due to textural properties. In the case
of pre-treated materials, differences in the surface chemical properties are inferred relative to raw
biomass due to the variable biopolymer content. The acid/base hydrolysis of Miscanthus alters
various properties such as fibre structure, biomass composition, crystallinity, and textural
properties, which can modify the adsorption affinity of solvents (W and E), according to
hydrophobic effects.3” The water uptake in materials with small pore sizes may display steric
exclusion effects, especially in micropores with apolar surface domains.®® It is interesting to note
that Miscanthus 70 has a greater overall uptake capacity with W and E since particles with smaller
size contain both small and large pores, which cannot discriminate uptake between water vs.

ethanol.

6.4.4 Sorption study and selectivity

There is no direct relationship between crystallinity and particle size but mechanical
milling and chemical hydrolysis of biomass may affect the solvent accessibility of the biopolymer
surface.®® Generally, the degradation of the crystalline regions of cellulose differ compared to the
amorphous regions due to the presence of defects and ordered domains. In turn, the solvent
accessibility of the biomass affects the cohesive interactions and aggregation properties of the
biopolymer surface sites.*® 4! Similarly, the sorption properties and accessibility of adsorption sites

of Miscanthus can be related to particle size and textural properties (pore structure and SA).
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In Table 6.1, the raw Miscanthus has greater adsorption capacity and swelling with water
and ethanol relative to the pretreated materials. Raw Miscanthus has greater hemicellulose and
lignin content when compared with the cellulose-enriched fibre materials. The adsorption
properties of cellulose-enriched fibre materials are lower relative to RM and may relate to higher
levels of crystalline cellulose, which prevent access of water molecules to the inner fibril structure
42,43,44 ys. materials with more amorphous domains of cellulose. The swelling results for raw and
pretreated Miscanthus in ethanol are 10-fold lower compared to the lignin isolates. Hemicellulose
is naturally isotropic and amorphous in structure and is located within the cellulose fibril domains.
The degree of hydrogen bonding with water and ethanol is higher at the external surface of
cellulose and hemicellulose, as compared to the internal micropores due to the reduced pore
volume. The presence of hemicellulose affords variable hydrogen bonding interactions within the
cellulose fibril network and the surface sites since cellulose/hemicellulose may serve as donor and
acceptor sites.*

The structural identification and characterization of organic components can be studied
using gNMR due to the abundance of *H nuclei in such systems. 'H-NMR spectroscopy is
especially suitable for well-resolved signatures when instrumental conditions afford fully relaxed
spectra. The latter relates to the spin lattice relaxation time (T1) of selected nuclei in water (W),
ethanol (E), and in binary (W+E) solutions.** In a previous report, gNMR was shown to be a
suitable analytical method for estimating the W-E composition in binary systems.'* This study
uses gNMR for the analytical determination of solvent components before and after adsorption
with modified and raw Miscanthus biomass. Sorption isotherms provide a detailed understanding
of thermodynamic properties of adsorbate/adsorbent systems, especially where the structure of the
sorbent varies in a systematic manner as shown for RM and PTM biomasses herein. Isotherm
profiles describe the uptake of adsorbate (W or E) per unit mass of adsorbent at constant
temperature vs. adsorbate concentration. Figure 6.3 illustrates the adsorption isotherms of
Miscanthus materials and lignin in W-E binary systems, along with best-fit parameters as shown
in Table 6.4. The Sips model provides a favourable description of the isotherm results according
to the goodness-of-fit (R?~1) criteria. The RM and PTM biomasses display greater uptake of water
over ethanol. By contrast, lignin displays the opposite behaviour in agreement with the swelling
results in Table 6.1. The greater adsorption of water over ethanol by Miscanthus concurs with the
Qm values in Table 6.4.
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Figure 6.3 Adsorption isotherms of biomass and its modified forms for the uptake of

0.9

water (W) and ethanol (E) in binary (W+E) solutions at 295 K: (A) Raw (RM),
(B) Pretreated (PTM) and C) Lignin.
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Table 6.4 Sips Isotherm parameters for the uptake of water (A) and ethanol (B) at 295 K

with different particle sizes for raw and pretreated Miscanthus, and lignin.

A: Water uptake results for raw and pretreated Miscanthus biomass.

Raw Ks (9/9) Ns Qm (9/9) R?
Miscanthus

RM-16 3.2+0.30 3.1+0.30 8.9+0.70 0.97
RM-40 54+16 2.1+£0.90 5.2+0.80 0.92
RM-70 75£13 2.83+£0.90 3.8£0.30 0.92
Pretreated  Ks (g/g) Ns Qm (9/9) R?
Miscanthus

PTM-16 59+£13 1.4+£0.30 2.9%£0.30 0.90
PTM-40 4.5+ 0.60 2.7 £0.60 4.7 +£0.30 0.92
PTM-70 53x+18 1.76 £ 0.80 3.4+0.70 0.86
Lignin Ks (9/9) ns Qm (9/9) R?
Lignin 10.1+£35 14+£044 0.64 £0.095 0.95

B: Ethanol uptake results for raw and pretreated Miscanthus biomass.

Raw Ks (9/9) Ns Qm (9/9) R?
Miscanthus

RM-16 12+47 1.3+£0.70 2.9+0.90 0.90
RM-40 5.31+0.60 59+31 3.4+0.31 0.94
RM-70 5.6 £0.80 29+1.0 4.2+0.49 0.92
Pretreated Ks (9/9) Ns Qm(9/9) R?
Miscanthus

PTM-16 5.5+£0.80 2.0£0.40 2.9%0.40 0.98
PTM-40 59+24 21+11 3.2+0.99 0.90
PTM-70 6.1 +£0.90 31x14 2.9+0.40 0.95
Lignin Ks (9/9) Ns Qm (9/9) R?
Lignin 3.7£0.35 40x15 0.12 £0.020 0.94
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A comparison of the Qm values for raw and pretreated Miscanthus reveal that raw
Miscanthus has variable adsorption capacity toward water and ethanol that relates to its solvent
affinity with the biopolymer components (cellulose, hemicellulose and lignin). It is noted that each
respective biopolymer has variable surface functional groups that impart variable hydrophile-
lipophile balance. For instance, lignin is apolar in nature relative to polysaccharides such as
hemicellulose and cellulose with more polar character. While SA effects and accessibility of
surface functional groups account for the uptake properties of Miscanthus materials, a detailed
understanding is limited in the absence of a detailed knowledge of the biomass structure. Although
Scheme 6.1 offers a simplified view of biomass structure and its biopolymer components, the
actual structure is considerably more complex in nature.*® Cellulose is a highly complex
biopolymer owing to its unique fibril structure, along with its allotropes such as cellulose | and
114" Surface chemical groups at the biopolymer interface play a key role, especially H-bond
donor/acceptor groups (e.g., —OH) on cellulose, as outlined in a report by Udoetok et al. (See
Figure 4 in ref. 34).3* The presence of more surface-accessible -OH groups relates to variable
adsorptive uptake of alkyl carboxylate anions. 3* Similarly, the uptake of W-E in binary solvents
by cross-linked starch correlates with the solvent polarity and solvent size, especially when
adsorption occurs with surface accessible hydroxyl groups.” RM has a reduced SA and PV relative
to PTM biomass (cf. Table 6.3). The Qm values for water with each sorbent are listed in descending
order, as follows: RM > PTM > lignin. Similarly, the Qm values (ethanol) are listed in descending
order: Lignin > RM =~ PTM. In Table 6.4, the ns parameter indicates heterogeneous surface
character for RM and PTM since ns deviates from unity, while the heterogeneity parameter is
reduced for PTM due to the removal of hemicellulose. This effect may account for the lower
adsorption of water and ethanol at the pretreated fibre surface. According to literature (cf. Table 5,
in Ref. 21), cellulosic materials have adsorption sites with less heterogeneity as compared with
modified celulose.?! PTM biomass has lower heterogeneity of the sorbent surface according to the
water uptake results (ns = 1), in agreement with its greater cellulose content.®” The pretreatment of
Miscanthus likely alters the morphology of RM due to changes in the lignin (apolar) and the
cellulose (hydrophilic) biopolymer contents. A lowering of the hemicellulose content due to
pretreatment shows a lowering of the uptake of water and ethanol, in accordance with the abundant
polar groups of this biopolymer. A key factor related to the preferential uptake of water over

ethanol for RM, PTM, and lignin is attributed to the relative hydroxyl group accessibility. Lignin
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has a branched and disordered structure compared to linear biopolymers (cellulose and
hemicellulose) due to the dendritic nature of lignin.*"- * While lignin can form hydrogen bonds
with water, the phenyl units are apolar and have reduced hydrogen bonding compared with
cellulose and hemicellulose.*® %° The Rselectivity Values for RM and PTM were estimated using the
Qm values for water and ethanol (cf. Table 6.4). Figure 6.4 illustrates the Rselectivity Values for RM
and PTM, which reveal remarkable differences based on the cellulose and hemicellulose content
of the biomass. RM shows greater solvent-selective uptake (Rselectivity = 1-3) of water over ethanol
relative to PTM. By contrast, PTM has reduced solvent selectivity (Rselectivity ~1-1.5) due to the

nature of the hydrolysis pretreatment.
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Figure 6.4 Equilibrium solvent selectivity ratios for A) Raw Miscanthus (RM) and
B) Pretreated Miscanthus (PTM) in binary (W+E) systems at 295 K.

RM biomass has greater selectivity for water over ethanol. This may be understood on
thermodynamic grounds according to differences in solvent affinity (W over E) due to variable
textural properties and surface chemistry of RM. By contrast, the kinetic adsorption profiles of
solid-solution systems are dependent on the role of textural properties and surface chemistry, in
agreement with the three kinetic uptake steps of the overall process. In the case of water uptake,
the first stage involves transport of solvent from bulk solution to the exterior surface of an
adsorbent particle through a boundary layer of two phases. The adsorbate diffuses into the interior
active sites of the adsorbent during the diffusion process. Finally, adsorption occurs onto the active
surface sites at the adsorbent interior. The latter step governs the specific adsorption capacity,
which relates to the role of textural properties and surface chemistry, in agreement with

thermodynamic (Rselectivity) factors described above. The structure of Miscanthus (raw and
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pretreated) and lignin have a significant effect on the adsorption properties of such materials,
accounting for their solvent selectivity of water over ethanol.>® Grewal et al.>* have reported the
use of oat hull biomass and hydrolysis for the preparation of the biocomposites containing
cellulose and lignin, where the water absorption capacity and mechanical properties of the
composites were investigated.>! Lignin has a lower tendency for water uptake, in agreement with
the results for RM and PTM biomasses reported herein. Biomass with greater cellulose content
has a unique fibre structure owing to hydrogen bonding between adjacent biopolymer units that
results in reduced surface accessible hydroxyl groups, as described above. On the other hand, the
greater surface accessible polar groups of RM may relate to the presence of hemicellulose since it

facilitates greater solvent selectivity (W over E), as noted above.

6.4.5 Regeneration

An important aspect of adsorption technology relates to the regeneration and reusability of
the adsorbent for practical applications. Miscanthus samples were regenerated with pure water and
ethanol after four cycles of adsorption-desorption, as shown in Figure 6.5. The relative uptake (W
and E) for raw and pretreated Miscanthus decreased by ca. 12% and may relate to sintering effects
during the intermediate drying process between cycles at elevated temperature. The RM and PTM
biomass may undergo changes in biopolymer conformation, collapse, or shrinkage of the
micropore sites during the loss of solvent upon drying. As well, sintering of the biomass network
may occur upon heating due to fusing of the biopolymer components, which causes reduced pore
structure and SA effects. An alternative to regeneration using pressure-drops instead of heating to
remove solvent between cycles may reduce structural effects due to sintering. The structural effects
of solvent removal are evidenced by the greater decline in regeneration efficiency in water vs.
ethanol solvent (cf. Figures 6.5 A and B). Notwithstanding the sintering effects indicated above,
the general utility of Miscanthus for the fractionation of solvent in binary water-ethanol mixtures
over multiple cycles is shown in Figure 6.5, along with its general mechanical stability during the

regeneration process.
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Comparison with other adsorbents

To provide a comparison of the uptake properties of Miscanthus obtained herein, a
summary of selected examples of W-E adsorption selectivity results (Rselectivity) for various
adsorbents from the literature are listed in Table 6.5. Among the biomaterials in Table 6.5, raw
Miscanthus (RM) has the highest solvent selectivity of water over ethanol followed by canola meal
with its protein extracted. Based on the relative abundance and sustainability of non-food
commaodities such as Miscanthus, its use as a biomass adsorbent offers significant advantages for
the adsorptive fractionation of water-ethanol binary mixtures. The uptake and fractionation
properties of Miscanthus rival that of cellulose biopolymers derived from cotton linters.4
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Table 6.5 Solvent selectivity (R) of water (W) over ethanol (E) by different adsorbents.

Adsorbent Solvent Co (w/w %)  Ref
Selectivity

Raw Miscanthus 3.0 4-85% (W)  This Study

Pretreated Miscanthus 1.5 45-87% (W) This Study

Cellulose 1.10-2.03 4-75% (W) 14

Corn meal 0.6 25-85% (W) 52

Protein extracted 1.9 5-20% (W) 53

canola meal

6.5 Conclusion

Raw Miscanthus (RM) biomass is a sustainable biomass with variable particle size.
Various forms of chemical pretreatment (PTM) of this biomass yields modified biomass fractions
with or without the lignin content. The isotherm adsorption properties of cellulose-enriched and
lignin materials were evaluated in water (W), ethanol (E), and binary (W+E) mixtures, where
variable solvent uptake was observed according to the nature of the chemical and physical
treatment of Miscanthus. Particle size variation had a minimal effect on adsorption of water and
ethanol. By comparison, chemical treatment had a greater effect according to the surface
accessibility of the hydrophilic adsorption sites and micropore accessibility of the adsorbent.
Quantitative NMR spectroscopy provided estimates of the solvent selective uptake in W-E binary
mixtures. The adsorption capacity (g/g) of Miscanthus (RM-16) is listed in parentheses: water
(8.93) and ethanol (4.15), where the solvent selectivity ratios in binary W-E solutions vary from 1
to 3. Regeneration studies were carried out using swelling tests over four cycles of regneration,
where a moderate decrease (12%) in uptake was observed for Miscanthus. The fractionation
properties of RM and PTM were variable in binary W-E systems, where RM biomass showed
greater water uptake selectivity over ethanol. This research contributes to the field of advanced
biomaterials and sustainability through an improved understanding of the role of biopolymer
components for the adsorptive processing of beverages, food, and biofuels using sustainable and

renewable biomass.
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CHAPTER 7

MANUSCRIPT 5: Spectroscopic and thermal methods for the study of biopolymer
hydration

Leila Dehabadi, Abdalla H. Karoyo, and Lee D. Wilson*

Description

This study relates to the role of textural properties on the adsorption properties of biopolymer
materials. It is revealed in Chapters 4 to 6 that variable uptake of water and ethanol was achieved
according to the nature of the biopolymer and the level of synthetic modification. To achieve a
greater level of understanding of the textural and surface chemical properties of various
biopolymer systems and their hydration properties, a systematic materials characterization study
using thermoanalytical and various spectroscopic techniques was undertaken to further
characterize these biopolymer materials. As outlined in the previous chapters, the relationship
between hydration effect and the mechanism of fractionation of water/ethanol in binary mixtures
plays a key role on the adsorption properties. The results of this study showed that the swelling
and sorption properties of polysaccharides depend strongly on the morphology and molecular
structure as they relate to hydrophile-lipophile balance (HLB) and/or hydroxyl group accessibility.
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assistance from A. Karoyo and editing provided by the supervisor throughout.

Relation of Manuscript 5 to Overall Thesis Objectives

This manuscript contributes to the knowledge gap and objectives introduced in section 2.4 of
Chapter 2. The information presented in this manuscript is related to the role of structure and
function of biopolymers and their adsorption properties. While this study is focused on the
hydration properties, such processes play an integral role in understanding adsorption processes in
aqueous solution. This study extends beyond the thermodynamic isotherm studies presented in

Chapters 4 to 4 to yield further structural insight on the role of biopolymer structure. The role of
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solvation effects in the adsorptive fractionation of water-ethanol (W-E) binary mixtures was
examined by evaluating the accessibility of the -OH group and textural properties of biopolymers
such as starch and cellulose. The results from this complementary and systematic study provide
further insight concerning the role of hydroxyl group surface accessibility and the corresponding

hydrophile-lipophile balance of the biopolymer structure in adsorption properties.
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Leila Dehabadit, Abdalla H. Karoyo?, Lee D. Wilson'*

!Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK.
Canada S7N 5C9

Supplementary Information (Appendix A, Chapter 7)

Graphical Abstract

Swelling of Biopolymers

w150

50
0

Amylose > Cellulose

™ Water ™ Ethanol

)
&

N X
\tv/f} o &

vesflexible Amylose' '

ACCESSIBLE SURFACE -OH

\
- W "

ACCESSIBLE -OH

<

4L A
22 Rigid Fibrotfs'Cellulose -- -

Amylose >>> Cellulose
BIOPOLYMER

Research Highlights
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e Study of the solvent-solvent and solvent-solute interactions on biopolymers in mixed
solvents (water/ethanol).
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7.1 Abstract

Solvent-selective adsorption processes in mixed solvent systems are poorly understood but are
posited to relate to specific solute-solvent interactions at interfaces in accordance with the variable
textural and surface chemical properties of biopolymer sorbent systems. To gain an improved
understanding of the role of solvation effects and interfacial phenomena in mixed solvent (water-
ethanol; W-E) systems, several types of polysaccharide sorbents (starches and cellulose) were
studied by complementary analytical methods. Swelling of the polysaccharides was measured to
ascertain the role of hydration and selective solvent uptake properties in binary W-E mixtures for
cellulose (CE) and starch materials with variable amylopectin and amylose content. The hydration
properties of the sorbents were further probed using differential scanning calorimetry (DSC) and
Raman spectroscopy. Dye decolourization studies provided estimates of the surface-accessible
hydroxyl (-OH) groups of the polysaccharides. The hydration properties of the biopolymer
materials in W-E mixture are governed by the textural properties (pore structure and surface area)
and accessibility of the polar —OH functional groups, in agreement with the isotherm results that
reveal solvent-selective adsorption. This study contributes to a greater understanding of the role
of structure and functional group accessibility governing biopolymers-solvent interactions. The
trends in biopolymer solvation processes are further supported by scanning electron microscopy

(SEM) results.
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7.2  Introduction

Hydration phenomena at solid-solution interfaces play a key role in physical and
biophysical processes in aqueous solutions.! In general, hydration has a large influence on the
thermodynamics of processes involving the cleavage or formation of noncovalent bonds such as
simple organic syntheses, protein folding,* drug delivery systems,’ and chemical separation
processes.® In a previous study,”® we reported the unique adsorption-based fractionation of water
from water-ethanol (W-E) in binary mixtures using biopolymers and their modified forms.
Adsorption processes involving biopolymer materials such as starch and cellulose enable a green
strategy for the efficient separation of water and other organic molecules because the materials are
abundant, low cost, require low energy inputs and basic infrastructure.’ The adsorptive separation
of solvents and organic mixtures has been reported previously using polysaccharide-based
materials.!%!! In particular, the fractionation of water from ethanol solution using starch- and
cellulose-based adsorbents is well documented,”#!2"1* following the pioneering work of Ladisch
and Dyck.'®> However, a molecular level understanding of the solvent selectivity in sorption-based
processes of such biopolymer systems remains incomplete.

Various reports have investigated solvent-solvent interactions in W-E mixtures using
theoretical '® and spectroscopic !’ studies where the formation of H-bonded ethanol-ethanol
clusters were suggested, in accordance with hydrophobic hydration phenomenon and the relative
composition of ethanol in water. In cases where solid-phase polysaccharide adsorbent materials
are employed to fractionate water from ethanol solution, biopolymer-solvent interactions are
governed by the relative binding affinity between biopolymer surface sites and the solvent. Despite
extensive research efforts, comprehension of the molecular-level details and hydration phenomena
of biopolymer materials in W-E binary mixtures is limited. While a molecular level understanding
is limited at present, recent adsorption studies ’*® indicate that the physicochemical properties of
biopolymers can be tuned via cross-linking methods to achieve variable solvent selectivity for
modified biopolymers. Thus, it is posited that the textural properties and the role of surface-
accessible functional groups play a key role in solvation phenomena. Gibbs surface energy and
surface area models describing hydration phenomena can reliably predict Gibbs hydration energy,
binding affinity, and hydration phenomena for well-defined molecular systems.! However, such
models are limited in the case of large molecular assemblies with structural complexity as in the

case of polysaccharides and macromolecular systems because of high computational demands.
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While B-cyclodextrin (B-CD) is a structurally well-defined macrocyclic host system that has been
studied by computational methods, high amylose starch poses greater challenges due to its higher
molecular weight and greater degree of biopolymer chain entropy in solvent systems. By contrast,
experimental methods that employ spectroscopic (FT-IR, NMR, and Raman) and thermoanalytical
(DSC) methods provide tools to study the hydration properties of biopolymers with complex
structures.!® 2" In particular, these techniques enable a detailed study of biopolymer/solvent
interactions with consideration of their morphological, thermal, swelling and rheological
properties. '8

In this study, we report an investigation of the hydration properties of cellulose (CE) and
several starch biopolymers derived from corn and maize and containing variable amylose (AM)
and amylopectin (AP) contents. The starch materials used herein are maize starch (98% AP),
soluble corn starch (50% AM) and high amylose starch (98% AM), and are denoted AP, AM50,
and AM, respectively (cf- Table 7.1). The solvent-selective uptake properties of the biopolymers
were investigated using batch sorption and swelling studies of neat solvents, water (W) and ethanol
(E). The degree of decolourization of a model phenolphthalein (PHP) guest by the polysaccharide
biomaterials provides a measure of the accessibility of the surface hydroxyl (-OH) functional
groups of the biopolymers. The DSC and Raman spectroscopy results were compared with the
solvent swelling and isotherm adsorption results that further reveal unique solvent selectivity in
W-E binary solutions. The importance of this study is two-fold: 1) to outline a systematic study of
the structure and solvation characteristics of polysaccharide sorbents using complementary multi-
instrumental methods, and i1) to provide a molecular level understanding of the structure-function
relationship of the polysaccharide materials related to their hydration and sorption properties in
W-E binary mixtures. This study contributes to an understanding of the hydration properties of
biopolymers and the molecular level process of fractionation in W-E mixtures, where such
hydration phenomena are the subject of ongoing scientific research for food processing,
environmental remediation, and energy storage. Moreover, this research will catalyze further
developments of green chemistry and engineering that employ platform biopolymers such as starch
and cellulose materials because of their unique interfacial properties and increasing role as

alternatives to petrochemicals in coatings, chemical synthesis, drug delivery, and catalysis.
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7.3  Materials, chemicals and methods
7.3.1 Materials and chemicals

Cellulose (CE) and starches from various sources (corn or maize) containing variable
amylose and amylopectin were chosen as the polysaccharide materials (cf. Table 7.1). All of the
polysaccharides and ethanol (100% w/w) were purchased from Sigma Aldrich (Oakville, ON,
Canada) and were used as received. Deionized and distilled water (Millipore) was used for the
preparation of all aqueous solutions. Some of the physicochemical properties of the

polysaccharides and the solvent components are listed in Table 7.1.

Table 7.1 Selected physicochemical properties of polysaccharides and solvents. NR = not
recorded; ND = no data.

Cellulose  Maize Soluble starch High  Amylose

Polysaccharide starch Starch

PS ID CE AP AM50 AM

AP content (%) - 98 50 2

Molar mass (g/mol) (2.7x10* - (5.30x107)?? 342.30 Average>1.5x10°
9.0x10%)%

Surface Area 0.96 1.52 NR 0.56

(SA; m?/g)

Water solubility (g/L) Insoluble  10% soluble  Soluble Negligible

Dielectric Constant (€) 1.2 3.6 ND ND

Molar volume 18.0 58.0

(Vm; ml/mol)

Vapourization 40.6 38.6

Enthalpy

(AHvap; kd/mol)
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7.3.2 Methods
7.3.2.1  Swelling tests

The swelling properties of the polysaccharides were measured using 20 mg of the adsorbent
equilibrated in 7 ml of Millipore water or neat ethanol for 48 h. The degree of swelling (S) in water
(Sw) or ethanol (Sg) for the different materials was determined using the relationship in equation

7.1 below, where W5 is the wet sample, and Wy is the dry sample after oven drying at 60 "C:

_(ws-wy)
w
Wiy

x100% Equation 7.1
7.3.2.2 Phenolphthalein decolourization studies

The accessibility of the surface hydroxyl (-OH) groups of the polysaccharides were
estimated based on the decolourization of phenolphthalein (PHP) in aqueous solution, according
to a method that was previously reported.'% 22 Seven mL of solution containing PHP in NaHCO3
aqueous buffer at pH 10.5 was added to vials with variable mass (1 mg — 10 mg) of biopolymer
material and allowed to equilibrate with shaking for 24 h at 295 K. This was followed by
centrifugation (Precision Micro-Semi Micro Centricone, Precision Scientific Co.) at 1550 rpm and
measurement of the absorbance using a double beam spectrophotometer (Varian CARY 100) at

room temperature (295 + 0.5 K) and Amax 0f 552 nm.

7.3.2.3  Differential Scanning Calorimetry (DSC)

The DSC thermograms acquired from starch or cellulose samples were equilibrated with
known amounts of water and ethanol solvents. Twenty mg of biopolymer were added to 4 dram
glass vials containing 10 mg of solvent with variable water/ethanol (W-E) weight (%) content. The
sample vials were incubated by shaking (Poly Science, Dual Action Shaker) for 24 h at 160 rpm
at ambient pH and temperature to achieve equilibrium. Thereafter, the samples were separated
from the solutions using a vacuum filter to obtain the solvated solids for analysis by DSC. The
samples were added to DSC pans and sealed with a hole punched in the sample lid to allow for

outgassing of vapour during heating over the temperature range 30 °C — 150 °C.
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7.3.2.4 Raman spectroscopy

The samples for Raman spectroscopy were prepared as above (cf. Section 7.3.2.3), where
the water content was isotopically mixed with 10% (w/w) D20O/H>0. The hydrated biopolymer
samples were isolated by centrifuging (Precision Micro-Semi Micro Centricone, Precision

Scientific Co.) at 1800 rpm for 1 h to obtain hydrated solids for analysis.

7.4 Results
7.4.1 Textural properties of polysaccharides

The textural properties (porosity and surface area) of sorbent materials play a key role in
the relative accessibility of the active sorption sites in the case of biopolymers and their separation
efficiency of W-E systems. Scanning Electron Microscopy (SEM) and Scanning Tunneling
Microscopy (STM) provide important structural information regarding the morphology and pore
structure of such polysaccharide materials.>* The SEM images for AP, AM50, AM, and CE are
shown in Figure 7.1. The starch materials display distinct particle-grain shapes and sizes that vary
from large to small and oval to irregular, with variable diameters (5 — 50 um). The SEM results
for AP reveal minor surface pores (cf. Figure 7.1A); whereas, AMS50 and AM display relatively
smooth surface features that are nearly devoid of pores.?> The SEM results of CE reveal the

quaternary fibril structure of the biopolymer, as evidenced by the textural features in Figure 7.1D.
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Figure 7.1 SEM micrographs for the various native biopolymers.

7.4.2 Swelling and uptake properties of sorbents

26.27 and contributes to

Solvent swelling is an important process in drug delivery systems
the W-E separation in adsorptive fractionation processes.”® Swelling phenomena at equilibrium
conditions relate to adsorption and absorption processes, collectively referred to as sorption. The
thermodynamics of solvent sorption processes by materials can be partly related to surface
interactions that vary according to the textural porosity, according to Table 7.2. The degrees of
swelling (%) of the polysaccharide materials in W-E generally decrease in the following order:
AM (248) > CE (166) > AMS50 (157) > AP (153). This trend in swelling parallels the monolayer
uptake Qm (W) properties of the biopolymers with water from binary W-E mixtures. The
magnitudes of Qm (W) (g of water per g of biopolymer) values vary as follows: CE (1.63) > AM

(0.608) > AMS50 (0.0202) = AP (0.0206).%
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Table 7.2  Swelling and uptake properties of biopolymers in water-ethanol mixtures.

MATERIALS AP AMS50 AM CE

1S, (%) 2.1£0.5 8.0+2 1446 2.0+0.1
1Sy (%) 15310 16021 250412 170£10
2Q_E (g/g) 0.032+0.001  0.051+0.008  0.0084+0.0025  1.03+0.13
2Q, W (g/g) 0.21%0.03 0.20+0.08 0.610.11 1.6£0.2

I

Swelling of biopolymers in Ethanol (E) and Water (W)
2 Sorption capacities of Ethanol (E) and Water (W) in binary W-E mixtures of variable
composition.

7.4.3 Phenolphthalein Decolourization Studies

The surface properties and dipolar character of the biopolymer surface were probed
through the decolourization of phenolphthalein (PHP) dye as a model guest (c¢f. Appendix A7,
Figure A7.1). The dye adsorption method provides an estimate of the surface-accessible hydroxyl
(-OH) groups,? since PHP is known to interact with polysaccharides via ion-dipole interactions at
alkaline pH.>® In general, the level of dye decolourization correlates with the relative accessibility
of the -OH groups of the biopolymer. Figure 7.2 illustrates the decolourization results obtained
from the adsorption isotherm in the saturation region at a fixed level of biopolymer (ca. 30 mg)
for each system. The extent of dye decolourization varies for the biopolymers as follows: AM >

AMS50 > AP >> CE, according to the relative absorbance change (AAbs) in Figure 7.2.
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Figure 7.2 Dye decolourization of biopolymers in the presence of phenolphthalein (see
inset denoting the structure of the non-ionized form of phenolphthalein).

7.4.4 Differential Scanning Calorimetry

DSC provides a measure of the degree and nature of the sorbed water by monitoring the
dehydration temperature profile of the endotherms (AHyap). DSC has been widely used to study
the thermal properties of starch materials since its first use by Steven and Elton,*! and its
application for the study of macromolecular hydration was recently reviewed.>> Moreover, the
complex thermal behaviour of starch is known,** where numerous physicochemical changes can
occur upon heating starch and its modified forms. Structural changes of this type involve dynamic
processes and phase transitions such as gelatinization, melting, glass transition, and crystallization.
DSC transition temperatures and gelatinization enthalpies of starch materials relate to properties
such as the degree of crystallinity and solubility.>*** Stevens and Elton®! observed an endotherm
transition for starch-water mixtures at the 1:2 mole ratio in the temperature range between 54 and
73°C that was attributed to gelatinization. Other reports indicate two *® and three 37 endotherms
after heating wheat/potato starch to about 150 °C that contained 27% and 35-80% water content,

38,39

respectively. Various studies reveal the glass transition temperatures (7g) of starch and its

products differ markedly based on the water content.
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Despite the complex structure of starch, DSC profiles provide important insight on the

thermal properties for such materials, especially at variable hydration. The nature of biopolymer-

solvent interactions can be inferred based on thermal events related to adsorbed solvent since

samples of free (weakly bound), strongly bound, and desorbed water reveal unique DSC profiles

with variable heat flow, intensity, and temperature shifts.*’ Figures 7.3A-D shows the DSC

dehydration/gelatinization endotherms for polysaccharide systems with variable W-E content over

the 30 — 140 "C temperature range. In Figure 7.3, the stability of the bound water generally varies
in descending order: CE > AP > AMS50 > AM (c¢f. Figure 7.3). Amylose starch (AM and AMS50)

systems show a wide range of endothermic transitions (ca. 40-140 “C), especially at higher AM

content.
0.2
0.4
506 N A
= N, P
Z os
g Wl
= T ’
= .10 \
% 42| —APPurew \ i
) AP-Pure E
AP26%wW  \ !
A4 = AP50% W A A)
— -AP-76% W -
1.6
0.1-%
\‘ . J
024 s P
= . -7 -
=Ty ~ LA fr
E 0.3 oy
é 0.4 4
= <
E 0.5 _’— =AM-pure W
= &  ——=AM-pure E
0.6 e AM-25% W
C) —-AM-50% W
— AM-75% W
0.7
40 60 80 100 120

Temperature ( c'C}

-
04 N\ ™ -~ - 7
\ \‘\. / s
0.6 ~ % s
N LN -7 7/
v
0.8 \ “x*/ /
1.0 N\ N /
\ U4
-1.2 - =AMS50-pure W \ , .\ P4
—AMS50-puUre E \ :
14 AM50-25% W !/ B)
=+ AM50-50% W ~
— AMS50-T5% W
1.6
0.0 . ey
o - |
W
0.5 ‘\-\\. A4t
A S
1.0 St
“v 4 !
15 VIS
2.0 \ !
= = CE-pure W \ l
-2.5 = s CE-pure E
CE-25% W \
. -« CE-50% W
30 cersuw \ / D)

140 40 80 80 100 120 140

Temperature (°C)

Figure 7.3 The differential scanning calorimetry results for the various biopolymer
materials; A) AP, B) AMS50, C) AM, and D) CE, with variable

water/ethanol content.

In contrast, the DSC profiles for CE and AP cover a narrower range (ca. 80-120 “C).

Variable water sorption affinity is shown by a decreasing trend in the thermal transitions: CE >

AP > AM50 > AM. Figure 7.4 summarizes the endotherm intensity and temperature shift for the

systems, where variable trends occur according to the relative content of the W-E solvent. At 75%
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W, the profiles reveal significant enthalpy change, whereas hydrated biopolymers with 100%W or

with ethanol (0%W) display the lowest variation in endotherm intensity.
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Figure 7.4 Temperature shift and intensity variations of the biopolymer-solvent systems at
variable W-E content obtained from DSC results.

7.4.5 Raman Spectroscopy

Raman spectroscopy provides insight on the role of microenvironmental effects for
macromolecules due to the sensitivity of Raman spectral intensity changes in polarization and
noncovalent interactions.*! The relatively low scattering cross-section of water aids in the study of
hydration processes of biopolymers using Raman spectroscopy. Figure 7.5 illustrates the Raman
spectra of various solid-phase biopolymers with variable levels of sorbed solvent (W or E). The
Raman spectra of the solvated biopolymers were obtained between 2200 cm™ — 3200 cm™, where
the water fraction contains isotopic levels of DO (10% w/w), as described above. The variations
in line-width/-shape of the uncoupled oscillator HOD Raman bands relate to microenvironmental

effects such as biopolymers with bound vs. unbound water.*>*?
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Figure 7.5 Raman spectra of biopolymer materials in W-E solvent systems
containing D>O (10% w/w), where the relative water (W) content
is denoted by the inset.

The Raman spectra (Figure 7.5) are dominated by vibrational bands at ~2900 cm™.
Polysaccharides typically display strong C-H stretching bands at ~2800 - 3000 cm™! with broad O-
H bands at ~3100 — 3600 cm™.** In the case of the Raman spectra of W-E mixtures, a
characteristic sharp C-H band is observed for ethanol near 2900 cm™'; whereas, the solvent O-H
band appears ca. 3000-3400 cm™'.*¢ The C-H stretching bands (ca. 2900 cm™) relate to combined
vibrational contributions from starch and ethanol and vary according to the solvent composition.
The C-H band at 2900 cm™ shows subtle red/blue Raman shifts up to ~15 cm™, indicative of
microenvironmental effects at variable W-E content. While the Raman scattering cross-section of
H,O0 is low, the use of 10% D>O/H>O mixtures results in a band at 2500 cm™' due to the HOD
uncoupled oscillator contributions of the solvent. The spectroscopic features (intensity, FWHM,
and shift) of this band are summarized in Table A7.1 of Appendix A7. The intensities of the HOD
bands for these materials increase monotonically as the water content increases from 25%W to

75%W. Raman shifts of up to ~15 cm™! are observed but do not appear to follow a well-defined
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trend. Generally, the starch materials with greater amylose content (AM and AMS50) show greater

FWHM values and larger Raman shifts (Figure 7.5 and Table A7.1) vs. AP and CE.

7.5 Discussion

The hydration properties of starch and cellulose materials were compared because of the
unique fractionation properties of such biopolymers and their modified forms in W-E
mixtures.”®*” While starch and cellulose are derived from glucose monomers,* the corresponding
biopolymers have diverse molecular structure and complex morphology (cf. Figure 7.6). Starch is
a semi-crystalline polymer linked by a(1—4) glycosidic bonds that consist of linear (amylose;
AM) and branched (amylopectin; AP) forms that differ based on the position of the glycosidic
bond (cf. Figures. 7.6A and B).*** Cellulose (cf. Figure 7.6C) has p(1—4) glycosidic bonds and
has greater rigidity and crystallinity over starch, attributed to the intra- and inter-molecular H-

50,51

bonding between neighbouring glucosyl units and cellulose chains. Cellulose is a

supramolecular assembly because of the extensive intermolecular H-bonding between cellulose
biopolymer chains, which can aggregate or self-assemble to form micro- and macro-fibrils.>!>?
The structural variability of starch and cellulose affects the textural (pore size distribution and

surface area) properties and surface-accessible functional groups of these biopolymers.
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Figure 7.6 A) Schematic presentation of linear-chain amylose and branched
amylopectin. Structures of B) starch and C) cellulose.>
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The complementary techniques employed above reveal molecular level details regarding
hydration properties of biopolymers in W-E binary mixtures. In particular, the trends in solvent
swelling (AM > CE > AM50 > AP) in section 7.4.2 correlate well with solvent affinity for W-E
systems (CE > AM > AMS50 =~ AP) with minor differences. Variable swelling occurs due to the
role of polar functional groups, surface accessibility, the hydrophile-lipophile balance (HLB), and
textural properties of the biopolymers, according to their physicochemical properties (cf. Table
7.1) and the SEM results (cf. Figure 7.1). Swelling behaviour is influenced by absorption and
adsorption (sorption) processes that relate to the important role of hydrophilic biopolymer-solvent
interactions in the W-E system.>® In general, starch materials have greater hydrophilic character
than cellulose (cf. Table 7.1) according to the surface accessibility of the hydroxyl groups. In the
solid state, nitrogen adsorption isotherms reveal that cellulose has greater permanent surface area
and pore volume over starch materials, in agreement with the rigid fibril structure of CE reported
elsewhere.® In Table 7.2, the swelling of the starch materials appears to increase with amylose
content (AM > AM50 > AP) of the biopolymer, and may relate to the polar group accessibility and
amorphous regions of such materials.?’ The ability of such biopolymers to swell in aqueous
solution contributes to the large differences in textural properties in their dry vs. hydrated state.>*
Non-amorphous vs. crystalline domains have variable hydrate content due to hydrogen bond
donor/acceptor sites with variable accessibility. In the case of high amylose starch (AM), the linear
topology and configurational entropy of AM contributes to greater O-H group accessibility, which
contributes to greater swelling and increased Qm (W) values in binary W-E solvents.”*’

The surface accessible —OH groups of the biopolymers were estimated using the PHP dye
method, where variable decolourization occurs in descending order: AM > AMS50 > AP >> CE.
The surface-accessible active sites of various starch materials reported by Fannon et al.*® and
Gallant et al.**> indicate that the relative accessibility of the starch-active sites in the quaternary
level of granule organization influences the reactivity toward enzymatic reagents. Herein,
biopolymers with greater —OH group accessibility such as AM and AMS50 reveal greater dye
decolourization, solvent swelling, and selective water uptake. It is noteworthy that dye
decolourization is a surface-sensitive method that differs from the solvent swelling due to the
combined effect of sorption (adsorption and absorption) especially for binary W-E mixtures with
high water content. Biopolymers are anticipated to interact differently with water vs. PHP based

on polarity, size, and steric effects. The notable water uptake, reduced accessibility of the surface
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—OH groups (ca. 30%; cf. Figure 7.2),°® and reduced water solubility of CE (cf. Table 7.1) are
related to sorption phenomena due to the unique fibril structure of CE. The lower accessibility of
PHP for the -OH groups of CE are in agreement with a recent study for CE and its cross-linked
forms.!® On the other hand, branched biopolymers such as AP have less rigidity with greater
configurational entropy, accessibility, and favourable dye uptake compared with the rigid CE

biopolymer. The single and double helical structures of starch are schematically illustrated in

Scheme 7.1.

A) B) C)

Scheme 7.1 Illustrative representation of biopolymer structure: A) single helical structure of
amylose and B) amylopectin, and C) double helical structure of amylopectin. Note
that the intra- and inter-molecular hydrogen bonding interactions are not shown.

It is noteworthy that similar decolourization results were observed for AM and AM50 (cf.
Figure 7.2) despite the near linear morphology of AM and presence of branching in AMS50. The
presence of active sites such as surface pores, internal cavities, and channels is known to affect the
binding properties of starch materials, according to light and fluorescence microscopy results.>=’
However, the active sites and surface accessible -OH groups for these biopolymers are likely
diminished, even under slight swelling conditions,>® in accordance with hydration effects on the

configurational entropy of the biopolymers (cf. Table 7.1). Evidence of surface accessibility on
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dye decolourization was observed to increase for cross-linked cellulose and this may be understood

due to “pillaring effects”®

since cross-linking increases the surface accessible —OH groups.

In Table 7.2, AP displays favourable water uptake properties despite its reduced swelling,
in agreement with its branched and conformational labile structure depicted in Scheme 7.1B. In
general, the conformational degrees of freedom for starch contribute to its greater packing
efficiency and reduced pore structure as compared with CE. CE has a more rigid structure with
less swelling relative to the starch materials, in agreement with the nitrogen isotherm® and SEM
results herein. In general, the swelling and water uptake results in Table 7.2 for starch and cellulose
reveal that the uptake in pure water exceeds ethanol by an order of magnitude, and indicates the
preferential solvent affinity of W over E, in agreement with the fractionation behaviour in W-E
solutions.”*

DSC, and Raman spectroscopy provide molecular level insight on biopolymer hydration
processes. The DSC results indicate that the affinity of the biopolymers for water and the stability
of the bound water are listed in descending order: CE > AP > AMS50 > AM, in agreement with the
trend in DSC temperature and endotherm intensity (cf. Figure 7.3 and 7.4). The unique fibril
assembly of CE accounts for unique uptake properties vs. starch according to the textural properties
(pores, channels and cavities) illustrated in Scheme 7.2.

The accessibility of surface -OH groups for CE, and AP to a greater extent, allows them to
participate actively in H-bonding interactions with water, leading to DSC transitions at higher

temperature. Accessible free -OH groups present on the biopolymer surface are where the active

sorption occurs in amorphous regions and micropore domains of the CE fibril bundles.
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A)

Scheme 7.2  A) Supramolecular structure of cellulose showing single strands (grey lines)
connected by intra- (red dots) and inter-molecular (blue dots) hydrogen bonds
to create fibrils with channels and cavities. The regions of zig-zag and straight
lines are the amorphous and crystalline domains, respectively. B) Structure of
starch showing highly branched amylopectin.

DSC gelatinization transitions are prominent in starch materials; such process was reported
for corn starch at 190-200 °C for water content (11-30%).>® Above 30% water content, the
amorphous region of the starch gelatinizes at much lower temperature (~70 "C).> In the case of
high amylose (AM and AMS50) biopolymers, the occurrence of gelatinization is high, according to
the greater swelling values (cf. Table 7.2) and in agreement with the broad DSC transition observed
for these materials (cf. Figure 7.3). The DSC endotherm profiles of starch shift to higher
temperature with greater AP content, as follows: AP > AMS50 > AM (cf. Figure 7.4), in agreement
with the thermal properties of linear vs. branched starch.®*%* Starch materials containing greater
AP content display higher dehydration temperature and enthalpy changes due to greater chain
entanglement over AM starches.®* % The lower melting (gelatinization) temperature of AM starch
is supported by its decreased crystallinity.®® Therefore, solvent swelling, water uptake, and DSC
results support the idea that starch hydration relates to the amount of double helical domains (AP)
vs. single helical structures (AM),?° as illustrated by Schemes 7.1 and 7.2. The AHysp values
undergo an increase when the samples are imbibed at higher water content (75 wt. %) in binary
W-E mixtures, as evidenced by the greatest variation in DSC profiles (cf. Figure 7.4). The variable
hydration for these biopolymers is observed from DSC temperature shifts and endotherm intensity
variations at variable W-E solvent content. Hoogenboom et al.%* have shown that physicochemical
properties such as solubility, conformational entropy and self-assembly of polymers are strongly

influenced by the solvent composition. In the case of pure ethanol, the endotherms of biopolymers
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at ~80 °C in Figure 7.3 relate to the ethanol vapourization (AHysp) of the solvent (cf. Table 7.1).
By comparison, AM shows greater endotherm intensity due to its greater functional group
accessibility, as described above.

In the case of the Raman results, attention was focused on the behaviour of the uncoupled
OD vibrations and the FWHM since it was related to the nature of H-bonding of the biopolymer-
solvent system.*>**% The OD bands for AM and AM50 starch systems were broader with
corresponding red shifts relative to AP and CE. The Raman results for the HOD bands with
variable FWHM and intensity indicate greater sorbed water (solvent-solute) in microenvironments
with weakly-bound/absorbed vs. strongly-bound/adsorbed water, especially in the case of AM and
AMS0. By contrast, AP and CE display attenuated OD bands with a reduced FWHM, and provide
support of highly ordered water due to greater H-bonding within the micropore and fibril domains
of CE. The Raman results provide support that variable H-bonding occurs for AP and CE due to
absorbed vs. adsorbed water, as described above. The Raman spectra of hydration and bulk water
consist of three components at ~2400 cm™!, 2500 cm™ and 2600 cm™!, where the 2600 cm™! band
describes non-hydrogen bonded water (OD).** The broader bandwidths for AM and AM50 may
be related to the weakly-bound water in the micropore domains, in agreement with their greater

swelling and gelation properties.

7.6  Hydration Phenomena of the Polysaccharides

The hydration properties of the biopolymers vary due to three main factors: 1) structural
factors related to the site accessibility of the polar functional groups of the biopolymer, 2)
composition of the W-E solvent mixture, and 3) the physicochemical properties of water and
ethanol. High amylose starches (AM and AM50) are characterized by broader endotherms with
transitions at lower temperatures, providing evidence of weakly and strongly bound water. AP and
CE display relatively sharp endotherms with shifts to higher temperatures, consistent with strongly
bound water. The uncoupled OD Raman bands with red shifts, greater intensity, and bands with
greater FWHM for AM starch systems provide support of weakly bound water, in agreement with
DSC results.

Competitive solvation of biopolymers in mixed W-E systems is governed by the relative
solvent affinity. The main driving force for selective solvation in mixed W-E systems may involve:

i) the ability of the sorbent material to sorb water preferentially within its 3D network, ii) steric
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effects and/or availability of the accessible sites of biopolymer for H-bonding interactions, and iii)
the HLB of the biopolymer surface. High amylose (i.e. AM and AM50) starches’ hydrophilic
nature with abundant surface accessible —OH groups account for the solvent swelling and water
uptake properties for these materials, in accordance with the textural properties of starch.

In the case of AP and CE, the variable textural properties are supported by the SEM results,
which provide an account of the water uptake properties. The water swelling properties of CE (cf.
Table 7.2) relate to its apolar character, which accounts for its reduced —OH group accessibility
imparted by its quaternary fibril structure,® as compared with starch biopolymers that are more
hydrophilic in nature. AP starch has favourable sorption properties due to its branched network
structure that can undergo cooperative H-bonding with water. However, water uptake may occur
within the voids and micropore domains of AP and CE via absorption, especially when the surface
accessibility of the —OH groups is reduced due to steric effects. By contrast, AM biopolymers have
more surface accessible —OH groups for H-bonding due to their linear morphology, in agreement
with dye decolourization results in Figure 7.2. The surface accessibility of polar functional groups
of the biopolymers governs the solvation processes in W-E mixtures. In turn, starch and cellulose
possess variable HLB according to their structures, which relate to solvent affinities between W
and E that differ according to the dielectric constant (Ew = 80; €g = 24) and molar volume [Vm(W)
=18 cm*/mole; Vim(E) = 58 cm*/mole)] values in Table 6.1. The small molecular size of water and
its large dielectric constant contribute to more efficient H-bonding over ethanol,*® in agreement
with its cohesive energy density and enclathration properties. By contrast the H-bond network of
ethanol has a more 2D network character with a propensity to form hydrated clusters, where
ethanol and water undergo favourable solvent-solvent interactions.!® The hydration properties of

the biopolymer systems studied herein are illustrated in Scheme 7.3.
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Scheme 7.3 The hydration phenomena for A) high amylose starches, where swelling and
biopolymer surface-solvent hydrogen-bonding are anticipated, and B) cellulose
and high amylopectin starch, where absorption and hydrogen-bonding occur
within the cavities. The accessiblity of surface hydroxyl groups is reduced in
cellulose due to massive intra- (blue dotted lines) and inter-hydrogen bonding
(red dashed lines). The glycosidic linkages are shown by black lines.

7.7  Conclusion

The hydration phenomena of the various starch- and cellulose-based biopolymers (AP, AM50,
AM, and CE) were studied using DSC, Raman spectroscopy, SEM, solvent swelling in neat/mixed
systems, and adsorption isotherms. The swelling of the biopolymers was greater for high amylose
(AM) and soluble starch (AM50) due to their flexible biopolymer backbone and increased fraction
of surface accessible hydroxyl (-OH) groups. The conformational entropy of the starch materials
(AM, AM50 and AP) accounts for their limited pore structure due to their high packing efficiency
in the solid state; whereas, cellulose (CE) is more porous due to its rigid fibril structure, in
agreement with the SEM results.

Variable surface accessibility of —OH groups for starch systems is supported by the
decolourization results. In contrast to starch biopolymers, the surface —OH functional groups of
CE are less accessible. Despite reduced surface —OH accessibility, CE and AP show similar
hydration properties, in agreement with the DSC and Raman results and consistent with water
uptake within the voids and micropore domains of these biopolymers via absorption. In contrast,
high amylose (AM and AMS50) and high amylopectin (AP) starches differ in their hydration
properties due to variable branching and packing defects, which can offset the surface-accessible
-OH groups in solution in the former due to swelling effects. The superior hydration properties of
CE relate to the quaternary fibril structure that accounts for water uptake due to both absorption

and adsorption processes, along with the small molar volume and dipolar nature of water. The
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factors pertaining to the biomaterial and solvent that influence the hydration of polysaccharides
are described, as follows: 1) the propensity of the biopolymer material to swell and ingress water
within its 3D polymer network, 2) steric effects and/or availability of the accessible sites of
biopolymer for H-bonding interactions, 3) the hydrophile-lipophile balance of the biopolymer
surface, and 4) the nature and composition of the solvent in binary mixtures. An improved
understanding of these factors will contribute significantly to awareness of the structure-property
relationships of biopolymers and their modified forms in their use as sorbents for a diverse range
of applications from food production and carrier systems to environmental remediation of

waterborne contaminants.’ 72
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CHAPTER 8
8.1 Integrated discussion of manuscript chapters

The overall objective of this PhD research was to rationalize the relationship between the
structure and surface chemistry of biomaterials and their modified forms as it relates to adsorption-
based phenomena. The use of pure and cross-linked biomaterials for adsorption in mixed solvent
systems is poorly understood. Hence, there is a knowledge gap for adsorption processes of such
systems especially in the case of biofuels, though many studies have been reported for vapour
phase separations. In this PhD thesis, further study was carried out in this research area to address
the above knowledge gaps that would advance the field of adsorption science and chemical
separations. In chapter land 2, a detailed overview and background of different biopolymer
materials, characterization methods and relevant adsorption models was investigated. Starch
granules (linear and branched polymers refer to Table A8.1 in Appendix A8), natural cellulose
fiber, and cotton linter, (cf. Table A8.2) were chosen due to their unique physicochemical
properties and their structural variability. This thesis was focused on biomaterials such as cellulose
and starches in their native and modified forms along with studies of their related physicochemical
properties using various complementary methods (chapters 3). Chapter 3 discusses the importance
of the cross-linking process for altering the textural properties (surface area, and porosity) and
surface chemistry (polarity, and functional groups) in detail for these biomaterials. Thereafter, the
adsorption properties of these biomaterials were evaluated where the uptake properties for water
(W) and ethanol (E) in binary mixtures were studied (chapters 4-6). The study related to the
hydration phenomena of the native biomaterial adsorbents provided a molecular level
understanding of the sorptive behaviour of such materials for W, E, and binary (W+E) solvents
(Chapter 7).

Among the biomaterials, starch granules, natural cellulose fiber, cotton, and modified and
unmodified Miscanthus were chosen due to their unique physicochemical properties and structural
variability. Each of the biomaterials possess unique physicochemical properties which affect their
adsorptive properties in aqueous solution. In the case of cellulose, its fibril structure differs from
starch which affects the accessibility of the hydroxyl groups and its corresponding adsorption
affinity to polar vs. nonpolar adsorbates. The helical and rigid fibril structure of cellulose differs
from that of starch mainly due to the presence of - vs. a-linkages. The presence of B-linkages in

cellulose allows for this biopolymer to fold in a fully extended conformation to form a sheet—like
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secondary structure that is stabilized by intra- and inter-molecular hydrogen bonding. On the other
hand, starch is a mixture of a—amylose and amylopectin (linear vs. branched polymers) with
variable composition (low to high). While a—amylose adopts an irregular aggregating helical-
coiled conformation that contains regular left-handed helix regions.? Linear starch (amylose) can
form stable complexes with polar and nonpolar species such as triiodide and lipids, according to
previous reports.® One study using X-ray diffraction indicated that starch with higher amylose
content form more stable complexes.* Amylopectin by comparison, has a tree— or brush-like
dendritic structure due to branching effects.® This difference in the structure of starch and cellulose
has shown approximately 30% lower accessibility of the hydroxyl groups for cellulose (cf. Figure
7.2 for determination of accessibility of the biopolymer hydroxyl groups using the PHP
decolourization method). This fact also can be supported by differences in water retention values
(WRV) (cf. Table A8.3 in Appendix A8) and solvent swelling properties (cf. Table 3.4). The water
retention value (WRV) test provides an indication of a fibers' ability to absorb solvent. By using a
centrifuge, determination of the WVR is possible since it facilitates water detachment from the
surface and therefore, the remaining water molecules are associated with submicroscopic pores
within the spaces adjacent to the sheet's surface (absorption).® The analyzed data for water
retention values suggests a decrease in absorption according to the level of cross-linking. In turn,
a solvent swelling test measures the total contribution of absorption and adsorption properties
together. This method is useful for understanding the sorption process involving biopolymer-based
materials (e.g., cellulose, starch, alginate), as they favour processes involving both adsorption on
surface and diffusion within the polymer network.” The analyzed data of water swelling showed
an increasing water uptake from 63% for native starch to 307 % for modified high amylose
starches. The disparity between results of water retention values and the water swelling test
originates from processes such as adsorption and absorption behavior of the materials that
contribute differently.

The surface and textural characterization of biopolymer based materials was carried out
using N2 gas adsorption/desorption isotherms, where Type Il isotherm was noted, according to the
IUPAC classification system. In addition, the adsorption results suggested that completion of the
monolayer saturation profile takes place at a low relative pressure (p/p° near 0.2. Greater
adsorption of N2 gas occurred at p/p° = 0.8, since nitrogen gas molecules can access the grain

boundaries and surface sites of the modified materials.®? The Barret—Joyner—Halenda (BJH) and
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the t-plot (de Boer method) methods provide a means to estimate the pore volume/pore diameter
and micropore surface area (SA), respectively. The BET method provides estimates for the textural
properties, where the SA (ca. 1 m? g!) and average pore size (ca. 10 nm) varied for these
biomaterials. This data infers that the pore types in the sorbent materials remained mesoporous
even after modification. However, the calculated SAs by the BET method does not ideally reflect
the actual values of SA in different microenvironments such as water media due to the occurrence
of water swelling and the size of N2 molecules. It can be concluded that variation in the apparent
SA of cellulose and starches using N2 gas adsorption and water vapor sorption do not arise from
presence of pores. Instead, the absorption of water molecules into the biopolymer structure where
solvent interactions with anhydroglucose units result in structural changes to due strong dipolar
interactions. As a result of the smaller size of a water molecule (~ 0.2 nm) as compared with a
nitrogen molecule (~ 0.43 nm), water vapour sorption measurement can serve as a complementary
technique for analysis of materials with narrow pores that nitrogen molecules cannot access.
Additionally, the water vapour isotherm enables an independent measurement of the SA and pore
size distribution (for details see Figure A8.1 and Table A8.4 in Appendix A8). It is found that, the
water vapour sorption process in cellulose and starch are alike due to the presence of similar
functional groups in their structures. However, due to presence of variability in crystalline nature
of starch and cellulose, they behave differently toward water and ethanol. The results of studies on
starch indicated that water vapor uptake in starch was higher than cellulose and zeolites.® However,
due to steric effects of highly branched amylopectin molecule in the structure of starch and the
larger molecular size of ethanol relative to water, the reported ethanol adsorption capacity (20
mg-g™*) is lower compared to zeolite 3A (40.9 mg-g™).

In this thesis research, both cellulose and starch were modified by cross-linking with
epichlorohydrin (EPI) at variable synthetic feed ratios (polysaccharide monomer/cross-linker mole
ratio; 1:2 [low], 1:3.6 [medium], and 1:5.4 [high]), although EPI cross-linker suffers from some
disadvantages like its low water solubility,’®™ and its related toxicity. The use of EPI with low
ratio was generally approved for food-grade modified starch, as reported by Ackar et al.'?> The
importance of controlling the ratio of the cross-linking finds support by the research reported by
Crini’s group.'*!® These mole ratios (low, medium, and high) were chosen to provide the means
to investigate the effect of the level of cross-linking on the structure of the modified products.

Since each monomer unit of cellulose and starch consists of three hydroxyl groups, the cross-

189



linking feed ratios enable a study of the effect of cross-linker content on the product yield and
structure of the materials. The yield (%) for cross-linked reaction was calculated based on equation

8.1 as follows:1’

dry weight of cross - linked polymers (g)
dry weight of polymers(g)

yield%= x100 Equation 8.1

Furthermore, in the case of cross-linking with epichlorohydrin, the amount of cross-linker is
very critical since the excess amount of cross-linker to biopolymer reactant leads to self-
polymerization, where blocks the hydroxyalkyl sites and forms bridges and side chains within the
network.’® On the other hand, the cross-linking of starch with epichlorohydrin at the right
stoichiometric ratio may take place on the surface and interior of the starch granules. This is
because the cross-linker has the ability of the diffusing into the structure of the polysaccharides
and is affirmed by previous results, where the thermogram of a cross-linked biopolymer
demonstrated variable thermal stability for polymers with interior vs. exterior cross-linking.1%-2

SEM has been used to relate granule morphology to the starch type and its physicochemical
properties, such as pore structure.?? The starch granule materials displayed distinct shapes and sizes
with diameter ranging between 5 — 50 um according to analysis of the SEM results (cf. Figure.
A8.2 in Appendix A8). The maize starch was characterized using SEM and revealed variable
surface pores in the native and EPI-cross-linked states (cf. Figure A8.2A in Appendix A8) and
particularly, the modified maize starch AP-EPI displayed surfaces with enhanced textural
properties. In turn, the SEM of soluble (AMS50), high amylose (AM) starches and cellulose
displayed smooth and non-porous surface. The SEM micrographs of AM50 and AM are generally

characterized by heterogeneous surface and small size granules,?

as shown in Appendix AS,
Figures A8.2B and A8.2C. The SEM results of cellulose and its cross-linked forms (CE-EPI) are
illustrated in Figure A8.2D. The micrograph of cellulose (¢f. A8.2D) implies that the fibril

structures of cellulose resemble bundles of long fibers.?426

probably, the presence of
intramolecular hydrogen bond interactions results in the entanglement of cellulose fibrils to form
a sheet-like topology. As illustrated in the SEM of modified cellulose, the collapse and

disintegration of the fibril structures occur after modification due to fragmentation of the long
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fibers.?” However, SEM results in a study on EPI-cross-linked cellulose showed that the condition
of reaction lead to a smoother surface with slight collapse of the fibril structure.!”

Differential scanning calorimetry (DSC) was used to indicate effect of EPI cross-linking on the
structure of cellulose and starch at variable stage of reaction. The term “gelatinization” in DSC
analysis refers to the phase transition where a highly-ordered structure of materials, e.g., starch
granules, transfers into disordered structure due to heating in the presence of excess water.?®?
Gelatinization can be used for the evaluation of starch granule properties before and after
gelatinization. The ratio of amylose/amylopectin and the structure of starch granules affect the
physicochemical properties and the phase transition of starch.>* Although both amylopectin and
amylose in starch granules can undergo cross-linking reaction, it is believed that the amylopectin
has a greater reactivity.3! Herein, determination of the thermal properties of the samples using DSC
revealed that the gelatinization temperature of the cross-linked starch increased relative to that of
native starch. The results are shown in Figure A8.3 (Appendix A8) which are in agreement with
the results reported by Singh et al.3? This observation can be explained according to the reduced
mobility of the amorphous chains created by the intermolecular cross-linking. According to the
findings by Chen et al.,? the enthalpy of gelatinization depends on the factors like intermolecular
bonding, degree of crystallinity, and presence of impurities. For instance, the waxy wheat starch
with high amylopectin content requires higher energy for gelatinization due to its higher
crystallinity compared with the normal wheat starch. Acquarone et al.®3 found that the cross-linking
process adds intra- and intermolecular bonds that stabilize the structure of granule. Based on the

study by Hirsch et al**

on the cross-linking of several starch materials, greater cross-linking
resulted in smaller granule volume due to creation of higher aggregation. Therefore, the viscosity
observed for the cross-linked starches with higher ratio of cross-linkers is lower than the more
highly cross-linked starches.

Structural variation of the biopolymers (e.g., branching, molecular weight, and relative
amylopectin (branched)/amylose (linear) content) was confirmed to contribute to the variable
solvent uptake in neat solvents (i.e. water vs. ethanol) using gravimetric-based solvent swelling at
equilibrium conditions. The trends for water swelling showed an increase with greater levels of
cross-linking for high amylose starch. These results led to a better understanding of the adsorptive
behaviour of the materials with pure water and ethanol, respectively. These results provided

background information to devise further experimental studies (adsorption isotherm, etc.), as
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outlined in Chapter 4. The N2 adsorption isotherms provided information about textural properties
of the adsorbents according to a solid-gas adsorption process.®® As well, the application of a
phenolic dye (PNP) as an adsorbate was used to characterize the adsorptive capacity and textural
properties in aqueous solution to account for the role of solvent and swelling effects. The results
of PNP adsorption isotherm study provided estimates of the textural properties of cellulosic
materials (e.g., SA and pore volume). In a study by Udoetok et al., *® the calculated SA of native
cellulose and its modified forms according to adsorption isotherms with PNP varied from 9.83 to
38.6 m?/g. A similar range of SA values was obtained for starch and its cross-linked forms
according to the minor variation in PNP uptake as revealed for amylose (1.22 mg/g to 1.44 mg/q)
and amylopectin (1.31 mg/g to 1.55 mg/g). A dye-based method using PNP (cf. Figure 3.5) also
was used to assess the effects of cross-linking on the surface chemistry and textural properties of
cellulose and its cross-linked forms. The results indicate that the Qe values for cellulose as 1.11
mg/g and 1.32 mg/g for its cross-linked forms. Increased cross-linking provides an incremental
change in the surface chemistry and textural properties that are inferred to influence adsorption
properties. The findings indicated that the cross-linked materials have tunable sorption properties
as evidenced by their adsorptive capacity toward model dye (PNP), as compared to the unmodified
biopolymer. In addition, the textural properties (i.e. surface area and porosity) and surface
modification due to the presence of functional groups and cross-linker units for these adsorbent
materials were probed using dye adsorption (PNP at pH 6) in aqueous solution. The value of pH
at the point of zero charge (pHzpc) provided a means for understanding the electrostatic interactions
between surfaces of the adsorbent materials and charged adsorbate species (Figure A8.4 in
Appendix A8).3% As an example, the surface of cellulose is negatively charged due to
deprotonation of hydroxyl groups at pH above ~3 when pH > pHzc. In turn, the cellulose surface
has excess positive charge at pH < pHzy, due to adsorption of H* ions. The neutral form of
cellulose (R-OH) or its protonated forms can interact with ionic forms of PNP as an adsorbate (pKa
of PNP=7.15) via ion-dipole or ion-ion interactions, according to speciation of such a system.
Variable surface protonation occurs for cross-linked vs. unmodified cellulose according to the

observed trends in the pHzpc values as the level of cross-linking varies.
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Scheme 8.1.1 A) Linear, B) Branched and C) cross-linked structure of biomaterials (dark

line segment).

The presence of numerous hydroxyl groups in the 3D polymer network alter the hydration
properties and vary the intensity of the biopolymers according to the level of cross-linking. The
resuls obtained using *3C solid state NMR spectroscopy (cf. Figure 3.2) and differential scanning
calorimetry (cf. Figure 7.3) showed that the 3D biopolymer networks possess amorphous structure,
with limited or the complete absence of ordered networks. The results of this thesis research reveal
that there is no clear relationship between the level of cross-linking and adsorptive capacity of the
biopolymer materials for PNP since the biopolymers are too polar, whereas; PNP would require
surfaces with more apolar character to be adsorbed. These results indicate that several different
factors govern the adsorption process such as steric hindrance and relative accessibility of the
active binding sites. Therefore, this study contributes to a greater understanding of the connection
between the adsorption properties and structure of biopolymers and their modified forms in
aqueous solutions. Thus, systematic studies related to the study of the structure and adsorption
properties of such systems are warranted for future work. The swelling and PNP uptake results
provide limited insight on the adsorption properties based on the use of single point adsorption
results. Additionally, the changes in water and PNP uptake capacity of modified adsorbents
provided a rationale to conduct adsorption experiments for the separation of water from ethanol.

To enable a systematic study of the adsorption properties in mixed solvent systems (W+E),
a suitable method for the analytical detection of water and ethanol in a binary mixture was required.
Chapters 4 and 5 were focused on the development of gNMR for quantification of the uptake of

solvent components for estimation of isotherm uptake parameters for such polymer/solution
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systems. The qNMR technique is an analytical method that is versatile and rapid compared to other
techniques for quantification of water and ethanol over a range of water contents (4-95%) in binary
(water-ethanol) mixtures. *H-NMR spectroscopy was used to provide in situ quantitative estimates
for the composition of water/ethanol components when adsorptive uptake reached an equilibrium

condition in binary W-E mixtures, as depicted by equation 8.2.

Sorbent (s) + Wx/Ey (soltn) <— Sorbent-Wz-Ez (s) + Wx-z/Ey-z* (soltn) Equation 8.2

This solid-solution system illustrates a physical separation of water (W) and ethanol (E) in
a binary (Wx/Ey) solution (soltn) corresponding to adsorption at equilibrium. The limiting case
presented above shows an arbitrary solvent uptake (Z and Z’) by the sorbent relative to the original
binary (W+E) solvent mixture at variable composition (X and Y).

In order to provide quantitative data to allow for analytical estimation of concentration
from peak area of the NMR signals, a longer time for T, was chosen to obtain fully relaxed spectra.
The optimized conditions were used to obtain fully relaxed spectra (cf. Table 4.2). In chapter 4,
cellulose and its modified forms with different levels of cross-linking were also used as adsorbents
for separation of water and ethanol in binary mixtures. The gNMR method was developed to
estimate the relative composition of water and ethanol in binary W-E mixtures. Deuterated DMSO
was used as the NMR solvent in W-E mixture rather than DO as it results in better resolution for
the respective water-ethanol NMR signals (cf. Table 4.3). The results of isotherms at equilibrium
conditions by use of dye uptake studies were evaluated using the Sips isotherm model to obtain
the adsorption parameters (cf. Equation 2.7 in chapter 2). As well, these results were used to
estimate the potential of such sorbents for the separation of water from ethanol in binary (W+E)
mixtures. The Sips model is a three-parameter equation that gives a better fit than two-parameter
isotherm models such as the Freundlich and Langmuir equations. Nevertheless, the Langmuir and
Freundlich isotherms have been used for the study of various adsorption isotherms. Karimi et al.*°
applied both Langmuir and Freundlich models satisfactory on adsorption isotherm of starch and
cellulose in water/ethanol system. During the adsorption in the water/ethanol system, both species
may be adsorbed on the surface regardless of their affinity toward the adsorbents; therefore, either
may play role in the adsorption of another. For this reason, several theoretical models for
adsorption isotherms have been derived. Although application of a dual- mode isotherm model for
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fitting the water/ethanol isotherms (equation 8.3) seems more relevant to obtain realistic values
due to role of potential interference of adsorbate in multi-component systems. Herein, the
interpretation of the uptake results was conducted by considering the uptake of water and ethanol
independently. Indeed, a study of multicomponents in solution is essential for understanding the
interactions between components since surface charge, structure, size, and functional groups of
adsorbates play an important role in the adsorption process. However, in this study, water was
considered as a solvent and adsorption of ethanol was modeled using the Sips model. Nonetheless,
since the measurement of unbound fraction of water and ethanol is possible using NMR
spectroscopy due to differences in the coupling pattern (i.e. coupling doesn't occur between
equivalent hydrogens), reliable spectra of ethanol were used to achieve two mutually exclusive

isotherms. The modified Sips isotherm for multicomponent system is:

m
— Qm,i Ks,iCe,i

. Equation 8.3
o 1+IK, Co !

Where Qe,i represents the equilibrium adsorption capacity for component i (mg/g), Ce,i
represents the equilibrium concentration of component i (mg/L), Qm,i is the monolayer adsorption
capacity for component i (mg/g) , Ke,iis a constant for Sips isotherm (L/mg)™, and m is the Sips
model exponent. The Sips constants are taken from the isotherm data of respective solvent
components (W vs. E).

Chapter 5 describes a study that builds upon the results obtained from chapter 4 for
cellulose-binary solvent isotherm studies. Chapter 5 is focused on an adsorption study of various
starches (maize, corn starch, soluble starch) and their modified forms in water/ethanol binary
system. Based on the variable structure of starch in relation to cellulose, the study in Chapter 5
was focused on developing an understanding of the structure-adsorption property relationship
between starch (linear and branched forms) and modified forms in the presence of water/ethanol
in binary mixtures. The structure of the starch consists of a—linkages (cf. Figure 1.1), whereas;
cellulose has B-linkages between monosaccharide units in the biopolymer structure (cf. Figure
1.3). This structural variability affords variable characteristics to these polysaccharides including

crystallinity, rigidity, and solubility. In addition, the unique water uptake properties (higher
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Rselectivity Values) of starch and its modified forms relative to the cellulose materials illustrate the
role of textural properties and relative hydrophobic character of the polymer network according to
the selective adsorption properties (cf. Figure 5.2) in W-E binary mixtures. Among different types
of starch (linear and branched forms), high amylose starch had the highest water selectivity (ca.
72) compared to the branched amylopectin starch (ca. 6.4). This is due to the presence of variable
numbers of surface —OH groups with different surface accessibility that influence favourable
interactions between the biopolymer and solvent components.**%? Generally, starch based
materials show greater water selectivity (cf. Figure 5.2 B) over ethanol when compared with
cellulose-based materials (cf. Figure 5.2.A) and their cross-linked forms, as follows: Rselectivity
(water: ethanol) was 2.5:1 (cellulose) and 80:4 (starch). These results confirmed that the
dehydration of the binary W-E mixtures can be achieved by adsorptive fractionation at ambient
conditions. Based on the given information in Table 5.4, for values of Rselectivity, Starch can compete
as an alternative dessicant as compared with molecular sieve adsorbents.*®

As indicated before (in Chapter 4), cellulose materials have reduced accessibility of polar
groups because of extensive intra- and intermolecular hydrogen bonding which is in agreement
with the supramolecular framework structure of CE fibers. This fibril structure of CE has an effect
on the accompanying adsorption properties and selectivity.** It can be inferred from the isotherm
results (cf. Figure 4.3) that cross-linking of cellulose expose the hydroxyl groups and influence the
relative accessibility due to “pillaring effects” that occur upon cross-linking.*® Although
epicholorohydrin (EPI) has been used commonly as cross-linker for modification of cellulose,*®
cross-linking likely takes place at the surface rather than core of the fibers since the linkages
between the anhydroglucose units of the cellulose chains could hinder the formation of inter-fiber
hydrogen bonds.*’

Powder X-ray diffraction (PXRD) analysis serves as a non-destructive analytical technique that
enables evaluation of the crystalline nature of materials. The XRD pattern indicates two main
diffraction signatures at ca. 260 = 20 and 30° which can be assigned to the crystalline region of
cellulose. (cf. Figure A8.5, Appendix A8) The slight broadening of the diffraction pattern of
modified cellulose by EPI indicates that crystallinity is decreased slightly after modification
probably due to presence of less ordered structure because of the disruption of intra hydrogen
bonding. The XRD patterns of a study by Majzoobi et al.?’ indicated that cross-linking reaction
reduces the distance between starch chains without changing the crystalline pattern. This
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observation is confirmed in another study by Koo et al.*® where they reported that no big difference
in crystallinity pattern has been found after modification of the corn starch compared to the native
starch. This infers that the process of cross-linking mainly occurs in the amorphous region of starch
granules showing no alteration in the XRD patterns for the crystalline domains of the starches.

13C solid state NMR spectroscopy revealed useful structural information related to the
framework of the carbon in the structure of cellulose and its modified forms, as illustrated in Figure
A8.6, Appendix A8. The main signals of cellulose and its cross-linked forms were observed
between 62 and 105 ppm, in accordance with previous studies.*®-2 Generally, the signals at 104.9
ppm (C1), 88.7 ppm (C4) and 64.7 ppm (C6) can be assigned to *C nuclei in the crystalline
domains where signals at 83.8 ppm (C4) and 63 ppm (C6) can be related to the amorphous domains
of cellulose. The similar chemical shifts of cellulose and its modified forms enable one to infer
that the cellulose skeleton was preserved after cross-linking, in agreement with previous reports.*®-
49 Important spectral features for cross-linked cellulose is its reduced intensity for the amorphous
domains where signal splitting also occurs at 104.9 ppm and 70-87 ppm. The reduced intensity
and splitting suggest that the carbons corresponding for these signals are involved with cross-
linking.” In addition, NMR studies®*® for materials cross-linked with EPI revealed *C NMR
signatures between 69 and 73 ppm for the EPI linker unit, in accordance with the NMR results in
Figure A8.6, Appendix A8.

According to the results in chapter 4, the uptake properties of cellulose and its modified
forms rely on the nature of the cross-linking. This feature was evidenced by a dependence of the
uptake capacity of these biopolymer materials (cf. Tables 4.4 and 4.5) on the textural properties
and surface chemistry. The high uptake capacity for both ethanol and water was observed in
cellulose with higher level of cross-linking because of the incremental effects of cross-linking of
the modified materials (cf. Tables 4.4 and 4.5). Besides, the relative selectivity of water over
ethanol was greater for modified forms of these materials relative to native cellulose (cf. Figure
4.4). This research addressed the second objective of the thesis that related the development of the
gNMR technique for study of the adsorptive fractionation of water/ethanol using cellulose
materials.

In addition, these studies (chapters 4 and 5) resulted in a greater understanding of the role
of structure and surface chemistry on the adsorptive behaviour of biopolymers for fractionation of

water-ethanol mixtures. With respect to the trends in the adsorption properties for starch and
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cellulose biopolymers for the separation of water-ethanol mixtures, the results from Chapters 4-5
may provide insight on the adsorption properties of biomass that contain similar biopolymer
components. One such biomass is Miscanthus since it is composed of cellulose and hemicellulose
biopolymers among other components (40-60% cellulose, 20-40% hemicellulose, and 10-30 %
lignin).*® In Chapter 6, the adsorption properties of Miscanthus and its modified forms were
evaluated according to variable types of chemical pretreatment and mechanical milling to yield
materials with variable particle size. The resulting Miscanthus adsorbents were studied for their
adsorptive fractionation properties of water and ethanol in binary (W+E) mixtures. The chemical
pretreatment of Miscanthus was carried out to generate biomass with modified levels of cellulose
and lignin content. Subsequently, the adsorption properties of cellulose-enriched and lignin
materials were evaluated using qNMR in binary mixtures of water and ethanol. The adsorption
results obtained for water and ethanol indicated that cellulose enriched materials had lower water
uptake (Qm = 2.9-3.4 g/g). By comparison, the raw Miscanthus biomass displayed higher water
uptake compared to lignin (Qm = 0.64g/g). In raw Miscanthus biomass, the hemicellulose is located
within the cellulose fibril domains.>” The presence of hemicellulose affords variable hydrogen
bonding interactions within the cellulose fibril network and the surface sites because cellulose/
hemicellulose may serve as donor and acceptor sites for the respective solvent components (water
and ethanol). Moreover, the solvent selectivity ratio of these materials showed that this selectivity
ratio is similar to the selectivity ratio reported above for pure cellulose and its modified forms (ca.
2.5:1 for water over ethanol). The results of this research uncovered that the particle size variation
(16, 40, 70 um) has significant effect for raw Miscanthus with water (Qm= 3.7-8.9 g/g). In the case
of raw Miscanthus, there may be a waxy outer layer on the biomass that becomes removed upon
grinding to variable particle size. Reduction in particle size via grinding may result in some degree
of removal or exposure of the waxy regions that contributes greater access of water to the
adsorption sites (cf. Scheme 8.1.2).%8 Particle size effects on the modified forms of Miscanthus
show a minimal impact on the overall adsorption capacity toward water (Qm = 2.9-4.7 g/g) and
ethanol (Qm = 2.8-3.2 g/g). This observation indicated that the impact of chemical treatment was
more significant since it generates more access to the hydrophilic sites (e.g., hydroxyl groups) and

pores in the structure of the biomass.
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Scheme 8.1.2 Photograph of miscanthus A) before grinding and B) after grinding.

One of the critical aspects of the adsorption process relates to the regeneration and
reusability of the adsorbent materials. Regeneration of sorbent materials enables an enhancement
of the efficiency of the system for multiple cycles of application. To meet this requirement, a
regeneration study was conducted on modified and unmodified Miscanthus toward water/ethanol
by applying four cycles of adsorption-desorption. The results of regeneration studies showed ca.
12% decrease for the relative uptake of water/ethanol due to sintering effects during the
intermediate drying process at high temperature. The results of this study contribute to the
development and application of biomass alternatives such as Miscanthus for adsorptive processing
of solvent mixtures due to their relative abundance and low cost over the use of synthetic
adsorbents or isolated biopolymers such as cellulose and hemicellulose.

The results reported by Crini’s group suggest that there are sparse studies directed towards
development of a systematic understanding of the interactions between the components of the
adsorption process (i.e. the bioadsorbent, adsorbates and solvents). 5>¢°Although the characteristics
of the cross-linked biomaterials have been studied widely, investigation of the solvation
phenomena are sparsely reported in the literature.®*%2 Based on the results outlined in the previous
chapters (e.g., swelling test, and dye uptake results), solvent effects play a key role on the
adsorption process that influence the uptake capacity and molecular selectivity in the case of mixed
systems. The use of dye uptake studies not only provided a tool for measuring the adsorption
properties, but also provided estimates of the textural properties of adsorbents. The estimation of
the surface area by the dye-based method gives complementary insight on the textural properties
that may be compared to the nitrogen adsorption results due to the role of solvent swelling effects
in aqueous solution. To achieve a more comprehensive understanding about the adsorption process
for the separation of water-ethanol mixtures, it was essential to study the role of solvent

contributions and its role to the overall sorption process.
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The final objective of this thesis was addressed in Chapter 7 which focused on the role of
hydration effects (i.e. biopolymer-solvent interactions) to gain further insight on the adsorption
properties of starch and cellulose biopolymers. For this reason, chapter 7 was focused on a study
of the molecular details of the solvent effect (hydration effects) on starch and cellulose with respect
to their adsorption properties. In Chapter 7, thermoanalytical (e.g., DSC), spectroscopic techniques
(e.g., Raman spectroscopy), SEM, and dye (i.e. PNP and PHP) adsorption methods were used to
evaluate solvent effects. The results provided supporting evidence for the key role of water
adsorption for variable types of starch (i.e. maize, corn starch, soluble starch) and cellulose. The
hydration effect refers to interactions of the solvent with the adsorbent surface. Based on that, the
variable HLB properties of starch and cellulose contributed to variable solvent affinity between
water and ethanol according to the differing dielectric constant (Ew = 80; €e = 24) of each solvent
component. The results of this study indicated the solvent effects due to hydration phenomena are
more pronounced for the adsorption properties of cellulose/water/ethanol system compared to the
other systems studied in this chapter (cf. Figures 7.4 and 7.5). In this regard, cellulose has a
quaternary fibril structure that may lend to its unique hydration properties, in agreement with the
results of water uptake (cf. Table 4.5 in Chapter 4). The water swelling results (cf. Table 7.2) are
unique owing to the small molar volume (Vm=18 ml/mol) and dipolar nature of water (u=1.85 D)

compared to ethanol (Vm =58 ml/mol, p =1.66 D), as depicted in Scheme 8.1.3.
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Scheme 8.1.3 Molecular structure of A) Water and B) Ethanol (R= CH3CH>-).

Note: Water has 30% smaller molar volume relative to that of ethanol.

It is well-accepted that adsorption properties of an adsorbent depend strongly on the
physicochemical characteristics such as the textural and surface chemical properties. However, the
process of adsorption is the consequence of balanced interactions between the adsorbent, adsorbate

and solvent. These adsorptive interactions are well correlated to the textural properties,
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morphology, and surface chemical nature of the adsorbents and the physicochemical properties of
the solvent. Various intermolecular forces including van der Waals, induction and/or dispersion),
electrostatic interactions, hydrogen bonding, and hydrophobic interactions affect the adsorption
processes. The study outlines the importance of solvent effects which provide an understanding of

the role of interactions between the biopolymer and solvent in the adsorption process.

8.2 Conclusion

In this PhD research project, the adsorption properties of native and modified
polysaccharides toward liquid mixtures of water/ethanol were studied by characterizing their
structural and adsorption properties. This work has yielded several unique outcomes that relate to
new knowledge of biopolymer materials and their utilization in applications such as the food and
fuel industry. The results provide an in depth understanding for the relationship of polysaccharide
structure and hydration phenomena, along with the selective adsorption properties of such
materials in water/ethanol binary mixtures.

The outcomes of this study demonstrated that biomaterials such as cellulose, starch, and
their modified forms have variable adsorption properties in aqueous solution, according to their
diverse macromolecular structure. The synthetic modification of biopolymers including starch and
cellulose were carried out by cross-linking at variable synthetic feed ratios. A study of the dye
uptake properties using p-nitrophenol at equilibrium conditions and the swelling properties in
water and ethanol revealed that the modified biopolymers had tunable physicochemical (i.e.
textural and sorption) properties. The tunable adsorption properties of these biopolymers was
correlated with the cross-linking method employed according to the different ratios of the cross-
linking agent (epichlorohydrin), and variable synthesis conditions (e.g., nature of the biopolymer,
stirring rate and temperature) to form cross-linked materials. The characterization of the materials
according to TGA and FT-IR spectroscopy confirmed the structure of the modified cross-linked
biopolymers. The adsorption studies for the modified biopolymers reveal an improvement relative
to the native biopolymer materials. The variation in adsorption properties was attributed to
pillaring effects and changes in surface functionality that arise due to cross-linking of the
biopolymer network. Solvent swelling in the presence of ethanol or water was evaluated and a
significant increase in water/ethanol uptake capacity was observed, especially for cross-linked
polysaccharides. In addition, equilibrium sorption properties of the cross-linked polysaccharides

was evaluated using a dye-based method with p-nitrophenol (PNP) as a model organic compound
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for estimating the textural properties.®* The cross-linked materials with EPI and high amylose
content display decreased sorption as the EPI ratio increased, whereas; biopolymers with greater
amylopectin (AP) content display greater uptake of PNP as the EPI ratio increased. These
observations provided supporting evidence for variable adsorptive uptake properties according to
the level of cross-linking. In this regard, the development of a suitable quantitative method for
analytical detection of water and ethanol reveal that methods such as the Karl Fischer titration and
chromatography (GC and HPLC) have some drawbacks mainly due to their need for longer
analysis time. This research focused on the development of a quantitative *H-NMR (QNMR)
spectroscopy as a technique to measure the water and ethanol levels in binary (W+E) solutions.
gNMR enabled the characterization of the solid-solution adsorption isotherms through the
detection of residual water and ethanol in binary solvent mixtures. It was concluded that gNMR
was suitable for in-situ quantitative analysis of solvent components (water and ethanol), especially
for the quantification of the adsorption properties in binary mixtures for each respective solvent
component (W and E). The outcome of this research project indicated that qgNMR is suitable for
the detection of water and ethanol over a range of 4-95% water content in binary mixtures, based
on studies of solid-solution adsorption isotherms. The study of isotherms using the Sips model
provided thermodynamic parameters that give insight on the structure and adsorption properties of
the biopolymers and their modified forms. The effect of biopolymer cross-linking was shown for
starch and cellulose materials, in accordance with the high uptake capacity for both ethanol and
water. Furthermore, the variable solvent uptake selectivity of water over ethanol (Rselectivity) for
these biopolymers and their cross-linked forms was revealed by the nature of biopolymer, degree
of cross-linking, and textural properties of the adsorbent. Likewise, the results showed that the
uptake selectivity of water over ethanol (Rsetectivity) Was greater (4:80) for the cross-linked starch
vs. the native starch. These observations confirmed that cross-linked biopolymers have greater
uptake of water and ethanol in mixed solutions. Cross-linking was inferred to alter the surface area
and porosity as well as surface chemistry via accessibility of the biopolymer —OH groups in an
incremental manner. This trend is supported by results obtained using N2 adsorption (e.g., collapse
in N2 adsorption-desorption diagram of starch) and FT-IR spectral results.®*

To understand the kinetic process of water/ethanol adsorption, the kinetic uptake results
were evaluated using the PSO model for the solvent uptake (water and ethanol) for cellulose and

its cross-linked forms. In the case of cellulose/solvent systems, a relatively rapid kinetic uptake
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[0.6-0.9 g.mgt.min] was observed as noted in Figure 4.6 in chapter 4. The PSO model assumes
that the overall adsorption rate is limited by the rate of adsorbate diffusion into the pores of sorbent.
Thus, it was indicated that increased biopolymer cross-linking had a positive effect on the uptake
properties.

To extend the study and provide a means for comparison with starch-based materials, an
understanding of the fractionation properties of variable types of starch and its cross-linked forms
were evaluated. As a result, a modified form of high amylose starch was shown to display the
highest uptake of ethanol and water (cf. Figure 5.2 in chapter 5), when compared against other
types of starch. Overall, starch based materials display greater solvent selective uptake of water
over ethanol, where values of Rselectivity (Ca. 4:80) exceed that for cellulose-based materials. The
differences between starch and cellulose at variable cross-linking ratios are attributed to the
variable types of glycosidic linkages (o-linkage for starch and B-linkage for cellulose),
macromolecular structure, and textural properties of these biopolymers.

The adsorption studies for simple biopolymers (e.g. cellulose and starch) provided
motivation for the study of a Miscanthus biomass adsorbent because of its greater structural
complexity. Therefore, an investigation of the solvent selective uptake in W-E mixtures for raw
Miscanthus (RM) and pretreated Miscanthus (PTM) biomass was conducted to understand the role
of various biopolymer components on the adsorption properties in a comparative manner. The
difference in RM and PTM materials relate to the variable effects of chemical pretreatment to yield
modified biomass with variable biopolymer composition (cellulose, hemicellulose and lignins).
The adsorption isotherm model showed variable solvent uptake with water (W), ethanol (E), and
in binary mixtures using PTM. The solvent uptake results showed that particle size difference (16-
70um) has a negligible effect on the adsorption of W-E in binary solvent mixtures (cf. Table 6.2
in chapter 6). Furthermore, chemical treatment indicated an effect related to the surface
accessibility of the hydrophilic adsorption sites and micropore accessibility of the biomass
adsorption sites. The adsorption capacity (g/g) of raw Miscanthus was evaluated with water (8.93)
and ethanol (4.15) using qNMR spectroscopy. The results showed that the solvent selectivity ratios
in binary W-E solutions are greater for RM (ca. 1:3) compared with PTM (ca. 1:1.5), and may be
ascribed to changes in the composition of cellulose and hemicellulose due to the treatment. A key
aspect of this study was focused on regeneration of the biomass for multiple adsorption-desorption

cycles. Regeneration studies were investigated using swelling tests as a model process over four
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cycles of adsorption and desorption in neat solvents (water vs. ethanol). The results show that
Miscanthus has a moderate decrease (12%) in uptake. Overall, RM biomass showed greater water
uptake selectivity over ethanol compared to PTM in binary W-E systems. This study presents a
molecular level understanding of the role of biopolymer components in solvent swelling and
selectivity. The study on Miscanthus also motivated a more detailed study of the hydration
properties of biopolymer components as described below. Adsorption processes are strongly
influenced by choice of solvents (water and ethanol) which also influence the hydration
phenomena of the biopolymer. To gain a further understanding of the role of hydration phenomena
in adsorption processes involving water/ethanol mixtures, a research study was focused on the
hydration properties of biopolymers. The use of thermoanalytical and various spectroscopic
techniques were employed to investigate the hydration of various biopolymer materials in a
comparative manner. The hydration phenomena of the various starches with different structural
forms according to the content of amylose (linear) vs. amylopectin (branched), and cellulose-based
biopolymers were studied using DSC, Raman spectroscopy, SEM, solvent swelling in single
component and mixed solvent systems, along with adsorption isotherms with various dye-based
probes. This multi-instrumental approach was pursued to develop a molecular level understanding
to gain insight why high amylose (AM) and soluble starch (AM50) display greater solvent swelling
in water and ethanol relative to other biopolymers. The observed variation in hydration properties
were attributed to the flexible biopolymer backbone and the greater fraction of surface accessible
hydroxyl (-OH) groups. Variable surface accessibility of the —OH groups for starch and CE are
supported by the dye decolorization results, as indicated by the use of phenolphthalein (PHP) as a
dye probe (cf. Figure 7.2 in section 7.4.3). The PHP dye decolorization method reveals that the
surface —OH functional groups of CE are less accessible compared to starch biopolymers. CE and
AP show similar hydration properties, in agreement with the DSC and Raman spectral results,
despite the reduced surface —OH accessibility of CE. The reduced surface —OH accessibility of CE
is related to its fibril structure which are bound by strong inter/intra molecular hydrogen bonding.
In addition, the hydration properties of high amylose (AM), soluble starch (AM50) and high
amylopectin (AP) starches differ because of variable branching and packing defects of their tertiary
structures. Structural effects of this type are hypothesized to affect the adsorbate permeability and
surface accessibility due to the variable proportion of -OH groups on the biopolymer surface.® In

aqueous solution, the quaternary fibril structure of CE influences the hydration properties due to
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the reduced accessibility of the surface hydroxyl groups on the solvent uptake and swelling
phenomena. The accessibility of polar functional groups such as biopolymer —OH groups
contribute to an increase in the sorption properties. This is especially true in the case of CE due to
changes in surface area and pore structure properties due to the greater role of biopolymer-solvent
interactions vs. biopolymer-biopolymer interactions. The small molar volume and dipolar nature
of water affects the hydration properties of polysaccharides in several ways: 1) the tendency of the
biopolymer material to swell due to solvent uptake within its 3D polymer network, 2) H-bonding
interactions of the biopolymer can occur to variable extents because of steric effects and/or
availability of the active binding sites (e.g., -OH groups). A better understanding of these factors
will contribute a further understanding of the structure-property relationships of biopolymers and
their modified forms as sorbents for applications that range from food to fuel production. To
summarize, this PhD research study addressed the following knowledge gaps in the field of
polysaccharide materials:

1- The study on polysaccharides contributed to a greater understanding of factors related to
water-ethanol adsorptive separation, where such studies were sparsely reported in terms of
liquid phase separation at the start of this PhD thesis research. This study characterized the
structural, physicochemical, textural and adsorption properties of cellulose and starch as
biosorbents for separation of water from ethanol in binary mixtures.

2- Modification of cellulose, starch, and Miscanthus was carried out to alter their chemical
and textural properties. This PhD research study employed variable types of surface
chemical modifications (e.g., cross-linking and physical/chemical treatments) to alter the
type of surface functionality of the biopolymer materials.

3- Limited studies have evaluated the effect of cross-linking degree in a systematic fashion.
Herein, variable stoichiometric ratios for cellulose and starch with epichlorohydrin as
cross-linker (1:2, 1:3.6, 1:5.4) was employed in an incremental manner to a series of
structurally related polysaccharides to investigate the effects of cross-linking and its role
on surface accessibility and textural properties.

4- Structural and physicochemical characterization of these polysaccharides was carried out
to gain a greater understanding of the effect of cross-linking on the adsorptive properties

of modified adsorbents. This PhD research study employed the combined use of several

205



types of spectroscopic and analytical methods to investigate the structure-property
relationships of biopolymers in a systematic manner.

5- The application of native forms of biomass (Miscanthus) as an adsorbent was used for the
controlled uptake of chemical species and separations from aqueous solution. This PhD
research study contributes to an improved understanding of the role of biopolymer
components in Miscanthus biomass and the potential use of such materials for the
adsorptive processing of water-ethanol binary mixtures by adsorption-based separations.

6- Application of alternative methods such as quantitative NMR (QNMR) for detection of
water/ethanol has not been widely reported for the study of adsorptive fractionation in
binary mixtures. The gNMR technique overcomes the need for chromatographic separation
and offers in situ detection when there is no spectral overlap of the NMR signatures of
interest). As well, this approach results in shorter analysis times relative to

chromatographic methods.

8.3 Future work

Based on my research projects during the PhD program, the utility of biopolymers, such as
cellulose, starch (linear and branched forms) and their modified forms were reported as suitable
adsorbents in binary (water and ethanol; W+E) solution mixtures at variable W+E composition.®
A key hypothesis in my PhD research focused on the controlled variation of the physicochemical
properties of native biopolymers and biomass through synthetic modification of the biopolymer
structure. Cross-linking of polysaccharides with epichlorohydrin (EPI) serves as a promising
technique to achieve this goal. Judicious choice of cross-linker offers specific features including
rigidity, flexibility, and variable HLB. The cross-linking of polysaccharides with different types
of cross-linkers is a recommended area of proposed research for the design of new adsorbents. The
cross-linker introduces intermolecular bridges or cross-links units between biopolymer units that
may serve to alter the overall textural properties and surface chemistry of the framework. In
addition, the modular design by doping other components such as metal ions or introduction of
other elements as chelator sites represents a facile approach for tuning the sorption capacity
especially for polysaccharides. Metals that incorporate modular binding sites when combined with

polysaccharides are predicted to enhance their water and/or ethanol adsorptive properties.®’
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In this research, additional study has revealed that the utility of biomass such as
Miscanthus offers a cost-effective and sustainable adsorbent material with suitable adsorbent
properties that may fulfill the requirements for adsorptive fractionation in ethanol-water mixtures.
Experimental studies on the fractionation of water or ethanol in binary (W+E) mixtures illustrate
the unique hydration and physicochemical properties of biopolymers and their modified forms due
to their ability to undergo molecular selective adsorption in solution.®® Moreover, the ability to
tune the hydration and textural properties of biomass through synthetic modification is supported
by results from recent publications.’#%%7 The present study was focused on solid-liquid (s/I)
adsorption processes; however, biopolymers and their modified forms can be extended to solid-
gas (s/g) adsorption phenomena. The systematic study of solid-gas isotherms can provide further
insight on the role of solvation phenomena by comparing each type of process (s/l vs. s/g). The
study of thermodynamics of adsorption can be further evaluated using immersion calorimetry to
evaluate heats of adsorption to further understand the role of structure and the nature of the
adsorptive interactions between the biopolymer-adsorbate systems. Also, the systematic studies
using dynamic vapour sorption can be done at variable temperature to obtain enthalpic data or
heats of adsorption.”* Furthermore, complementary measurements such as surface sensitive
measurements using Attenuated Total Reflectance (ATR), and measurement of water vs. D>O
along with more detailed evaluation of the uncoupled oscillator bands using Raman spectroscopy
may be useful to understand the interactions between the active site of adsorbent and the mode of
adsorption for such solid adsorbent-vapour phase systems.”? As well, these studies may provide
insight on the role of biopolymer surface modification and its effect on the thermodynamics and
kinetics of the adsorption process. In terms of application, the use of other biomass sources for
water-ethanol separation in aqueous media can be considered since the key factors (e.g., biomass
composition, particle size) that govern the adsorptive selectivity in mixed solvents can be applied
to other biomass sources. Generally, biomass is amenable to further chemical modification which
offer potential suitability as biomaterial platforms through synthetic modification for wider use as
adsorbent materials in various technological applications. For example, biomass-based desiccant
materials are widely used due to their strong affinity for uptake of water vapour, which have
potential utility in devices for controlling relative humidity and/or gas separation. Desiccants are
widely used in food products, nutritional supplements, and the packaging industry (nutraceuticals,

textiles, pharmaceuticals, and electronic equipment), ventilation and drying systems, solvent
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purification, and air separation due to different technical demands for each type of application.
Silica gel, molecular sieves, activated alumina, activated carbon, and zeolites are common
industrial adsorbents in the global market. With the increased demand in drying processes and
desiccant materials, a recent study revealed that the global market for adsorbents is projected to
reach $4.3 billion (USD) by 2020.7 In the past few decades, research activity has focused on
sustainable and advanced desiccant material and/or desiccant based technology, especially for
porous silica and carbon.” Research efforts on the development of new types of desiccant have
resulted in materials with promising desiccant properties. The field of adsorption science and
technology has witnessed increasing attention toward the use of biomaterial adsorbents due to their
unique adsorption properties that can be altered upon synthetic modificaiton. However,
comparatively few studies have evaluated biomaterials as alternative desiccants.®”® Improved
biopolymer desiccant materials have been developed with greater sorption capacity, regeneration
ability, and long-term stability. Among the various polysaccharide sorbent materials available,
starch and cellulose are renewable resources of great interest due to their biodegradability,
structural variability, relative and synthetic versatility. A recent study has revealed that starch
biopolymer desiccants displayed enhanced sorption capacity and regeneration ability when
compared against commercial silica desiccant materials for air conditioning applications.®” The
potential use of polysaccharides and their modified forms as adsorbents for solid-gas (s/g)
adsorption processes has been demonstrated. For example, polysaccharides as desiccants have
been studied as coatings for enthalpy wheels due to their high surface area, low cost, and low
regeneration temperature.”® A schematic of an energy wheel channel with coating is shown in
Figure 8.3.1, where hot and humid air passes through the wheel channels and the latent heat is
mainly stored upon condensation onto the metallic substrate. As the wheel rotates and the channels
are exposed to the cold and dry airstreams, the accumulated heat and moisture in the wheel matrix
are released into the airstream. As a result of the continuous rotation of the wheel, heat and
moisture are transferred between the supply and exhaust airstreams, periodically. The commercial
wheels in the market are capable of transferring up to 80-85% of heat and 70-75% moisture
between the airstreams.’® Studies of the performance of a starch-coated energy wheel indicates
that the abundant hydrophilic groups and the unique structure of polysaccharide-based materials
possess unique adsorption properties towards water vapour. With the same amount of desiccant

coated on the energy wheel matrix, the moisture recovery effectiveness of the starch-coated wheel
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was improved by up to 13% compared to the silica gel-coated wheel. Future work on modified
biopolymers (cellulose, starch) and biomass desiccants (flax and oat hulls) as alternative desiccants
for energy wheels are proposed herein. It should be mentioned that the biomass candidates can be
chemically treated to increase the surface accessibility of the samples to enhance their water uptake
capacity. A key research issue with such systems is how to optimize adsorption from the gas phase
at ambient conditions without the need for cooling to initiate condensation of the vapour. Thus,
the study of materials with controlled surface chemical and textural properties is warranted and
may be achieved by controlled modification of biopolymers using a cross-linking strategy. The
effect of the cross-linking on efficiency of the heat exchanger system coated using these
biomaterials can be investigated systematically.®” Controlling the HLB and textural properties
through synthetic modification are key parameters of the adsorbent and developing an
understanding of its role on water vapour adsorption is an important scientific goal. The
development and use of calorimetric methods such as immersion calorimetry may offer a new
screening method for understanding the thermodynamics of adsorbed vapours (water and ethanol)
onto new types of adsorbents in s/g systems. Therefore, developing an understanding of the
adsorbent-adsorbate enthalpic interactions is a key thermodynamic parameter; especially when
used in conjunction with a sensitive method such as ATR spectroscopy to address the knowledge

gaps and objectives described above.
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Figure 8.3.1 Schematic of heat and moisture transfer in a desiccant-coated channel of an energy
wheel.
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Knowledge gaps and specific objectives:

To carry out screening of biopolymers, biomass, and their modified forms through
characterization of their physicochemical properties for adsorption of water/ethanol
vapours at variable conditions (monolayer vs. multilayer adsorption).

To devise and develop a practical synthetic modification method for preparing biomaterial-
based desiccants suitable for application in vapour phase adsorption of water.

To evaluate the role of particle morphology and surface chemistry of polysaccharides and
their modified form on adsorption kinetics and thermodynamics of water vapour.
Calorimetric studies can provide a molecular-level understanding of the water vapour
adsorption process by examination of such processes in a systematic manner.

AT-IR and Raman spectroscopy can serve as potentially useful spectroscopic technique to
establish the modality of interaction (monolayer vs. multilayer adsorption) to yield

molecular level information concerning the interactions at the adsorbent surface.
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Supplementary Data and Appendices
1. Appendix A (Chapter 2)
A2.1 Selection of pulse sequence for quantitative NMR

One of the most common ways to employ gqNMR spectroscopy for the detection of small
molecules is the use of the single-pulse NMR technique, which is comprised by a relaxation delay
(RD) and a 90° hard pulse followed by acquisition of signals.

In one study, the limit of detection was indicated as 0.02 g/L for ethanol.? If the
concentration of the analyte is low, it could affect the quantitative accuracy and precision owing
to the presence of a strong solvent signal. This issue is known as dynamic range and emerges in
the presence of a very strong solvent peak (typically water) for recording of very weak signals. To
overcome this obstacle, solvent-suppression techniques are used to achieve an acceptable signal-
to-noise ratio (S/N) that results in improved quantitative accuracy and precision. For instance, to
observe the hydrogen nuclei for an amide, the spectra of proteins and peptides requires a solution
of 90% H20 /10% D-O0. In this solvent mixture, a good solvent detection of hydrogen atoms is not
possible before applying a solvent-suppression technique. Solvent-suppression techniques need
some consideration in the pulse sequence, which can be executed before the 90° hard pulse by pre-

saturation of the solvent spectral frequency.

A2.2 Acquisition parameters
A2.2.1 Excitation pulse

For recording the spectra, a 90° or lower angle pulse can be used and the excitation
bandwidth of the hard pulse should be uniform throughout the entire spectral width. The success
of this method varies with offset as repetition time is dependent on the design of the low-pass
frequency filter (eclipsed or brick-wall shaped), resulting in an erroneous signal intensity.® Success
with 90° pulses might also differ depending on the physicochemical properties of the sample.
Calibration of the pulse length should be done to obtain acceptable precision and accuracy.
Although a 90° pulse should provide maximum intensity, sometimes applying a smaller pulse

angle can assist in reaching a complete spectral relaxation.

214



A2.2.2 Repetition time (RT)

Repetition time can be defined as the total time required to acquire a single-scan spectrum,
which also includes a relaxation delay (RD) and acquisition time. RT depends on the longest T:
present in the sample and in order to measure 99% of the equilibrium magnetization, the RD should

be five times greater than the longest T1,*® according to the following equation:

M =M .(1-eT" Equation A2.1

Calculation of the amount of relaxation for a specific resonance at a fixed T: is possible
where M; and Mg are the magnetization in the z-axis dimension after the repetition time (t) and at
full relaxation, respectively. T1 is considered as the longitudinal relaxation time of the resonance

signal.

A2.2.3 Integration

Integration of the spectral peak area is one of the most critical steps when using gNMR
spectral analysis because the range of the integral region of the spectral signal and the setting of
the slope and the bias are known to strongly influence the precision of the quantitative
measurement.® During integration, greater accuracy is probable if a number of sources of errors
such as signal to noise, saturation effects (the decrease in the intensity of a spectral line with
increasing power of the external resonant electromagnetic radiation), and digital resolution (equal
to [acquisition time]™?) are properly controlled. To cover 100% of the peak area, infinite integration
is required. In order to cover 99% of the total area, the integral region should be extended in a way
that it becomes 20 times longer than the peak width in both directions. By performing an adequate
baseline correction, slope and bias corrections are unnecessary as integrals are highly sensitive to
baseline imperfection. Sometimes, for obtaining accurate quantitation, manual slope and bias
corrections are required.®

The information above provides background to define the objectives of this PhD thesis
research. Descriptions of the different separation and quantitation techniques enhance an
understanding of the utility of NMR spectroscopy for the quantitative analysis, in adsorption

processes, of binary solvent mixtures containing water/ethanol.
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2. Appendix A (Chapter 3)
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Figure A3.1  FT-IR spectra of starch and its PS-EPI biopolymers:
A) AMSE-1, -2, and-3; B) CSE-1, -2, -3; C) MSE-1,
-2, and -3; and D) CE-1, -2, -3.
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Figure A3.2 First derivative plots of weight loss with temperature against temperature (°C) for

PS-EPI biopolymers. A) MSE-1; B) SSE-1, C) AMCSE-1, D) AMCSE-2, E) CSE-
2, F) CSE-1, G) SSE-3, H) MSE-2, I) AMCSE-3, and J) CSE-3. The fitted lines
represent Gaussian functions of the respective components for the DTG profile.
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results for uptake of ethanol with cellulose and its cross-linked forms with D20 as
NMR solvent at 295 K.
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Table A4.1 Sample descriptives using t-test for equality of means. (Water)

Cellulose Ks (9/9) Qm (9/9)
ID Code

CE 4.18 + 0.67 1.03 £0.13
CE-1 5.34 £ 3.55 1.02 £0.37
CE-2 6.57 +1.22 1.09+0.14
CE-3 347+ 254 1.13+0.52
Mean 4.89 1.07
Standard Deviation 1.36 0.052
t-test 0.011

Table A4.2 Sample descriptives using t-test for equality of means. (Ethanol)

Cellulose Ks (9/9) Qm (g/9)

ID Code

CE 10.40 + 3.19 1.63+£0.244
CE-1 6.69 + 2.62 1.20 £ 0.206
CE-2 11.32 + 8.97 1.87 £0.63
CE-3 11.85+4.93 2.44 +0.39
Mean 10.1 1.80
Standard Deviation 2.02 0.45
t-test 0.0045
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4. Appendix A (Chapter 5)
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5. Appendix A (Chapter 6)
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Figure A6.1 Particle size distribution and estimation of raw Miscanthus (A) and pretreated
Miscanthus (B).
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Figure A6.2 Nitrogen adsorption-desorption isotherm at 77 K for Raw Miscanthus (RM),
Pretreated Miscanthus (PTM; greater cellulose content), and Lignin. The sample
ID codes are defined as in Figure 6.1 above. Adorption profile (black) and
desorption profile (red) is defined in lower panel.
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Table A6.1 Textural characteri zation of Raw Miscanthus (RM), Pretreated Miscanthus (PTM;
greater cellulose content), and Lignin using N2 adsorption isotherms.

Surface Area RM 16 RM 40 RM 70

Single point surface area at P/Po = 0.200388621 (m?2/g) 0.71 0.56 0.35

BET Surface Area (m?2/g) 0.80 0.61 0.32

Langmuir Surface Area (m?/qg) 1.1 0.87 0.42

t-Plot External Surface Area (m?/qg) 0.92 0.59 0.00

BJH Adsorption cumulative surface area of pores 0.62 0.35 0.31
between 17.000 A and 3000.000 A width (m2/g)

BJH Desorption cumulative surface area of pores 0.65 041 0.45

between 17.000 A and 3000.000 A width (m2/g)

Surface Area PTM 16 PTM 40 PTM 70

Single point surface area at P/Po = 0.200388621 (m?3/g) 0.43 0.69 0.75

BET Surface Area (m2/g) 0.44 0.74 0.82

Langmuir Surface Area (m?2/g) 0.60 1.05 1.18

t-Plot External Surface Area (mz2/qg) 0.25 0.68 0.79

BJH Adsorption cumulative surface area of pores 0.19 0.35 0.43
between 17.000 A and 3000.000 A width (m2/g)

BJH Desorption cumulative surface area of pores 0.35 0.55 0.49

between 17.000 A and 3000.000 A width (m?/g)

Surface Area Lignin

Single point surface area at P/Po = 0.200388621 (m?2/q) 29

BET Surface Area (mz2/g) 31

Langmuir Surface Area (m#/g) 44

t-Plot External Surface Area (m?/g) 32

BJH Adsorption cumulative surface area of pores 33
between 17.000 A and 3000.000 A width (m?/g)

BJH Desorption cumulative surface area of pores 40

between 17.000 A and 3000.000 A width (m?/g)

Pore Volume RM 16 RM 40 RM 70
Single point adsorption total pore volume of pores 0.0018 0.022 0.0017
less than 817.635 A width at P/Po = 0.975739151(cm?®/g)
t-Plot micropore volume (cm®/g) 0.00 0.00 0.00030
BJH Adsorption cumulative volume of pores 0.0042 0.050 0.0045
between 17.000 A and 3000.000 A width (cm®/g)
BJH Desorption cumulative volume of pores 0.0041 0.048 0.0045

between 17.000 A and 3000.000 A width(cm®/g)
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Pore Volume PTM 16 PTM 40 PTM 70

Single point adsorption total pore volume of pores 0.00095 0.0012 0.0014
less than 817.635 A width at P/Po = 0.975739151(cm?/g)
t-Plot micropore volume (cm®/g) 0.000086  0.0000090 0.00
BJH Adsorption cumulative volume of pores 0.0015 0.0019 0.0022
between 17.000 A and 3000.000 A width (cm?®/g)
BJH Desorption cumulative volume of pores 0.0016 0.0021 0.0023

between 17.000 A and 3000.000 A width (cm?®/g)

Pore Volume Lignin
Single point adsorption total pore volume of pores 0.11
less than 817.635 A width at P/Po = 0.975739151(cm?®/g)
t-Plot micropore volume (cm®/g) 0.00
BJH Adsorption cumulative volume of pores 0.14
between 17.000 A and 3000.000 A width (cm®/g)
BJH Desorption cumulative volume of pores 0.14

between 17.000 A and 3000.000 A width (cm®/g)

Pore Size RM 16 RM 40 RM 70
Adsorption average pore width (4V/A by BET) (A°) 90.0 92.0 208
BJH Adsorption average pore width (4V/A) (A°) 268 209 577
BJH Desorption average pore width (4V/A) (A°) 254 211 402
Pore Size PTM16 PTM40 PTM70
Adsorption average pore width (4V/A by BET) (A°) 86.0 63.0 68.0
BJH Adsorption average pore width (4V/A) (A°) 326 220 206
BJH Desorption average pore width (4V/A) (A°) 189 151 184
Pore Size Lignin
Adsorption average pore width (4V/A by BET) (A°) 137
BJH Adsorption average pore width (4V/A) (A°) 171
BJH Desorption average pore width (4V/A) (A°) 141
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6. Appendix A (Chapter 7)
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Figure A7.1 The decolorization isotherm of phenolphthalein dianion species in the presence of
the various biopolymers with phenolphthalein dye at pH 10.5 in NaHCO3 buffer.
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Table A7.1  Spectroscopic Raman features of the different polysaccharides in variable
compositions of ethanol and water (in 10% (w/w) D20).

Polysaccharide gac;[; 25% W 50%W 75% W 100%W

AP FWHM - 85.48+0.023 74.73 £0.018 59.49 +0.032
Height - 0.5500+0.011 0.7000+0.012  0.1600+0.0070
shift - 2488 2485 2474

AMS0 FWHM 89.69+0.041 89.40+0.036 117.53+0.013 54.99+0.021
Height 0.1100+£0.0041 0.2500+0.081 0.3200+0.0028  0.1300+0.0043
Shift 2480 2493 2499 2483

AM FWHM 105.1+0.023 122.7+0.019 87.17£0.013 68.85+0.018
Height 0.1300+£0.0022  0.2400+0.0027  0.8000+£0.0092  0.2700+0.0058
Shift 2492 2494 2481 2480

CE FWHM 82.42+0.021 45.21+0.019 92.99+0.014 59.34+0.020
Height 0.1100+0.0022  0.2900+0.010  0.5500+0.0063  0.2200+0.0060
Shift 2488 2482 2488 2479
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7. Appendix A (Chapter 8)

Table A8.1 Particle size distribution and estimation of different types of starch granules.

Types of starch AM AP AMS0
Particle size distribution (um) 1.221 0.734 1.118

Table A8.2  Sample analysis of natural cellulose fiber. (Each assay was run in duplicate and
was repeated if standard error was >3%).

Sample ID CE
Ash (%) 0.00
Lignin (%) 0.10
Hemicellulose (%) 0.00
Cellulose (%) 99.90

Table A8.3 Water retention value of cellulose and its cross-linked forms.

Sample ID Water Retention Value %
CE 55.92
Low CE-EPI 32.71
Medium CE-EPI 20.80
High CE-EPI 16.57
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Figure A8.1 Water vapor adsorption isotherm for biopolymers at 298 K.

Table A8.4 Water vapor adsorption isotherm for biopolymers. (The parameters values
represent best-fit values estimated from the BET model).

parameters AM AP CE AMS0
Qm(g/g) 9.390 8.370 4.050 14.42
Ksger (L/g) 13.02  29.17 14.50 13.79
C 1.380 1.320 1.250 1.500
R? 0.9900 0.9900  0.9900 0.9900
Reduced Chi-Sqr 0.1700  0.3600 0.03500 0.2500
Surface Area (m?/g) 329 239 142 506
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Figure A8.2 The SEM micrographs of the different starch
materials and cellulose in the native and cross-
linked form with epichlorohydrin (EPI).
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Figure A8.3 The DSC thermograms of the different starch materials in the presence
and in the absence of solvent systems (H>O, NaOH solution).
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Figure A8.4 Point of zero charge (pzc) of A) polysaccharides and B) modified forms
using aqueous sodium chloride at variable pH.
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Figure A8.5 The XRD results of modified and unmodified cellulose.
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Table A8.5  Sample analysis of raw Miscanthus.
Note: Each assay was run in duplicate and was
repeated if standard error was >3%.

Sample ID Method Used CE
Ash (%) AOAC 942.05 2.30
NDF (%) ANKOM Method 6 85.4
ADF (%) ANKOM Method 5 60.9
Lignin (%) or ADL (%) ANKOM 08/05 12.5
Hemicellulose (%) NDF (%) — ADF (%)  24.4
Cellulose (%) ADF (%) — ADL (%) 48.4
Table A8.6 Sample analysis of pretreated Miscanthus.

Note: Each assay was run in duplicate and was
repeated if standard error was >3%.

Sample ID Method Used CE

Ash (%) AOAC 942.05 0.00

NDF (%) ANKOM Method 6 95.8

ADF (%) ANKOM Method 5 89.3
Lignin (%) or ADL (%) ANKOM 08/05 7.10
Hemicellulose (%) NDF (%) — ADF (%) 6.50
Cellulose (%) ADF (%) — ADL (%) 82.2
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Experimental and methods
A8.7 Particle size Distribution and Zeta-Potential

The particle size and zeta potential measurement were obtained using a Malvern Zetasizer
Nano ZS instrument (Malvern Instruments Ltd, Malvern, Worcestershire, UK). The size
distribution of the samples were obtained by measuring the light scattered (6 = 173°) by particles
(dynamic light scattering, DLS) illuminated with a laser beam, using the CONTIN algorithm to
analyze the decay rates that are a function of the translational diffusion coefficients of the particles,
D. Size distribution values were derived from three measurements, each consisting of a minimum
of ten individual runs.

Zeta potential caution measurements were based upon laser Doppler electrophoresis and
phase analysis of light scattering.>” The initial pH of the starch suspensions (40 mg starch in 7
mL) of adsorbent in Millipore water was adjusted over a range of values (pH 3-12) using HCI
(0.01 M) or NaOH (0.01 M). After the equilibrium pH, aliquots of the suspension were taken for
measurement of zeta potential. The reported zeta potential results are the average of three

measurements, each derived from a minimum of ten individual runs.

A8.8 Chemical treatment of cotton linter cellulose fiber

Cellulose was considered using alkaline and acidic conditions to vary the content of
cellulose, hemicellulose and lignin. Briefly, the cellulose from cotton linter was analyzed with a
1.2 N sulfuric acid solution at atmospheric pressure and 100 °C for 120 min to extract
hemicellulose. Then, the acid was subjected to a 5% (w/v) NaOH solution at 100 °C for 100 min
to remove lignin. Lignin isolation followed the method reported by Sluiter et al.2 The cellulose
from cotton linters was cold digested in a 72% (w/w) sulfuric acid at 30 °C for 1 h. Then, the
suspension was transferred to a larger vessel with dilution reaching the concentration of acid to
4%, followed by digesting the solid fraction at 121 °C for 1 h. Finally, the solid fraction obtained
after two stages of digestion was separated and considered as lignin to be studied for adsorption

process.
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A8.9 Water Retention Value

40 mg of cellulose and its modified forms were immersed in deionized water for 1 h until
equilibrium, and then centrifuged (Precision Micro-Semi Micro Centricone, Precision Scientific
Co.) at 4000 rpm for 1h. They were weighed (ms), and next dried in a conventional oven at 105
°C. Finally, they were placed over night in a desiccator and weighed (m4). Each measurement had
triplicate and the water retention value was calculated using equation F8.2. Where WRV = water

retention value in %, ms is the mass in g after centrifuging and ms is the mass in g after drying.

ms-ma
ms

%WRYV =

x100 Equation A8.1

A8.10 Adsorption Isotherms

Sorption Analyzer is a high resolution vapor sorption analyzer for precisely characterizing vapor-
solid interactions. The measurements of adsorption isotherms were obtained using the Intelligent
Gravimetric Analyzer system IGA-002 (Hiden Isochema, UK). 40 mg of the adsorbent sample was
put in a stainless steel container, which was suspended to the balance. The sample was placed in
thermostat reactor that allowed for achieving ultra-high vacuum. The IGA system basing on values
of pressure inside the chamber automatically controlled the input and output valves in order to
achieve the set point of pressure. After reaching equilibrium of the mass value, the IGA system
passed to the next point of isotherm (next the set point of pressure). The temperature was held
isothermally at 25°C and pressure was incremented by values of 10 mbar.

A8.11 Scanning Electron Microscopy
The morphology of Different types of starch and cellulose were examined using a Hitachi
S-3400N SEM system, where the average diameter of the materials were calculated by the Image

J software with a differentiation threshold set to be consistent with the image scale.

A8.12 Differential Scanning Colorimetry
The DSC thermograms acquired from starch or cellulose samples were equilibrated with

known amounts of water. Biopolymer (ca. 20 mg) was added to 4 dram glass vials containing 7
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ml of the solvent. The sample vials were incubated by shaking (Poly Science, Dual Action Shaker)
for 24 h at 160 rpm at ambient pH and temperature to achieve equilibrium. Thereafter, the samples
were separated from the solutions using a vacuum filter to obtain the solvated solids for analysis
by DSC. The biopolymer/sodium hydroxide solutions have been prepared by dissolving 1 g of the
samples in a 4 ml of sodium hydroxide (2 M) under mechanical stirring. The samples were added
to DSC pans and sealed with a hole punched in the sample lid to allow for outgassing of vapour

during heating over the temperature range 30 'C — 150 'C.

A8.13 X-ray Diffraction

The X-ray diffraction patterns of cellulose and cellulose-based materials were obtained
using a PANalytical Empyrean powder X-ray diffractometer. A monochromatic Co—Kal radiation
was used while the applied voltage and current were set to 40 kV and 45 mA, respectively. The
samples were mounted in a horizontal configuration after evaporation of methanol films. The XRD
patterns were measured in continuous mode over a 20 range, where 20 = 7-50° with a scan rate of
3.2° min~L. The crystallinity index (Crl) was calculated from the height ratio between the intensity
of the crystalline peak (lcr) and amorphous peak (lam).

A8.14 Solid state *C NMR spectroscopy

The 1°C solid state NMR experiments of the cellulose and its modified forms were done using
a4 mm DOTY CP-MAS probe on a Bruker AVANCE Il HD spectrometer running at 125.77
MHz (*H frequency at 500.23MHz) with magic angle spinning (MAS), where the sample rotation
occurs about the axis orientated at a 54.7° angle with respect to the applied external magnetic field
(Bo). The BC CP/TOSS (Cross polarization with Total Suppression of Spinning Sidebands) spectra
were acquired using a 6 kHz spinning speed with a ramp pulse on the *H channel and a 1 ms
contact time. The CP MAS experiments were acquired using the EASY pulse sequence! (removing
background signal) at a spinning speed of 7.5 kHz. A 3C 90°- pulse of 3.2 us and a recycle delay
of 20 s were used. 2800 — 3100 scans were accumulated for different samples. During data
acquisition, all samples were recorded using a 71 kHz SPINAL-64 decoupling technique. The

reference sample which is used in this experiment, is the low field signal of adamantane (38.48

ppm).
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A8.15 Analysis of Miscanthus

The lignocellulosic composition was tested at the Department of Animal and Poultry
Science Laboratory, University of Saskatchewan, Saskatoon, SK, Canada. In the analysis, total ash
content was determined by AOAC standard method 942.05 (2000).° Lignin content, ADF and NDF
were determined as per ANKOM method 08/05 (2005), ANKOM Method 5 (2006a) and ANKOM
Method 6 (2006b) on a dry matter basis.° Cellulose content was calculated as ADF minus lignin

content and hemicellulose content was calculated as NDF minus ADF.11

A8.16 Analysis of porosity and pore structure

Brunauer, Emmett, and Teller model which is an extension of the Langmuir model of
monolayer adsorption to multilayer adsorption.!2 This model is used to quantify pore size and pore
volume by assuming that pores are filled with liquid adsorbate, total pore volume can be derived
from the amount of vapour adsorbed at a relative temperature. In equation A8.3, Vags represents
volume of adsorbed gas, Viiq is volume of liquid N2 in pores Vim = molar volume of liquid adsorbate
(N2=34.7cm®/mol), Pa is the ambient pressure, and T is the ambient temperature.

Vig = % Equation A8.3

The average pore size can be estimated from the pore volume. Assuming cylindrical pore

geometry (type A hysteresis) average pore radius (rp) can be expressed as:

- 2 Vi

=g Equation A8.4

Where S is the specific surface area (S) of the pores that obtained using the BET model.
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