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Give me six hours to chop down a tree and
I will spend the first four sharpening the axe

Abraham Lincoln

The world will not be destroyed by those who do evil,
but by those who watch them without doing anything.

Albert Einstein
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PROPOSTIONS

1. In order to understand the multi-level hierarchical structure of cellulose one has
to apply a broad range of research techniques.

2. Even measured in a limited range of momentum transfers, small-angle scattering
of X-rays can provide a good indication for the specific surface area of the material
under investigation.

3. A possibility to use the same sample environment for both neutron and X-ray ex-
periments can substantially improve the reproducibility of the experiments.

4. In contrast to microcrystalline cellulose, a microfibrillated one does not align un-
der shear rates below 300 s−1.

5. The internal structure of microfibrillated citrus fiber flocs under shear rates below
300 s−1 at 20◦C and atmospheric pressure can be considered constant.

6. Stable suspensions with a constant structure in a broad range of experimental con-
ditions might be good for the final application, but incredibly boring to investigate.

7. The life of a PhD candidate is guided by the Pareto principle and steered by Mur-
phy’s law.

8. Obtaining a PhD degree is a lot like a marathon: you have to spread your resources
for the whole distance; there is a finish line, but you don’t see it most of the time;
the last 20% of the distance is as hard as the first 80; and it is a very lonely journey.

9. Success in teaching new tricks to old cats does not justify the necessary investment
of time and energy.

10. The most important relationship in one’s life is the relationship with oneself.
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STELLINGEN

1. Om de hiërarchische structuur op meerdere niveaus van cellulose te begrijpen,
moet men een breed scala aan onderzoekstechnieken toepassen.

2. Zelfs als de metingen een klein bereik van het mogelijke momentumoverdracht
beslaan, kan kleine hoek Röntgenverstrooiing een goede indicatie geven voor het
specifieke oppervlak van het onderzochte materiaal.

3. Een mogelijkheid om dezelfde monsteromgeving te gebruiken voor zowel neutronen-
als Röntgenexperimenten kan de reproduceerbaarheid van de experimenten aan-
zienlijk verbeteren.

4. In tegenstelling tot microkristallijne cellulose, lijnt een microgefibrilleerde cellu-
lose niet uit onder afschuifsnelheden van minder dan 300 s−1.

5. De interne structuur van microgefibrilleerde citrusvezelvlokken onder afschuif-
snelheden van minder dan 300 s−1 bij 20 ◦C en atmosferische druk kan als con-
stant worden beschouwd.

6. Stabiele suspensies met een constante structuur in een breed gebied van experi-
mentele omstandigheden kunnen goed zijn voor de uiteindelijke toepassing, maar
zijn ongelooflijk saai om te onderzoeken.

7. Het leven van een promovendus wordt geleid door het Pareto-principe en gestuurd
door de wet van Murphy.

8. Het behalen van een doctoraat is vergelijkbaar met een marathon: je moet je mid-
delen over de hele afstand spreiden; er is een finishlijn, maar die zie je meestal
niet; de laatste 20% van de afstand is even moeilijk als de eerste 80; en het is een
zeer eenzame reis.

9. Het succes in het aanleren van nieuwe trucen aan oude katten is geen rechtvaar-
diging voor de noodzakelijke investering van tijd en energie.

10. De belangrijkste relatie in je leven is de relatie met jezelf.
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FOREWORD

We live in a strange world, where children must sacrifice their own education
in order to protest against the destruction of their future

Greta Thunberg

History repeats itself. Any innovation goes through stages of pre-contemplation,
contemplation, preparation, action, maintenance, relapse and back to pre-contemplation.
In favorable circumstances, the innovation leads to improvement and the spiral pro-
gresses upward. Most of the time is spent in the pre-contemplation stage when every-
thing seems fine and no problems hinder the horizon. The time necessary for the rest
of the stages depends on the severity of the problem and desire to solve it. The fastest
turns of the spiral were made in the most dramatic times of crisis, such as war. In such
circumstances, nations seem to be able to mobilize most of their resources to solve the
problem.

It is well scientifically established and proven that climate changes adversely and the
change accelerated dramatically in the last century. The source of the change is also well
established and agreed upon. However, little progress has been made in resolving the
problem. Moreover, some of the contributors to greenhouse gas emissions are simply
denying the facts, pretending the problem does not exist, and even aggravating the issue.

Mankind is capable of great accomplishments. However, it is important to keep in
mind that mankind consist of individuals, and most of the accomplishments are due to
the compound effect. It is, therefore, up to everyone to take an individual bit of respon-
sibility and to contribute one’s mite to the solution of climate change. Some examples
of such individual contributions could be reductions in meat consumption, disposable
cutlery, and plastic bags, and use of bicycle instead of cars for personal transportation
up to 10 km.

The manuscript you read is another example of such a contribution. In the course of
four years, the author had studied various kinds of cellulose and had become convinced
that cellulose can and should be one of the major components of modern energy and
materials mixes. The main intent of this book is to inspire the reader to step on the route
towards a sustainable future and make a feasible contribution into achieving this goal.
Although, with low probability, a butterfly can extinguish the fire.

Evgenii Velichko
Delft, October 2019
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1
INTRODUCTION

T HE ever–increasing world population demands an even faster increase in materials
and energy production [1]. This demand not only rapidly diminishes the natural

resources of our planet, but also leads to some adversary changes in our environment,
such as global warming. Fossilized organic materials, used for production of lubricants,
plastics, robbers, and fuels, can be exhausted in just over a century from now [2]. How-
ever, the scarcity of resources is not quite as dangerous as potential environmental dam-
age of their accelerated consumption.

A comprehensive study of Arctic climate [3] clearly shows worldwide implications of
the Arctic warming: glacial melt leads to rising sea level and slowing ocean circulation;
increasing sea levels lead to increased exposure of coastal communities to storms and
floods; a shift in vegetation zones caused by global warming is likely to cause increase in
frequency, severity, and duration of forest fires.

Global problems require global solutions. Therefore, in 2016 in Paris 195 member
states of the United Nations signed an agreement aimed at keeping the global average
temperature increase below 2◦C above pre-industrial levels. Under the agreement, each
country must define and reach individual goal contributing towards the common aim of
confinement of climate change.

Although every agreement participant can define their own route and means to con-
quer it, some basic requirements are common for everyone. It is clear, that the amount
of greenhouse gases released into the atmosphere should be substantially decreased.
Such decrease requires a fundamentally new approach to energy generation, recycling,
and management of resources. Renewable sources of energy and chemicals will play an
important role in such a new approach [4–8].

Biomass is one of the most obvious and abundant renewable resources [6]. Every
year we can see fresh leaves and grass growing in the spring and dying out in the fall to
form a nourishing substrate for the next generation. One of the main components of
biomass is cellulose – a biopolymer responsible for mechanical properties and protec-
tion of plants from the environment. Let us consider this remarkable material in more
detail in the following sections.

1
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2 1. INTRODUCTION

1.1. CELLULOSE AS A RENEWABLE POLYMER MATERIAL
Cellulose is the most abundant biopolymer on our planet. About 1010 to 1011t of cel-
lulose is produced globally every year[9]. Less than a tenth part of it is used by paper,
textile, material and chemical industries [10]. Since its discovery in 1838 by Payen, phys-
ical and chemical characteristics of cellulose were thoroughly investigated [11].

On the molecular level, cellulose is a linear homopolysaccharide ofβ-1.4-linked anhydro-
D-glucose units[12, 13] with a degree of polymerization varying between approximately
10000 and 15000 [9]. Due to the presence of hydroxyl groups in each monomer, cellulose
chains tend to agglomerate already during the synthesis process and form elementary
fibrils with alternating crystalline and amorphous regions along the cellulose chain [12].

The crystalline parts of cellulose exist in four different polymorph forms: cellulose I,
II, III and IV. In nature native cellulose if found in form I with two allomorphs, Iα and Iβ.
After re-crystallization or mercerization of the cellulose I with aqueous sodium hydrox-
ide, one obtains cellulose II, also known as regenerated cellulose. It is the most stable
crystalline form of cellulose [13]. By ammonia treatment of cellulose I or II, one arrives
to cellulose IIII or IIII I , respectively. With the glycerol treatment of cellulose III one can
produce cellulose IV.

The elementary fibrils of cellulose consist of about 36 individual cellulose macro-
molecules [12] and are about 5 nm in diameter. Agglomeration of the elementary fibrils
during biosynthesis of cellulose leads to the formation of larger units called microfibril-
lated cellulose, which have diameters in the range of 20 to 50 nm. The micrifibrillated
cellulose, in turn, agglomerates further to form cellulose fibers with the diameters in the
micrometer domain.

Cellulose can be produced by plants [14], algae [15] and bacteria [16]. In plants and
algae, cellulose is present in the walls of individual cells and is responsible for the plant’s
growth and form. In the case of bacteria, cellulose does not form a part of the organ-
ism but is extracted as a waste product. As a result of this difference in function, plant
and algal cellulose is usually present in a highly agglomerated form mixed with several
other biopolymers. Bacterial cellulose, on the other hand, usually present in much less
aggregated state and pure of the other biopolymers.

Depending on the desired application, different forms of cellulose are required. In
our quest towards more sustainable sources of energy and materials, we will take a closer
look at two forms of cellulose, namely lignocellulosic biomass and microfibrillated cel-
lulose.

1.1.1. LIGNOCELLULOSIC BIOMASS
Energy demand has more than doubled in the last decades and it is predicted to double
once more in the coming decades. Most of the energy consumed worldwide comes from
fossil fuels. Many alternatives to fossil fuels exist, including hydro, wind and solar energy.
However, all of these alternatives generate energy only at the right environmental condi-
tions and require batteries to store energy for the rest of the time. Biofuels, derived from
biomass, can easily be stored in ready to use form. Moreover, most of the existing infras-
tructure and internal-combustion engines could be used with little to no modifications
for biofuels.

First generation biofuels were known already in the 1880s when Henry Ford designed
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early model Ts that ran on "farm ethanol". The biofuels are based on crops such as sugar
cane and corn. However, the appearance of petroleum-derived fuels (fossil fuels) in
the early twentieth century, has quickly changed the trend and fossil fuels dominated
the market. It took the "oil crisis" of the 1970s for global leaders to realize the impor-
tance of alternative energy sources. Thanks to the National Alcohol Program, which
started shortly after the crisis, Brazil has become the world leader in the development
of bioethanol.

Ethanol has some advantages in comparison to gasoline, such as a higher octane
number, leading to a superior net performance of the combustion engine running on
ethanol [17], and increased power outputs due to the high vapor pressure and heat of
vaporization. On the other hand, due to oxygen content, has about 33% less energy
than gasoline [18]. Nevertheless, the vital advantage of ethanol is its small impact on
the environment[19] in comparison to the hazardous effects of fossil fuels [20].

However, the first generation biofuels are not sustainable in the long-run, as they re-
quire fertile land and compete with traditional agriculture [21]. This competition also
drives up the cost of raw materials, which can reach 40% of the bioethanol cost [22].
Therefore, recent developments in biofuels have focused on the second generation of
biofuels, which are nonfood materials available from plants, also known as lignocellu-
losic biomass.

Lignocellulosic biomass is a cheap and abundant natural material, which can be
found in the agricultural waste(wheat straw, corn stalks, soybean residues, sugar cane
bagasse), industrial waste (pulp and paper industry), forestry residues, municipal solid
waste, etc. [23]. According to Claassen et al. [24], lignocellulose accounts for about 50%
of the annual production of biomass in the world (1−5 ·1011t), which could potentially
cover yearly global energy demand. However, the efficiency of lignocellulose conversion
into ethanol is still very low.

In order to turn bioethanol production into a sustainable process, one has to pay at-
tention to various steps therein. The steps include synthesis of biomaterials, separation
of valuable high-value chemicals from biomass feedstock, and generation of biofuels
from the feedstock [6]. The challenge in biomass production is the development of crops
with a suite of desirable physical and chemical traits while increasing biomass yields by
a factor of 2 or more. One of the possible solutions would be to increase the initial cap-
ture of light energy above the current level of 2%. It was achieved, for example by over-
expressing of the cyanobacterial versions of rate-limiting enzymes in the chrloroplast’s
carbon-fixing "dark reaction" in tobacco [25]. The experiment resulted in an elevated
photosynthesis rate and increased plant dry weight. Another approach is to manipulate
the plant’s genes involved in nitrogen metabolism. Such an approach has led to a 41%
increase in height of transgenetic poplar [26]. Genetic modification can also increase the
plant’s resistance to adverse environmental conditions and pathogens [27].

Once the biomass is collected it has to be converted into valuable biofuels and bio-
materials. This conversion consists of several steps, including separation, refining, and
transformation into chemicals and fuels. Firstly, high-value chemicals present in biomass
should be extracted, such as fragrances, flavoring agents, food-related products, and
high-value nutraceuticals, providing health and medical benefits [28]. Next, the remain-
ing biomass has to go through further separation and depolymerization to convert plant
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saccharides into feedstock for bio-derived materials and fuels. A range of solvents and
conditions can be used for this purpose. Among them, supercritical CO2, near-critical
water and gas-expanded liquids [29, 30].

Once the biomass is reduced to biopolymers and lignin, the biofuel production starts.
The key challenge in the process is recalcitrance of lignocellulose, present on multiple
levels. Pretreatment of lignocellulosics is an important tool in facilitating the biomass
conversion [31, 32]. A broad range of pretreatment techniques has been proposed for
overcoming the recalcitrance and increasing the efficiency of biomass conversion [33].
The methods include mechanical[34], thermal[35–37], and thermo-chemical[38–45]. The
methods have different working mechanisms and effect on various parameters of biomass
[46, 47].

A deep understanding of the complex multi-level structure of biomass is necessary
to establish a connection between pretreatment parameters and the biomass conversion
efficiency. In solving the puzzle, one has to take into account as many structural char-
acteristics of biomass as possible. In doing so, it is important to observe the changes in
a broad range of length-scales. It is why in this work we applied a broad range of exper-
imental techniques to cover 7 orders of magnitude in length-scales, from Å up to mm
scale.

1.1.2. MICROFIBRILLATED CELLULOSE

Another form of cellulosic materials studied in this work is microfibrillated cellulose
(MFC). It can be obtained by high-pressure disintegration of cellulosic fibers into fib-
rils [48, 49]. Quickly after its first description in 1983, it gained the attention of scientific
community due to some very peculiar properties, such as high theoretical strength and
modulus [50, 51], high surface area and water absorption [52], gelation at very low con-
centrations [53, 54].

A broad range of potential applications is proposed for MFC, ranging from protec-
tive coatings [55], and packaging [52] to food and cosmetics [56]. Most of the MFC-
containing materials require shear conditions during preparation or application. Let us
consider an application of MFC in low-caloric foods, as was suggested by Turbak in his
pioneering work [48]. In the food production process MFC has to be mixed with other
ingredients, and in the consecutive consumption process the food being sheared in the
mouth and in the bowels of a consumer. In order to ascertain consistent and pleasant
customer experience, the food producer has to ascertain the consistency of properties
and performance of the product. This goal requires a deep understanding of the rheo-
logical behavior of MFC.

Already at very low solid content, microfibrillated cellulose forms network structures.
Nechyporchuc et al. [57] have applied oscillatory shear to investigate the viscoelastic
properties of TEMPO-oxidized MFC. They found that MFC suspensions remain stable at
strain values up to 1%, after which the elastic network is destroyed, which was observed
in nonlinear behavior of the storage and loss moduli. Strength of the elastic network
was found to be dependent on the production conditions of MFC [58, 59]. The stronger
network was linked to the higher specific surface area and a higher degree of entangle-
ments of cellulose microfibrils. Saarinen et al. [60] have shown that storage modulus of
mechanically disintegrated cellulose suspensions is inversely proportional to the degree
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of cellulose fibrillation. Moreover, Naderi and Linstrom [58] have shown that the net-
work strength of the enzymatically pretreated suspensions increases with the severity
of fibrillation conditions when a preshear protocol is applied followed by rest. Without
preshear the trend was reversed.

Independently of the way of production, all types of microfibrillated cellulose sus-
pensions show shear-thinning behavior. Furthermore, the suspensions are thixotropic
[61]. Due to these properties, the suspension properties are strongly time-dependent
and the measurements should be performed at steady-state flow. Flow measurements
were applied to indicate the degree of fibrillation of MFC. Herrick et al. [49] have shown
the gradual increase of viscosity of mechanically fibrillated MFC with the increase in
the number of passes in a homogenizer. Similar results were obtained by other groups
[55, 62].

Reduction in the pH from 10 to 2 has been shown to increase the viscosity of enzy-
matically pretreated and disintegrated in a microfluidizer MFC suspensions [63]. The
effect was explained by neutralization of the surface negative charge by protons and en-
hancement of interfibrillar interactions. Increase in temperature leads to decrease in
viscosity of MFC [49, 64]. Yet another parameter, i.e. concentration, was found to in-
crease the viscosity [64–69]. In a number of studies, a hysteresis loop was observed upon
increasing-decreasing (or vice versa) of the shear rate [58, 64, 70]. This phenomenon
was associated with the formation and breakdown of shear-induced structures in MFC
suspensions.

In order to investigate those structures, Saarikoski et al.[71] and Karppinen et al. [72]
have designed and applied a visualization setup based on a transparent Couette geome-
try. They have shown the presence of flocs of cellulose fibrils in the MFC suspensions and
their evolution into rolls elongated along the Couette height under low apparent shear
rates. A flow of detached flocs with flow sizes proportional to the shear rate was conse-
quently observed under high shear rates. Martoia et al. [73] also applied a visualization
approach to investigate the flow behavior of MFC suspensions, produced employing ei-
ther enzymatic pretreatment or TEMPO-mediated oxidation. These materials showed
behavior similar to described above: suspensions were in the form of floc chains (100-
300µm), which split into individual flocs (< 100µm) with an increase of the shear rate.

Local flow properties of MFC suspensions were studied by combinations of flow
measurements with an optical coherence tomography [74, 75], ultrasonic speckle ve-
locimetry [73], and magnetic resonance imaging [76]. All of the measurements have
shown appearance of the flocculated flow of MFC with decreasing in the floc sizes as
a result of increasing shear rate.

Although many peculiar properties of MFC were already discovered and explained,
the system still holds several mysteries. Many of these mysteries appear in the nm - µm
length-scale domain. It is unknown how does the high-pressure homogenization affect
the structure and sizes of elementary fibrils of cellulose, or how crowded the neighbor-
hood of a typical cellulose fibril is. Flocculation of microfibrillated cellulose under shear
is fascinating by itself, but even more interesting is the internal arrangement of the flocks
and its evolution with the shear. In order to tackle these questions, we have employed
small-angle X-ray scattering technique to the investigation of the microfibrillated cellu-
lose based on citrus fiber.
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SCOPE AND OUTLINE OF THE THESIS
By applying small angle scattering of X-rays, the mesostructure of cellulose-based mate-
rials has been investigated. The knowledge of structural changes happening in the ma-
terial’s structure during different chemical and mechanical treatments promotes its sus-
tainable applications. This thesis is focused on two types of cellulosic materials, namely,
lignocellulosic biomass (poplar) and MFC based on citrus fiber.

Firstly, the complex hierarchical structure and recalcitrance of lignocellulose are dis-
cussed in Chapter 2. A broad range of experimental techniques was applied to investi-
gate changes happening to poplar biomass under acid pretreatment. The combination
of techniques covers 7 orders of magnitude in length-scales, ranging from Å up to mm
scale, which allowed to indicate the key structural parameters responsible for the effi-
ciency of biomass conversion.

The next two chapters discuss the connection between the mesostructure of mi-
crofibrillated cellulose (MFC) and its rheological properties. In order to asses the mesostruc-
ture of MFC under shear, a special flexible geometry shear-SAS cell was created. The cell
design and several applications are described in Chapter 3.

Chapter 4 describes an investigation of microfibrillated cellulose suspensions based
on citrus fiber by means of rheology, rheo-MRI, SAXS, and shear-SAXS. All of the ex-
perimental results suggest that the materials are stable and consistent. Although floccu-
lated flow is formed in the suspensions under shear, the process is completely reversible.
Moreover, the flocs consist of randomly oriented intertwined microfibrils.

Chapter 5 describes an investigation of mesostructure of bacterial cellulose studied
by small-angle neutron scattering. It was found that mesostructure of hydrogenated
bacterial cellulose from different sources is very similar. However, deuteration of the
cellulose leads to substantial changes in its mesostructure and rheological properties.

REFERENCES
[1] V. Smil, Energy Transitions: Global and National Perspectives. (2017).

[2] BP, Statistical Review of World Energy, Tech. Rep. 65 (2016).

[3] ACIA, Impacts of a Warming Arctic - Arctic Climate Impact Assessment, edited by
C. Symon (Cambridge University Press, Cambridge, UK, 2004) p. 144.

[4] R. J. P. Schmitt, N. Kittner, G. M. Kondolf, and D. M. Kammen, Deploy diverse re-
newables to save tropical rivers, Nature 569, 330 (2019).

[5] M. A. J. Huijbregts, S. Hellweg, R. Frischknecht, K. Hungerbühler, and A. J. Hendriks,
Ecological footprint accounting in the life cycle assessment of products, Ecological
Economics 64, 798 (2008).

[6] A. J. Ragauskas, The Path Forward for Biofuels and Biomaterials, Science 311, 484
(2006).

[7] D. J. C. Mackay, Sustainable Energy — without the hot air, Vol. 78 (2009) p. 383.

http://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://ui.adsabs.harvard.edu/abs/2004iwaa.book.....A
http://dx.doi.org/ 10.1038/d41586-019-01498-8
http://dx.doi.org/ 10.1016/j.ecolecon.2007.04.017
http://dx.doi.org/ 10.1016/j.ecolecon.2007.04.017
http://dx.doi.org/ 10.1126/science.1114736
http://dx.doi.org/ 10.1126/science.1114736
http://dx.doi.org/10.1109/PES.2004.1373296.


REFERENCES

1

7

[8] S. Chu and A. Majumdar, Opportunities and challenges for a sustainable energy fu-
ture, Nature 488, 294 (2012).

[9] M. A. S. Azizi Samir, F. Alloin, and A. Dufresne, Review of Recent Research into Cel-
lulosic Whiskers, Their Properties and Their Application in Nanocomposite Field,
Biomacromolecules 6, 612 (2005).

[10] J. Simon, H. Müller, R. Koch, and V. Müller, Thermoplastic and biodegradable poly-
mers of cellulose, Polymer Degradation and Stability 59, 107 (1998).

[11] M. Poletto, V. Pistor, and A. J., Structural Characteristics and Thermal Properties of
Native Cellulose, in Cellulose - Fundamental Aspects (InTech, 2013) pp. 45–68.

[12] Y. Habibi, L. A. Lucia, and O. J. Rojas, Cellulose nanocrystals: chemistry, self-
assembly, and applications. Chemical reviews 110, 3479 (2010).

[13] G. Siqueira, J. Bras, and A. Dufresne, Cellulosic Bionanocomposites: A Review of
Preparation, Properties and Applications, Polymers 2, 728 (2010).

[14] M. Brown, I. Saxena, and K. Kudlicka, Cellulose biosynthesis in higher plants, Trends
in Plant Science 1, 149 (1996).

[15] I. Tsekos, The sites of cellulose synthesis in algae:diversity and evolution of cellulose-
synthesizing enzyme complexes, Journal of Phycology 35, 635 (1999).

[16] R. M. Brown, J. H. Willison, and C. L. Richardson, Cellulose biosynthesis in Aceto-
bacter xylinum: visualization of the site of synthesis and direct measurement of the
in vivo process. Proceedings of the National Academy of Sciences 73, 4565 (1976).

[17] C. E. Wyman, Ethanol Production from Lignocellulosic Biomass: Overview, in Hand-
book on Bioethanol: Production and Utilization, edited by C. Wyman (Taylor &
Francis, Washington, DC, 1996) Chap. 1, pp. 1–18.

[18] N. Kosaric, Ethanol– Potential Source of Energy and Chemical Products, in Biotech-
nology, edited by H. Rehm and G. Reed (Wiley-VCH Verlag GmbH, Weinheim, Ger-
many, 2008) Chap. 4, pp. 121–203.

[19] M. A. Brown, M. D. Levine, J. P. Romm, A. H. Rosenfeld, and J. G. Koomey,
Engineering-economic studies of energy technologies to reduce greenhouse gas emis-
sions: Opportunities and Challenges, Annual Review of Energy and the Environ-
ment 23, 287 (1998).

[20] OFD, Review of the Research Strategy for Biomass-Derived Transportation Fuels (Na-
tional Academies Press, Washington, D.C., 1999).

[21] S. Naik, V. V. Goud, P. K. Rout, and A. K. Dalai, Production of first and second gener-
ation biofuels: A comprehensive review, Renewable and Sustainable Energy Reviews
14, 578 (2010).

http://dx.doi.org/10.1038/nature11475
http://dx.doi.org/ 10.1021/bm0493685
http://dx.doi.org/10.1016/S0141-3910(97)00151-1
http://dx.doi.org/10.5772/50452
http://dx.doi.org/ 10.1021/cr900339w
http://dx.doi.org/10.3390/polym2040728
http://dx.doi.org/10.1016/S1360-1385(96)80050-1
http://dx.doi.org/10.1016/S1360-1385(96)80050-1
http://dx.doi.org/ 10.1046/j.1529-8817.1999.3540635.x
http://dx.doi.org/ 10.1073/pnas.73.12.4565
http://dx.doi.org/ 10.1002/9783527620883.ch4
http://dx.doi.org/ 10.1002/9783527620883.ch4
http://dx.doi.org/10.1146/annurev.energy.23.1.287
http://dx.doi.org/10.1146/annurev.energy.23.1.287
http://dx.doi.org/10.17226/9714
http://dx.doi.org/ 10.1016/j.rser.2009.10.003
http://dx.doi.org/ 10.1016/j.rser.2009.10.003


1

8 REFERENCES

[22] M. von Sivers, G. Zacchi, L. Olsson, and B. Hahn-Haegerdal, Cost Analysis of
Ethanol Production from Willow Using Recombinant Escherichia coli, Biotechnol-
ogy Progress 10, 555 (1994).

[23] A. Wiselogel, S. Tyson, and D. Johnson, Biomass feedstock resources and composi-
tion, in Handbook on bioethanol: production and utilization, edited by C. Wyman
(Taylor and Francis, Washington, DC, 1996) Chap. 6, pp. 105–118.

[24] P. A. M. Claassen, J. B. van Lier, A. M. Lopez Contreras, E. W. J. van Niel, L. Sijtsma,
A. J. M. Stams, S. S. de Vries, and R. A. Weusthuis, Utilisation of biomass for the
supply of energy carriers, Applied Microbiology and Biotechnology 52, 741 (1999).

[25] W. Van Camp, Yield enhancement genes: seeds for growth, Current Opinion in
Biotechnology 16, 147 (2005).

[26] Z. P. Jing, F. Gallardo, M. B. Pascual, R. Sampalo, J. Romero, A. T. De Navarra, and
F. M. Cánovas, Improved growth in a field trial of transgenic hybrid poplar overex-
pressing glutamine synthetase, New Phytologist 164, 137 (2004).

[27] B. Vinocur and A. Altman, Recent advances in engineering plant tolerance to abi-
otic stress: achievements and limitations, Current Opinion in Biotechnology 16, 123
(2005).

[28] P. Morandini, F. Salamini, and P. Gantet, Engineering of Plant Metabolism for
Drug and Food, Current Medicinal Chemistry-Immunology, Endocrine & Metabolic
Agents 5, 103 (2005).

[29] S. a. Nolen, C. L. Liotta, C. a. Eckert, and R. Gläser, The catalytic opportunities of
near-critical water: a benign medium for conventionally acid and base catalyzed
condensations for organic synthesis, Green Chem. 5, 663 (2003).

[30] C. A. Eckert, C. L. Liotta, D. Bush, J. S. Brown, and J. P. Hallett, Sustainable Reactions
in Tunable Solvents, The Journal of Physical Chemistry B 108, 18108 (2004).

[31] N. MOSIER, Features of promising technologies for pretreatment of lignocellulosic
biomass, Bioresource Technology 96, 673 (2005).

[32] M. Foston and A. J. Ragauskas, Biomass Characterization: Recent Progress in Under-
standing Biomass Recalcitrance, Industrial Biotechnology 8, 191 (2012).

[33] A. T. W. M. Hendriks and G. Zeeman, Pretreatments to enhance the digestibility of
lignocellulosic biomass, Bioresource Technology 100, 10 (2009), arXiv:1579-4377 .

[34] Z. Lin, H. Huang, H. Zhang, L. Zhang, L. Yan, and J. Chen, Ball Milling Pretreat-
ment of Corn Stover for Enhancing the Efficiency of Enzymatic Hydrolysis, Applied
Biochemistry and Biotechnology 162, 1872 (2010).

[35] O. Bobleter, Hydrothermal degradation of polymers derived from plants, Progress in
Polymer Science 19, 797 (1994).

http://dx.doi.org/ 10.1021/bp00029a017
http://dx.doi.org/ 10.1021/bp00029a017
http://dx.doi.org/ 10.1007/s002530051586
http://dx.doi.org/10.1016/j.copbio.2005.03.002
http://dx.doi.org/10.1016/j.copbio.2005.03.002
http://dx.doi.org/ 10.1111/j.1469-8137.2004.01173.x
http://dx.doi.org/10.1016/j.copbio.2005.02.001
http://dx.doi.org/10.1016/j.copbio.2005.02.001
http://dx.doi.org/10.2174/1568013053586441
http://dx.doi.org/10.2174/1568013053586441
http://dx.doi.org/ 10.1039/B308499J
http://dx.doi.org/10.1021/jp0487612
http://dx.doi.org/10.1016/j.biortech.2004.06.025
http://dx.doi.org/10.1089/ind.2012.0015
http://dx.doi.org/10.1016/j.biortech.2008.05.027
http://arxiv.org/abs/1579-4377
http://dx.doi.org/10.1007/s12010-010-8965-5
http://dx.doi.org/10.1007/s12010-010-8965-5
http://dx.doi.org/ 10.1016/0079-6700(94)90033-7
http://dx.doi.org/ 10.1016/0079-6700(94)90033-7


REFERENCES

1

9

[36] G. Garrote, H. Domínguez, and J. C. Parajó, Hydrothermal processing of lignocellu-
losic materials, Holz als Roh- und Werkstoff 57, 191 (1999).

[37] C. Liu and C. E. Wyman, The Effect of Flow Rate of Compressed Hot Water on Xylan,
Lignin, and Total Mass Removal from Corn Stover, Industrial & Engineering Chem-
istry Research 42, 5409 (2003).

[38] M. a. Kabel, G. Bos, J. Zeevalking, A. G. J. Voragen, and H. a. Schols, Effect of pre-
treatment severity on xylan solubility and enzymatic breakdown of the remaining
cellulose from wheat straw. Bioresource technology 98, 2034 (2007).

[39] M. Foston and A. J. Ragauskas, Changes in lignocellulosic supramolecular and ultra-
structure during dilute acid pretreatment of Populus and switchgrass, Biomass and
Bioenergy 34, 1885 (2010).

[40] Q. Sun, M. Foston, X. Meng, D. Sawada, S. V. Pingali, H. M. O’Neill, H. Li, C. E.
Wyman, P. Langan, A. J. Ragauskas, and R. Kumar, Effect of lignin content on
changes occurring in poplar cellulose ultrastructure during dilute acid pretreatment,
Biotechnology for Biofuels 7, 150 (2014).

[41] G. Brodeur, E. Yau, K. Badal, J. Collier, K. B. Ramachandran, and S. Ramakrishnan,
Chemical and Physicochemical Pretreatment of Lignocellulosic Biomass: A Review,
Enzyme Research 2011, e787532 (2011), arXiv:787532 .

[42] J. S. Kim, Y. Lee, and T. H. Kim, A review on alkaline pretreatment technology for
bioconversion of lignocellulosic biomass, Bioresource Technology 199, 42 (2016).

[43] P.-L. Tang, P. M. Abdul, N. S. Engliman, and O. Hassan, Effects of pretreatment and
enzyme cocktail composition on the sugars production from oil palm empty fruit
bunch fiber (OPEFBF), Cellulose (2018), 10.1007/s10570-018-1894-0.

[44] G. Bali, X. Meng, J. I. Deneff, Q. Sun, and A. J. Ragauskas, The effect of alkaline
pretreatment methods on cellulose structure and accessibility, ChemSusChem 8, 275
(2015).

[45] S. V. Pingali, V. S. Urban, W. T. Heller, J. McGaughey, H. O’Neill, M. B. Foston, H. Li,
C. E. Wyman, D. A. Myles, P. Langan, A. Ragauskas, B. Davison, and B. R. Evans,
Understanding Multiscale Structural Changes During Dilute Acid Pretreatment of
Switchgrass and Poplar, ACS Sustainable Chemistry & Engineering 5, 426 (2017).

[46] P. Harmsen, W. Huigen, L. Bermudez, and R. Bakker, Literature Review of Physical
and Chemical Pretreatment Processes for Lignocellulosic Biomass, September (2010)
pp. 1–54.

[47] L. J. Jönsson and C. Martín, Pretreatment of lignocellulose: Formation of inhibitory
by-products and strategies for minimizing their effects, Bioresource Technology 199,
103 (2016).

[48] A. F. Turbak, F. W. Snyder, and K. R. Sandberg, Microfibrillated cellulose, a new cel-
lulose product: properties, uses, and commercial potential, (United States, 1983).

http://dx.doi.org/ 10.1007/s001070050039
http://dx.doi.org/10.1021/ie030458k
http://dx.doi.org/10.1021/ie030458k
http://dx.doi.org/10.1016/j.biortech.2006.08.006
http://dx.doi.org/ 10.1016/j.biombioe.2010.07.023
http://dx.doi.org/ 10.1016/j.biombioe.2010.07.023
http://dx.doi.org/10.1186/s13068-014-0150-6
http://dx.doi.org/ 10.4061/2011/787532
http://arxiv.org/abs/787532
http://dx.doi.org/ 10.1016/j.biortech.2015.08.085
http://dx.doi.org/10.1007/s10570-018-1894-0
http://dx.doi.org/ 10.1002/cssc.201402752
http://dx.doi.org/ 10.1002/cssc.201402752
http://dx.doi.org/10.1021/acssuschemeng.6b01803
http://dx.doi.org/ 10.1016/j.biortech.2015.10.009
http://dx.doi.org/ 10.1016/j.biortech.2015.10.009


1

10 REFERENCES

[49] F. W. Herrick, R. L. Casebier, J. K. Hamilton, and K. R. Sandberg, Microfibrillated
cellulose: morphology and accessibility, (United States, 1983).

[50] D. G. Hepworth and D. M. Bruce, Method of calculating the mechanical properties
of nanoscopic plant cell wall components from tissue properties, Journal of Materials
Science 35, 5861 (2000).

[51] Y.-C. Hsieh, H. Yano, M. Nogi, and S. J. Eichhorn, An estimation of the Young’s mod-
ulus of bacterial cellulose filaments, Cellulose 15, 507 (2008).

[52] K. L. Spence, R. A. Venditti, O. J. Rojas, Y. Habibi, and J. J. Pawlak, The effect of chemi-
cal composition on microfibrillar cellulose films from wood pulps: water interactions
and physical properties for packaging applications, Cellulose 17, 835 (2010).

[53] A. Naderi, T. Lindström, and T. Pettersson, The state of carboxymethylated nanofib-
rils after homogenization-aided dilution from concentrated suspensions: a rheolog-
ical perspective, Cellulose 21, 2357 (2014).

[54] S. J. Veen, A. Kuijk, P. Versluis, H. Husken, and K. P. Velikov, Phase Transitions in Cel-
lulose Microfibril Dispersions by High-Energy Mechanical Deagglomeration, Lang-
muir 30, 13362 (2014).

[55] F. Grüneberger, T. Künniger, T. Zimmermann, and M. Arnold, Rheology of nanofib-
rillated cellulose/acrylate systems for coating applications, Cellulose 21, 1313 (2014).

[56] D. Klemm, E. D. Cranston, D. Fischer, M. Gama, S. A. Kedzior, D. Kralisch, F. Kramer,
T. Kondo, T. Lindström, S. Nietzsche, K. Petzold-Welcke, and F. Rauchfuß, Nanocel-
lulose as a natural source for groundbreaking applications in materials science: To-
day’s state, Materials Today 21, 720 (2018).

[57] O. Nechyporchuk, M. N. Belgacem, and F. Pignon, Concentration effect of TEMPO-
oxidized nanofibrillated cellulose aqueous suspensions on the flow instabilities and
small-angle X-ray scattering structural characterization, Cellulose 22, 2197 (2015).

[58] A. Naderi and T. Lindstrom, Rheological Measurements on Nanofibrillated Cellu-
lose Systems: A Science in Progress, in Cellulose and Cellulose Derivatives: Synthesis,
Modification and Applications, edited by I. H. Mondal (Nova Science Publishers,
Inc., New York, 2015) Chap. 10, pp. 187–204.

[59] O. Nechyporchuk, M. N. Belgacem, and F. Pignon, Rheological properties of micro-
/nanofibrillated cellulose suspensions: Wall-slip and shear banding phenomena,
Carbohydrate Polymers 112, 432 (2014).

[60] T. Saarinen, M. Lille, and J. Seppälä, Technical Aspects on Rheological Characteriza-
tion of Microfibrillar Cellulose Water Suspensions, Annual Transaction of the Nordic
Rheology Society 17, 121 (2009).

[61] J. Mewis and N. J. Wagner, Thixotropy, Advances in Colloid and Interface Science
147-148, 214 (2009).

http://dx.doi.org/ https://doi.org/10.1023/A:1026716710498
http://dx.doi.org/ https://doi.org/10.1023/A:1026716710498
http://dx.doi.org/ 10.1007/s10570-008-9206-8
http://dx.doi.org/ 10.1007/s10570-010-9424-8
http://dx.doi.org/ 10.1007/s10570-014-0329-9
http://dx.doi.org/ 10.1021/la502790n
http://dx.doi.org/ 10.1021/la502790n
http://dx.doi.org/10.1007/s10570-014-0248-9
http://dx.doi.org/ 10.1016/j.mattod.2018.02.001
http://dx.doi.org/10.1007/s10570-015-0640-0
http://dx.doi.org/10.1016/j.carbpol.2014.05.092
http://dx.doi.org/10.1016/j.cis.2008.09.005
http://dx.doi.org/10.1016/j.cis.2008.09.005


REFERENCES

1

11

[62] H. Taheri and P. Samyn, Effect of homogenization (microfluidization) process pa-
rameters in mechanical production of micro- and nanofibrillated cellulose on its
rheological and morphological properties, Cellulose 23, 1221 (2016).

[63] M. Pääkkö, M. Ankerfors, H. Kosonen, A. Nykänen, S. Ahola, M. Österberg, J. Ruoko-
lainen, J. Laine, P. T. Larsson, O. Ikkala, and T. Lindström, Enzymatic Hydrol-
ysis Combined with Mechanical Shearing and High-Pressure Homogenization for
Nanoscale Cellulose Fibrils and Strong Gels, Biomacromolecules 8, 1934 (2007).

[64] M. Iotti, Ø. W. Gregersen, S. Moe, and M. Lenes, Rheological Studies of Microfibril-
lar Cellulose Water Dispersions, Journal of Polymers and the Environment 19, 137
(2011).

[65] E. Lasseuguette, D. Roux, and Y. Nishiyama, Rheological properties of microfibrillar
suspension of TEMPO-oxidized pulp, Cellulose 15, 425 (2008).

[66] G. Agoda-Tandjawa, S. Durand, S. Berot, C. Blassel, C. Gaillard, C. Garnier, and J.-L.
Doublier, Rheological characterization of microfibrillated cellulose suspensions after
freezing, Carbohydrate Polymers 80, 677 (2010).

[67] I. Besbes, M. R. Vilar, and S. Boufi, Nanofibrillated cellulose from Alfa, Eucalyptus
and Pine fibres: Preparation, characteristics and reinforcing potential, Carbohydrate
Polymers 86, 1198 (2011).

[68] E. Dinand, H. Chanzy, and M. R. Vignon, Parenchymal cell cellulose from sugar beet
pulp: preparation and properties, Cellulose 3, 183 (1996).

[69] M. Mohtaschemi, K. Dimic-Misic, A. Puisto, M. Korhonen, T. Maloney, J. Paltakari,
and M. J. Alava, Rheological characterization of fibrillated cellulose suspensions via
bucket vane viscometer, Cellulose 21, 1305 (2014).

[70] F. Bettaieb, O. Nechyporchuk, R. Khiari, M. F. Mhenni, A. Dufresne, and M. N. Bel-
gacem, Effect of the oxidation treatment on the production of cellulose nanofiber sus-
pensions from Posidonia oceanica : The rheological aspect, Carbohydrate Polymers
134, 664 (2015).

[71] E. Saarikoski, T. Saarinen, J. Salmela, and J. Seppälä, Flocculated flow of microfib-
rillated cellulose water suspensions: An imaging approach for characterisation of
rheological behaviour, Cellulose 19, 647 (2012).

[72] A. Karppinen, T. Saarinen, J. Salmela, A. Laukkanen, M. Nuopponen, and J. Seppälä,
Flocculation of microfibrillated cellulose in shear flow, Cellulose 19, 1807 (2012).

[73] F. Martoïa, C. Perge, P. J. J. Dumont, L. Orgéas, M. A. Fardin, S. Manneville, and M. N.
Belgacem, Heterogeneous flow kinematics of cellulose nanofibril suspensions under
shear, Soft Matter 11, 4742 (2015).

[74] T. Saarinen, S. Haavisto, A. Sorvari, J. Salmela, and J. Seppälä, The effect of wall
depletion on the rheology of microfibrillated cellulose water suspensions by optical
coherence tomography, Cellulose 21, 1261 (2014).

http://dx.doi.org/10.1007/s10570-016-0866-5
http://dx.doi.org/10.1021/bm061215p
http://dx.doi.org/10.1007/s10924-010-0248-2
http://dx.doi.org/10.1007/s10924-010-0248-2
http://dx.doi.org/ 10.1007/s10570-007-9184-2
http://dx.doi.org/ 10.1016/j.carbpol.2009.11.045
http://dx.doi.org/10.1016/j.carbpol.2011.06.015
http://dx.doi.org/10.1016/j.carbpol.2011.06.015
http://dx.doi.org/ 10.1007/bf02228800
http://dx.doi.org/ 10.1007/s10570-014-0235-1
http://dx.doi.org/ 10.1016/j.carbpol.2015.07.091
http://dx.doi.org/ 10.1016/j.carbpol.2015.07.091
http://dx.doi.org/10.1007/s10570-012-9661-0
http://dx.doi.org/10.1007/s10570-012-9766-5
http://dx.doi.org/10.1039/C5SM00530B
http://dx.doi.org/10.1007/s10570-014-0187-5


1

12 REFERENCES

[75] S. Haavisto, A. I. Koponen, and J. Salmela, New insight into rheology and flow prop-
erties of complex fluids with Doppler optical coherence tomography, Frontiers in
Chemistry 2, 1 (2014).

[76] D. de Kort, S. Veen, H. Van As, D. Bonn, K. Velikov, and J. van Duynhoven, Yielding
and flow of cellulose microfibril dispersions in the presence of a charged polymer,
Soft Matter (2016), 10.1039/c1sm05495c.

http://dx.doi.org/10.3389/fchem.2014.00027
http://dx.doi.org/10.3389/fchem.2014.00027
http://dx.doi.org/ 10.1039/c1sm05495c


2
EFFECTS OF DILUTE ACID

PRETREATMENT ON THE

STRUCTURE OF POPLAR BIOMASS

Effects of dilute acid pretreatment on the structure of poplar biomass have been inves-
tigated by a variety of techniques: microscopy, small angle scattering and diffraction of
X-rays. The pretreatment consists of exposure to 0.2% H2SO4 for 12 minutes (a mild pre-
treatment), or to 0.5% H2SO4 for 8 minutes (a severe pretreatment). The effectiveness of
the pretreatment is measured as the glucose yield after 72 hours of enzymatic hydrolysis
of the feedstock before and after pretreatment. The pretreatment results in the increase of
the yield from 1% for initial poplar material to 50% after mild pretreatment and up to
70% after severe pretreatment. XRD has shown decrease of cellulose crystallinity in poplar
from 50% in the initial material to 26% and 24% after the mild and severe pretreatments,
respectively. SAXS analysis has allowed us to estimate the specific surface area of the ma-
terials in wet state. It has shown more than sevenfold increase of specific surface area after
the mild pretreatment and almost ninefold increase after the severe pretreatment. Our
findings suggest that the crystallinity index of cellulose and the specific surface area of the
material are the main structural features responsible for optimum cellulose conversion;
increase of pretreatment severity does not affect crystallinity index, but facilitates the con-
version via increase in specific surface area of feedstock.

This chapter, by Evgenii Velichko, Margot Schooneveld-Bergmans, and Wim G. Bouwman, has been submitted
to the scientifi journal: Cellulose
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2.1. INTRODUCTION
Renewable sources of energy have attracted considerable attention from governments
worldwide. It is widely recognized that the human civilization overuses fossil fuel re-
sources and has almost exhausted them [1]. Moreover, this overuse has led to an enor-
mous greenhouse gas release into the atmosphere and is one of the main causes of the
global warming [2]. Biofuel is a viable alternative to fossil fuels [3]. It can be produced
from starch or sugar sources; however, exploiting food sources requires expansion of fer-
tile lands, which is not feasible. As an alternative, biofuel can be derived from lignocellu-
losic biomass, which includes agricultural and forestry residues, herbaceous and woody
crops [4]. The main advantages of this source are abundance, carbon-neutrality and re-
newability. Therefore, lignocellulosic biomass is considered one of the most promising
renewable energy sources. Cellulose, which is the main component of the lignocellu-
losic biomass, has a complex hierarchical structure [5–13]. On the molecular level, it is a
long chain of glucose molecules. These macromolecules are bound together by hydro-
gen bonds and form alternating crystalline and amorphous regions of cellulose. To pro-
duce biofuel, cellulose has to be converted into glucose by enzymes, so-called enzymatic
hydrolysis [14]. However, this process is hindered by various structural and composi-
tional factors [15–17]. Several pretreatments have been proposed to make biomass more
susceptible to hydrolysis, including mechanical [18–21], chemical [22–27] and thermo-
chemical methods [25, 27–29]. Acidic pretreatment is one of the most promising and
widely used among these. Researchers have reported a decrease in crystallinity and im-
proved enzymatic digestibility of cellulose as a result of this pretreatment [30–35]. There-
fore, recalcitrance of cellulose is attributed to its crystal structure. However, it is hard to
imagine that changes of the most basic units of cellulose are happening without changes
on the larger length scale. For alteration of crystallinity to take place, changes on the
nanometer length scale should take place, so that crystallites become more accessible
to acid for interaction. However, very little is known about the effect of pretreatment on
nanometer and micrometer scales of cellulose.

Small angle scattering of X-rays and neutrons gives access to intermediate length
scale, the mesostructure. It is commonly accepted that cellulose has several levels of
organization in the nano- and micrometer length scale: elementary fibrils with diame-
ters of several nm, microfibrils with diameters in the order of tens of nm and bundles
of microfibrils with diameters in micrometer range [36, 37]. In recent years small an-
gle scattering techniques were applied to a multitude of cellulosic materials, ranging
from bacterial cellulose, to switchgrass and poplar [5, 7, 35, 38–41]. A core-shell cylinder
model with absolute power law for fitting of the SAS data, proposed by a group of Gilbert
[5] was recently successfully applied to bacterial cellulose and cotton materials [38, 42].
In combination with the XRD data, this model gives valuable insights into the hierarchi-
cal structure fo cellulosic materials. A recent small-angle neutron scattering research of
switchgrass and poplar by Pingali et al. gave valuable insights into structural changes in
cellulosic materials and concluded that "cellulose accessibility is the decisive factor in
increasing glucose yields, while cellulose crystallinity and lignin aggregation play lesser
roles." However, the researchers were using a multilevel unified fit, which is considerably
ambiguous.

In this study we have applied a multi-technique approach based on microscopy,
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small-angle scattering and X-ray diffraction to study structural changes in poplar biomass.
This combination allowed us to assess structural changes in cellulose over a wide range
of length scales (from Ångström scale up to millimeter scale). Moreover, the link between
the changes in mesostructure and enzymatic digestibility of the cellulose material was
established with the help of high performance liquid chromatography. By comparing
the structural parameters with the cellulose digestibility, we outlined the key structural
features responsible for optimum cellulose digestion. This approach can be used to eval-
uate the effects of pretreatment on the mesostructure of biomass, thus facilitating the
development of a sustainable process for the production of the biofuel.

2.2. MATERIALS AND METHODS

2.2.1. MATERIALS AND PRETREATMENT
The initial poplar material was pretreated with two different concentrations of sulfuric
acid: 0.2% (mildly treated poplar, MP) and 0.5% (severely treated poplar, SP). Firstly,
chipped poplar feedstock was mixed with diluted sulfuric acid to reach 40% feedstock
dry matter and required concentration of sulfuric acid. After soaking for 16 hours the
mixtures were transferred to a bench scale reactor and heated with steam to 180◦C for
12 minutes (MP), or to 190◦C for 8 minutes (SP). At the end of the reaction time, the
temperature and pressure were instantly dropped by opening a valve of the reactor, and
the pretreated feedstock and liquid were collected. After acid treatment feedstock was
separated from liquid, washed with demineralized water and used for further analysis.
The dry matter content was approximately 30%. 2 ml of each sample were kept in the
wet state for SAXS experiments and were stored in a fridge at 4◦C. The rest of the samples
were dried at 50◦ C till constant weight and were stored at room temperature in closed
beakers.

2.2.2. FEEDSTOCK COMPOSITION
Total sugar composition was determined based on NMR analysis of acid hydrolyzed
feedstock according to the method of Carvalho de Souza et al. [43].

2.2.3. MICROSCOPY
Bright field and fluorescence microscopy were performed using the Keyence BZ8000 Flu-
orescence microscope (Biozero). The exposure time settings of the microscope for opti-
mal fluorescent signal were determined automatically by the software of the microscope.
The image size of an image is 680 x 512 pixels. Samples under investigation were placed
in silicone isolators from Grace Biolabs (Press-to-seal Silicone isolator) with a depth of
0.5 mm and a diameter of 20 mm (Sigma GBL666505).

2.2.4. X-RAY DIFFRACTION ANALYSIS
The X-ray diffraction (XRD) measurements were carried out at the Reactor Institute Delft
using a PANalytical X’Pert pro X-ray diffractometer with Cu-Kα radiation (5◦ ≤ 2θ ≤ 80◦
with a step size of 0.008◦ (2θ); total measuring time was 1 h per sample). All the sam-
ples were dried prior to XRD measurements. All measurements were performed at room
temperature and atmospheric pressure.
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The crystallinity indexes (XC ) were determined by the method proposed by Teeäär,
Serlmaa and Paakkari [44], and successfully applied by several groups [38, 45–47]:

XC (%) = ΣACr y st al

ATot al
×100, (2.1)

where ATot al is the sum of the areas under all the diffraction peaks and ΣACr y st al is the
sum of the areas corresponding to the three crystalline peaks.

The apparent crystallite sizes (τ(hkl )) were calculated using the Scherrer’s equation
[48]:

τ(hkl ) =
K ×λ

β(hkl ) ×cos(θ(hkl ))
, (2.2)

where K is a constant of value 0.9, λ is the X-ray wavelength (0.1542 nm), β is the half-
height width of the diffraction band in radians, and 2θ is the Bragg angle corresponding
to the (hkl ) plane.

2.2.5. SMALL ANGLE X-RAY SCATTERING (SAXS)
Small angle X-ray scattering experiments were performed at the high-brilliance ID02
beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
Details of the experimental setup are given elsewhere [49]. Data were collected in the
range 3×10−4Å≤ q ≤ 0.7Å, where q = 4π

λ sin(2θ) is the momentum transfer, where θ is a
scattering angle and λ the wavelength of the used X-rays (in our experiments λ=0.0996
nm). Measurements were performed in transmission mode. All samples were in the
form of a suspension in water with a dry material content of about 30 %. Each sample
was placed in a 30 position temperature stage with aluminum sample holders between
mica windows, and the temperature of the sample cell kept constant at 20◦C. A scat-
tering pattern of 2 mm of water between two mica windows was used for background
subtraction for all the measurements. The scattering intensities were scaled to absolute
units [cm−1] using a water reference (IH2O,20◦C = 1.641 ·10−2cm−1).

2.2.6. SAXS DATA ANALYSIS
Two-step analysis was performed to describe SAXS data. Firstly, from Porod law [50] and
scattering invariant we determined the fraction of water absorbed by the particles, their
effective scattering length density contrast, effective density and volume fraction, as well
as specific surface areas.
The scattering invariant is defined as

Q∗ =
∫ ∞

−∞
q2∆I (q)d q, (2.3)

and can be calculated for a 2 phase system as

Q∗ = 2π2ϕ(1−ϕ)(∆ρ)2, (2.4)

whereϕ is the volume fraction of the scattering particles and∆ρ is their scattering length
density contrast with the solvent.
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The specific surface area can be determined from the invariant as

S I =
2πϕ(1−ϕ)Kp

Q∗D
, (2.5)

where Kp is the Porod scale factor, and D is the mass density of the particle. Some more
details on the evaluation of specific surface area are provided in section 2.3.4.

In case if the particles can soak in the solvent, we can modify the Eq. 2.4 as

Q∗ = 2π2(ϕ+ c)(1− (ϕ+ c))

(
∆ρ ·ϕ
ϕ+ c

)2

= 2π2 ·ϕe f · (1−ϕe f ) ·∆ρ2
e f , (2.6)

where c is the fraction of the solvent absorbed by the particles, and ϕe f = ϕ+ c and

∆ρe f = ∆ρ·ϕ
ϕ+c are effective volume fraction and scattering length density contrast. As the

second step in the analysis of SAXS data, all of the scattering curves were fitted using
SASView [51] software and applying the core-shell model described in [7, 52]. The model
consists of a power-law and a core-shell cylinder form-factor:

I (q) = s f

V
· ∑

Rcor e

n(Rcor e ,σcor e ) ·P (q,Rcor e ,Rshel l ,L, (2.7)

ρcor e ,ρshel l ,ρsol v )+ A ·q−m +bckg ,

where the first term corresponds to the form factor of a core-shell cylinder with polydis-
perse core radii, multiplied by the number density of particles (s f /V ), where V is the
total volume of the particle, the second term accounts for the power-law scattering of
large clusters, and the third term corresponds to the incoherent background remaining
after solvent background subtraction. A detailed description of the form factor function
and the parameters defining the model can be found elsewhere [7].

2.2.7. SURFACE AREA
The specific surface area for all the samples was measured by nitrogen adsorption ac-
cording to Brunauer-Emmett-Teller (BET) theory [53] using Micromeritics Tristar 3000
analyzer at Ural Federal University in Yekaterinburg, Russia.

2.2.8. GLUCOSE RELEASE
All of the powder samples were suspended in an acetate buffer at pH of 4.5 and 2% weight
concentration of dry material. Resulting slurries were stirred for 16 hours in order to
assure sufficient wetting of the material. After stirring, two aliquots of 950 µL of each
slurry were transported into 2 mL Eppendorf tubes. One tube of each material, indicated
as t=0, was filled with water to make 1000 µL of 1.9% material and stored in a freezer at -
20◦C for further analysis. The remaining tubes were preheated to 60◦C in a thermomixer.
Following preheating, an overdose of cellulase cocktail was added to each tube, making
concentrations of 1.9% in each tube. All of the tubes were left in Thermomixer at 60◦C
and shaking at 1000 rpm and were taken away and set on ice 72 hours after addition of
enzymes. The pH of all samples was checked after hydrolysis and was 4.45. The samples
were centrifuged and filtered to remove all solids.
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The monosugars profile of the samples after enzymatic hydrolysis was analyzed us-
ing high-performance anion exchange chromatography (HPLC) with pulsed ampero-
metric detection (Dionex ICS-500 with AS-AP autosampler). The samples were separated
on a CarboPac PA-20 column preceded by a CarboPac PA-20 guard-column, by elution
for 19 minutes in 5 mM NaOH at a flow rate of 0.5 ml/min. The column was washed by
solutions of NaOH with gradually increasing concentration up to 380 mM, and 6 min-
utes with 380 mM NaOH solution. Subsequently, the column was equilibrated to 5 mM
NaOH. Quantification of glucose was done using the response factor of the glucose stan-
dard.
The glucose yield is calculated in the following way:

Y i eld(%) = Cmeas

Cmax
·100% = Cmeas

Ccel l ·CDM ·Csl ur r y
·100%, (2.8)

where Cmeas is the measured concentration of glucose, Cmax is the potential maximal
concentration of glucose in the sample, Ccel l is the concentration of cellulose in the dry
material, CDM is the concentration of dry matter in the material, and Csl ur r y is the con-
centration of material in the slurry with the enzyme cocktail.

2.3. RESULTS

2.3.1. FEEDSTOCK COMPOSITION
According to NMR analysis of the of acid hydrolyzed feedstock, the initial poplar material
contains 45.9% wt. of glucan (cellulose), 10.8% wt. of xylan, 3.8% wt. water, and the re-
maining 39.5% wt. are attributed primarily lignin and some other hemicellulose sugars.
The values obtained are in a good agreement with the typical composition of poplar [54].

Table 2.1: Densities and X-ray SLDs for the components of poplar biomass, based on [7, 55]

Component Density (g/cm3) X-ray SLD (1010 cm−2)

Cellulose (crystalline) 1.60 14.46
Cellulose (amorphous) 1.48 13.38
Xylan 1.40 12.71
Lignin 1.40 12.59
H2O 1.00 9.47

2.3.2. MICROSCOPY
Bright field and fluorescent light microscopy images of all the investigated samples are
shown in Fig. 2.1. As can be seen from Fig. 2.1(a), initial poplar material is composed
of rather big particles with typical dimensions above 1.1 mm (horizontal dimension of
the field of view of the images). Evidently, pretreatment resulted in smaller particle sizes.
On Fig. 2.1(c) one can see two kinds of particles: one with sizes of some 100 µm and the
other with sizes of some 10 µm. The sizes of poplar particle after severe pretreatment
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are more homogeneously distributed in the 10 µm size domain. Fig. 2.1(b,d,f) show a
homogeneous distribution of lignin on the surface of the particles.

2.3.3. X-RAY DIFFRACTION ANALYSIS

X-ray diffractograms are presented in the Fig. 2.2. Three distinct peaks at ca. 2θ =
16◦,22.5◦ and 35◦ can be observed for the initial and treated poplar materials. These
diffraction peaks were attributed to the (110), (200) and (040) crystalline planes of the
highly recalcitrant cellulose I allomorph. Although, cellulose I is a mixture of two crys-
talline forms: Iα (triclinic) and Iβ (monoclinic) [56, 57] with slightly different d-spacings,
and, therefore, positions of the diffraction peaks, in this study we did not make the dis-
tinction between the two, as the complexity and inhomogeneity of the studied material
did not allow for a thorough profile analysis of the diffractograms. They were normalized
by their respective areas under the curve. In this way we can directly quantify the impact
of different sample components on the total diffractogram, as the total area under the
curve after normalization is equal to 1 and corresponds to the sum of all the compo-
nents present in the material.

The crystallinity indexes (XC ) and average crystallite sizes and d-spacings are pre-
sented in Tab. 2.2. Crystallinity index defined by the deconvolution method has de-
creased almost twice in the course of pretreatment, but there is a small difference be-
tween crystallinity of mildly and severely treated materials. The average crystallite sizes
in the direction perpendicular to the (200) plane (τ200) are increasing in the course of
pretreatment and the more severe pretreatment results in the bigger crystallites. A sim-
ilar effect was observed previously for switchgrass[35], where authors have suggested a
coalescence of neighboring crystalline fibrils as an underlying mechanism for this change.
Another possible explanation for this phenomenon could be a preferential destruction
of the smaller crystallites in the course of the acidic pretreatment. It could lead to the
shift of average crystallite sizes towards higher values.

Based on the values for the composition and crystallinity of the studied materials, we
have calculated the maximal values for the density, scattering length density contrast,
and minimal volume fractions of the particles (assuming, no pores are present and the
materials consists only of the components listed in the Tab. 2.1). The calculated values
are listed in Tab. 2.3).

Table 2.2: Crystallinity indexes (XC ), average crystallite sizes (τ), and the corresponding d-spacing for the (200)
crystalline plane of the poplar biomass samples

Material Poplar, Poplar, Poplar,
initial material mildly treated severely treated

XC (%) 23(1) 12(1) 11(1)
d200 (Å) 3.9(4) 3.8(8) 3.9(2)
τ200 (nm) 5.2(2) 6.9(8) 7.9(2)
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Figure 2.1: Bright field (a, c, e) and fluorescent (b, d, f) light microscopy of the samples before and after pretreat-
ment: (a) typical image of the initial poplar material with (b) respective luminescent image, (c) poplar material
after a mild treatment with (d) respective luminescent image,(e) poplar material after the severe treatment
with (f) respective luminescent image
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Figure 2.2: XRD patterns of poplar materials before and after acidic pretreatment
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2.3.4. SMALL ANGLE X-RAY SCATTERING (SAXS)
All of the data related to the analysis of the scattering invariant are collected in Tab. 2.3.
Firstly, we have determined the background level from the Porod plots for all of the scat-
tering curves. Once we knew the exact value of background, we could calculate the in-
variants for each of the curves. It should be noted, that no extrapolations were made in
low- or high q regions, only the measured q region was used for the invariant calcula-
tions. The measured and calculated values for the invariant, maximal ∆ρ and minimal
ϕ were filled in Eq. 2.6 and the equation was solved for the fraction of absorbed water c.
Based on the c values we could calculate values for De f ,∆ρe f , and ϕe f values. It should
be noted that for the dry sample of the initial poplar material the volume fraction could
not be well estimated from the sample thickness and density as the particle of the mate-
rial are not uniform and the beam size was about 8000µm2. However, we could calculate
the volume fraction from the scattering invariant.

Table 2.3: Data relevant for the SAXS analysis

Material Poplar dry, Poplar wet, Poplar, Poplar,
initial material initial material mildly treated severely treated

Background (cm−1) 0.008 0.037 0.014 0.0147
Scattering invariant 0.00376 0.00118 0.00109 0.00117
Q∗ (cm−1Å−3)
Maximal density D (g/cm3) 1.4491 1.4491 1.4359 1.4347
Maximal ρ (1010 cm−2) 13.089 13.089 12.970 12.959
Maximal ∆ρ (1010 cm−2) 13.089 3.619 3.500 3.489
Minimal ϕ n.a. 0.228(1) 0.229(1) 0.229(1)
Fraction of absorbed water c n.a. 0.305(1) 0.310(1) 0.290(1)
Effective density De f (g/cm3) n.a 1.312(1) 1.301(1) 1.309(1)
Effective ρe f (1010 cm−2) n.a. 11.019(1) 10.960(1) 11.013(1)
Effective ∆ρe f (1010 cm−2) n.a. 1.549(1) 1.490(1) 1.543(1)
Effective ϕe f 0.989(1) 0.533(1) 0.539(1) 0.519(1)

Small-angle X-ray scattering curves with the fitting results are presented in Fig. 2.3.
Tab. 2.4 shows all of the fitting parameters of the model.

2.3.5. SPECIFIC SURFACE AREA

Results of specific surface area measurements are presented in Tab. 2.5. It is clear that
treatment of poplar biomass has resulted in substantial increase of the specific surface
area and higher severity of pretreatment resulted in higher increase.

2.3.6. GLUCOSE RELEASE

The glucose yield after enzymatic hydrolysis is presented in Tab. 2.6. Acidic pretreatment
leads to much higher levels of glucose conversion and the more severe pretreatment re-
sults in the higher glucose yield.
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Figure 2.3: Small-angle X-ray scattering curves for all of the samples and the corresponding fits
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Table 2.4: Parameters of the model for the mesostructure of poplar biomass

Parameter Poplar, Poplar Poplar, Poplar,
dry wet mild treated severe treated

Scale factor 0.080(1) 0.027(3) 0.020(1) 0.018(1)
Length (Å) ∗ 21000 30.5(1) 21000 21000
Core radius (Å) 11.0(1) 9.0(1) 12.1(1) 14.2(1)
Polydispersity 0.10(1) 0.20(1) 0.35(1) 0.40(1)
Shell thickness (Å) 2.0(1) 1.3(1) 2.0(1) 2.0(1)
ρcor e , (1010 cm−2) ∗ 14.46 14.46 14.46 14.46
ρshel l , (1010 cm−2) 12.60(1) 12.60(1) 12.60(1) 12.60(1)
ρsol v , (1010 cm−2) ∗ 13.089 9.47 9.47 9.47
Power-law coefficient (K APL) 8.9(1)·10−7 6.3(1)·10−8 7.0(1)·10−8 8.6(1)·10−8

Power-law exponent (m) ∗ 4 4 4 4
∗ parameters which were fixed in the fitting process

Table 2.5: Specific surface area for all of the materials, determined by the N2-BET adsorption method, and
derived from the SAXS data

Material SS A (m2/g) SS A (m2/g)
from BET∗ from SAXS

Poplar, dry 0.07(1) 0.10(1)
Poplar, mildly treated 0.38(1) 0.77(1)
Poplar, severely treated 0.64(1) 0.88(1)
Poplar, wet n.a. 0.64(1)

2.4. DISCUSSION
The crystallinity of the poplar materials has been determined from XRD characteriza-
tion. The crystallinity index XC of the material decreases in the course of the pretreat-
ment decreases from 23% in the initial poplar material to 12% in the mildly- and even
to 11% in the severely treated samples. In terms of cellulose crystallinity (normalizing
XC by the content of cellulose in the material), this means: from 50% to 26% and 24%,
respectively. It should be noted, that in publications on crystallinity of lignocellulosic
biomass, XRD peak height method [58] is the most used up until now. However, it gives
substantially higher crystallinity values in comparison with other techniques [31], more-
over, in our analysis, values obtained by this method were significantly higher than total
cellulose content in the material, which simply could not be true. Average crystallite
sizes,also obtained from the XRD analysis, have shown a slight increase in the course of
acidic pretreatment.

Water holding capacity and specific surface area were determined from the scatter-
ing invariant analysis of the SAXS data. Since the scattering exponent in the low q region
was always equal to 4, we can conclude that particles of all studied materials have a
sharp interface with the solvent and do not show any fractal properties. All materials are
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Table 2.6: Glucose yields for all of the studied materials after 72 hours of enzymatic hydrolysis

Material Glucose yield after 72 hours of
enzymatic hydrolysis (%)

Poplar, initial material 1.0(5)
Poplar, mildly treated 50(4)
Poplar, severely treated 70(4)

able to hold 1.5 volume of water per volume of the dry material. Specific surface area
of the materials has increased as the result of the pretreatment, with the higher increase
corresponding to the higher severity of the pretreatment. Since no change in the topo-
logical dimension of the particle surface (scattering exponent) was observed as a result
of the pretreatment, the only possible explanation for the increase of the specific surface
area of the materials is the decrease in average particle sizes. This decrease is outlined
in the results of light microscopy. The specific surface area values obtained from SAXS
analysis were compared to ones from BET analysis. The values for the dry initial mate-
rial, obtained by both methods are in good agreement, however, for the materials which
were in wet state during SAXS analysis, the values obtained by BET method are consid-
erably lower than ones obtained from SAXS analysis. We assume that as a result of the
necessary drying step before BET analysis, the particle surface shrinks and open pores
collapse. Since, in the industrial applications enzymatic hydrolysis of biomass happens
in the wet state, it is very useful to be able to determine specific surface area for the ma-
terials in this state, and the SAXS method seems to be the right tool for doing it.

Fitting SAXS data with the core-shell cylinder and absolute power law model gives
several insights into affect of acidic pretreatment on the mesostructure of lignocellulosic
biomass. Firstly, the core radii of the fibers are increasing in the course of pretreatment,
however their volume fractions (scale factor) are decreasing. It appears that small fibers
are disrupted much easier than bigger ones during the pretreatment. On the other hand,
the coefficient of the power law K APL is steadily increasing as a result of pretreatment.
Therefore, we can conclude that disrupted fibrils do not dissolve completely, but become
amorphous and stay around the preserved ones, forming part of the big agglomerates of
lignocellulose. The increase in sizes of crystalline cores in the course of pretreatment
correlates with the XRD results and agree with the previous findings published in [35].
Moreover, the average crystallite sizes obtained from XRD are approximately 3 times
larger than diameters of crystalline cores for all of the studied materials. One of the pos-
sible explanations for this effect is the coalescence of the neighboring elementary fibrils
in the drying process preceding the XRD measurements. On the other hand, the almost
constant ratio between crystallite sizes and diameters of elementary fibrils can indicate
that SAXS and XRD are sensitive to different levels of cellulose organization. Crystallite
sizes determined from XRD could be attributed to cross-sections of microfibrils, formed
by hexagonal organization of elementary fibrils as was previously shown for the maize
cell wall [11]. Then, assuming that the smaller fibers are preferentially destructed, we
could simultaneously explain the average core radius and the average crystallite size in-
crease. It should be also noted that obtained value for the fiber length of the initial poplar
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material in wet state considerably deviates from the other materials.
For the initial poplar material we could not match the SAXS curve with the fixed fiber

length; we had to fit it as free parameter. The only possible explanation is that the mate-
rial contains closed elongated pores. Since the pores would have scattering contrast with
the average scattering length density of the material (∆ρpor e ≈ 11×1010cm−2), a volume
fraction as low as 0.005 would be sufficient to cause this effect.

2.5. CONCLUSIONS
We have successfully applied small-angle scattering and X-ray diffraction, combined
with nitrogen absorption and light microscopy, to investigate changes in the structure
of poplar biomass due to pretreatment by sulfuric acid of two different concentrations
("mild" and "severe" pretreatment). During the pretreatment we observe a decrease in
particle size, crystalline core radius of elementary fibrils, and about twofold decrease
in cellulose crystallinity index. Simultaneously, from nitrogen absorption measured ac-
cording to the Brunauer-Emmett-Teller method, we see an increase of the specific sur-
face area; it agrees with our findings from light microscopy and small-angle X-ray scat-
tering. The glucose yield after enzymatic hydrolysis following the pretreatment, im-
proves from 1% to 50% after mild pretreatment and up to 70% after the severe pretreat-
ment.

Our results suggest that the main structural features responsible for optimum cellu-
lose digestion are the crystallinity index of cellulose and the specific surface area of the
material. An acidic pretreatment gives a decrease in crystallinity by a factor of about 2;
the severity of the pretreatment hardly affects it. However, the severity of the pretreat-
ment does affect the specific surface area: we have seen that the more severe treatment
gives a higher specific surface area of the cellulose feedstock, attributed to a lower overall
particle size. It agrees with our findings from light microscopy. The reduction in parti-
cle size makes it better accessible to enzymes, giving a higher glucose yield. We believe
that the method of estimating specific surface area from the SAXS data on the materi-
als in their native wet state could facilitate the sustainable applications of lignocellulosic
biomass.
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3
A VERSATILE SHEAR CELL FOR

INVESTIGATION OF STRUCTURE OF

FOOD MATERIALS UNDER SHEAR

A versatile cell for X-ray and neutron scattering experiments on samples under shear has
been designed. To our knowledge, it is the first shear cell which can be used for both SAXS
and SANS in respectively synchrotron or reactor beamlines. The cell is mainly intended
for scattering experiments in so-called "1-2 plane geometry", but can also be modified
into cone-plate and plate-plate rheological geometries, giving access to the 1-3 scattering
plane. The latter two geometries, however, can only be used with neutron scattering. The
final cell design is compact, which allows it to be used even with lab-based X-ray sources.
A special thermostatic shell allows for the temperature control of the samples under inves-
tigation in the range from 5 up to 100◦C. Several X-ray and neutron scattering experiments
performed with the cell have helped in better understanding of the structuring under shear
of food materials, such as: cellulose suspensions, fat crystal networks and milk proteins.

This chapter has been published in Colloids and Surfaces A 566, 21-28 (2019) [1].
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3. A VERSATILE SHEAR CELL FOR INVESTIGATION OF STRUCTURE OF FOOD MATERIALS

UNDER SHEAR

3.1. INTRODUCTION
A major challenge for food science is to reconcile the societal drive towards sustain-
able food production with the consumers demand for natural, stable and superior tast-
ing foods [2]. Conventional routes for food manufacturing have been optimized over
decades and have reached their limits. The required radical redesign of food formula-
tion and processing routes requires deepened insights in relationships between product
structure and functionality [3]. When processing raw materials to final consumer food
products, their structures undergo changes at multiple length scales [4, 5]. A prerequisite
for rational redesign of food processing routes is to have insights in how these hierarchi-
cal multiscale structures evolve under dynamic condition [4].

Small-angle scattering (SAS) of X-rays (SAXS) and neutrons (SANS) is widely utilized
to study structures of food colloids ([6–11]). A number of works has also been done
on application of these techniques on materials under shear or flow conditions [12,
13]. Both methods, SAXS and SANS [14] are capable of investigations on nano- and
mesoscale size range, moreover, by utilizing a spin-echo principle for SANS encoding
(SESANS [15]), the range can be extended up to 20 µm. However, these methods have
certain advantages and disadvantages related to the employed type of radiation. X-rays
interact with electron clouds of atoms, which leads to linear dependency of scattering
power on the atomic number of the element. Neutrons interact with atom nuclei, which
causes different scattering power for different isotopes of the same chemical element.
This effect is widely employed in experiments with contrast variation. Moreover, due to
the weak interaction of neutrons with matter, rather bulky samples can be studied with
neutron scattering. Since X-rays are easy to generate, a multitude of laboratory-scale
plug-and-play SAXS instruments came to the market in recent years. Compact neutron
sources are still under development and SANS experiments still require large-facilities
like nuclear reactors, or spallation sources. Synchrotrons, large-facilities generating X-
ray are also open for SAXS experiments. One of the great advantages of synchrotrons is
their high flux of X-rays, which is 6-7 orders of magnitude higher than average flux of
neutrons at neutron large-facilities. Such a high flux allows for a very high time resolu-
tion, as well as high spatial resolution of the experiment, as X-ray beam at synchrotron
can easily be focused to 100 µm, or, with special optics, even to a few nm. However,
such high flux might be a considerable disadvantage in studies of soft matter, as samples
can easily get radiation damage or even destroyed within a fraction of a second. Taking
into account compatibility of X-rays and neutrons, we decided to make our shear-cell
suitable for both kind of radiation, so that we could perform (SE)SANS and SAXS exper-
iments on complex fluids under the same conditions. In the following the cells, suitable
for either SANS or SAXS on the samples under shear, will be called shear-SAS cells.

Table 3.1 gives an overview of the shear-SAS cells described in the literature. As can
be seen, the most popular cell geometry is Taylor-Couette, which allows for radial and
tangential passage of the beam along the cell (for more details of various cell geome-
tries as well as scattering planes see the review [13]). Depending on the direction of
the beam relative to the shear cell, three different scattering geometries are possible.
Figure 3.1 shows three possible scattering geometries based on the Taylor-Couette cell.
AntonPaar was the first company able to combine a rheometer with a suitable Taylor-
Couette cell with small-angle scattering of X-rays [16], a few years later simultaneous
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Figure 3.1: The common Taylor-Couette flow cell geometries with accessible scattering planes. (a) Rectilinear
coordinate frame where the 1-, 2-, and 3-directions are defined as the velocity (V ), velocity gradient (∆V ),
and vorticity (ω) directions, respectively. (b), (c), and (d) are the radial, tangential, and 1–2 plane flow cell
geometries that allow for scattering along the 1–3, 2–3, and 1–2 planes, respectively. In the latter, an incident
beam cross-section smaller than the fluid gap allows for spatial resolution along the gap. The Figure is adopted
from [13]

SANS and torque measurements were performed with a rheometer of Rheowis-Fluid
(Labplus, Jona, Switzerland) [17]. Another way of evolution of shear-SAS cells was a de-
velopment of so-called "1-2 plane shear cell"[18, 19]. As such a cell allows spatial reso-
lution along the shear-gradient direction across the gap, it is very attractive for investi-
gation of materials showing shear-banding [18, 20–23]. However, this geometry does not
allow for a simultaneous torque measurement, as the cell is placed horizontally, while all
of the existing rheometers are vertical. For our design we decided to omit possibility for
a simultaneous torque measurement and chose for horizontal cell geometry.

In this article we present detailed design of the versatile shear-cell suitable for SAXS,
SANS and SESANS measurements. Three examples of shear-SAS cell application for
studies of food colloids are presented in the experimental section. Although in our re-
search we focused mostly on application of the shear-SAS cell for investigation of food
colloidal dispersions, the applications can be extended to the much broader field of soft
matter.

Figure 3.2 shows a schematic drawing of the developed shear-SAS cell and Figure 3.9
shows an image of the cell mounted at the SAXS DUBBLE (BM-26) beamline at ESRF [37,
38]. As can be seen from Figure 3.9, the cell with its drive and motor is rather compact
(it can fit in a box of 25×25×25 cm3), which makes it easy in transportation, it even has
been transported as hand luggage on an airplane. The compactness made it possible
to mount it on various beamlines and even laboratory X-ray sources (see section 3.2.1).
The cell consists of an inner rotating disk (rotor) and an outer stable container (stator),
leaving a gap which is filled up with the material under investigation. Rotor and stator
are both made of aluminum.
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Figure 3.2: A schematic 3D drawing of the developed shear-cell (a) and a vertical cross section of it along the
rotation axis of the cell.
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Table 3.1: Shear-SAS cells described in the literature.

Source Simultaneous Type of Cell Scattering
torque radiation geometry plane(s)
meausurement

[24] - neutrons Taylor-Couette 1-3
[25] - neutrons Taylor-Couette 1-3
[26] - neutrons Taylor-Couette 1-3
[27] - neutrons Taylor-Couette 1-3
[28] - X-rays plate-plate 1-2
[29] - neutrons plate-plate 1-2
[30] - neutrons plate-plate 1-3
[31] - X-rays Taylor-Couette 1-3, 2-3
[32] - neutrons Taylor-Couette 1-2
[16] + X-rays Taylor-Couette 1-3, 2-3
[18, 19] - neutrons Taylor-Couette 1-2
[17] + neutrons Taylor-Couette 1-3, 2-3
[33] + X-rays plate-plate 1-3
[34] + neutrons Taylor-Couette 1-3, 2-3
[35] + X-rays Sliding plate 1-2
[36] + neutrons Taylor-Couette 1-3, 2-3

3.1.1. FIT FOR NEUTRONS AND X-RAYS
In order to make the cell suitable for X-rays and neutrons, special types of windows were
necessary for each type of radiation. In case of neutrons 0.4 mm thick aluminum win-
dows with accessible area 10×17 mm2 are integrated in the cell design. Figure 3.3 shows
a 2D (a) and 1D (b) SANS patterns from the empty shear cell. For X-rays two circu-
lar diamond windows with 0.2 mm thickness and 6 mm diameter were created, which
give hardly any background scattering (see Figure 3.3(c,d)). For visual inspection of the
sample and potential light scattering applications, 1 mm thick quartz windows with ac-
cessible area 8×15 mm2 were added to the cell design. Figure 3.10 shows the windows
positions on the cell. It should be noted, that in order to obtain the most homogeneous
sample flow at the measurement position, the cell should be positioned in such a way
that required window appears on the side of the cell (on the Figure 3.10(a) Quartz and
Diamond windows are in the right position).
As the cell is also intended to be used for SESANS measurement, we had to minimize
magnetic fields appearing due to motor driving the cell. At the current distance between
the aluminum window of the cell and the motor (20 cm) we did not observe any effects
of the motor magnetic field on the neutron beam polarization.

3.1.2. SHEAR-SAS CELL GEOMETRIES
The cell is mainly intended to probe the so-called 1-2 scattering plane of the complex
fluids. The Taylor-Couette cell geometry for this application is similar to one described
in [19] with the additional possibility for the SAXS experiments. This geometry in com-
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Figure 3.3: 2D (a) and 1D (b) SANS patterns from the empty shear cell in cone-plate configuration. 2D (c) and
1D (d) SAXS patterns from the empty shear cell in Taylor-Couette cell geometry. The scattering was collected
at LARMOR beamline of ISIS neutron source (a,b) and at BM26 (DUBBLE) beamline of ESRF (c,d)
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Figure 3.4: Geometries of the cell: (a) Taylor-Couette geometry, (b) cone-plate geometry, and (c) plate-plate
geometry. The top row shows a cross section of the entire cell, the stators and rotors for respective geometries
are shown in the middle row with their respective cross sections in the bottom row. Blue arrows show where
the stators and rotors appear on the drawings of the cross sections. L is a sample thickness on the beam, d is a
diameter of the rotor, D is an inner diameter of the housing ring, and α is the cone angle

bination with intensive neutron or X-ray beam allows for spatially-resolved SAXS/SANS
measurements across the gap. Moreover, since the cell is made of aluminum, which is
relatively transparent for neutrons, we decided to use this advantage and extend the cell
design to two more geometries, namely cone-plate and plate-plate. All three geometries
are shown in Figure 3.4.

In the Taylor-Couette geometry, the shear-SAS cell allows access to so-called 1-2 scat-
tering plane, which in combination with intensive beams allows for spatially-resolved
SAXS/SANS measurements across the gap. Therefore, it is possible to locally probe struc-
ture of the material under investigation. By varying thicknesses of the rotor and outer
ring, it is possible to achieve different sample thicknesses along the beam L. However,
the minimal value of L is 4 mm due to mechanical limitations. The gap size between the
rotor and the ring also can be varied by varying the rotor diameter d . In our experiments
we were using a gap size of 1 mm. It can be increased up to 6 mm for x-ray experiments
and up to 15 mm for experiments with neutrons.
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In plate-plate or cone-plate geometry the scattering pattern appears in 1-3 scatter-
ing plane. In this case the beam is going through the sample along the shear-gradient
direction and the scattering pattern is integrated over all shear rates present in the sys-
tem. In this case the sample thickness along the beam can be varied either by changing
the thickness of the rotor or by changing the cone angle α. The cone angle can be varied
between 1 and 10◦. In our experiments we were using α= 3◦.

In all three geometries, the surfaces of the rotor and the stator can be made smooth,
sand-blasted, or serrated, depending on roughness desired for the planned experiment.

3.1.3. TEMPERATURE CONTROL

Since rheology and structure of food is highly dependent on temperature and tempera-
ture history of the material, we included a special housing for temperature control of the
cell in our design. A thermostatic shell was designed for this purpose. The shell is made
of 1 mm thick nylon 12 with copper insertions for better temperature exchange. The
nylon parts of the cell were 3D-printed and the copper insertions were glued to them
with a temperature-resistant glue. The internal surface of the shell follows the shape of
the shear cell and has maximal available contact surface area with the cell. The shell is
hollow, which allows for the flow of a cooling or heating liquid with desired temperature
through it. For temperature measurements a K-type thermocouple is used. Figure 3.11
shows a cross section of the cell in the thermostatic shell as well as the internal surface
of the shell with copper insertions.

3.2. EXPERIMENTAL RESULTS AND DISCUSSION

A couple of in-situ experiments were conducted so far: one at the DUBBLE beamline
at ESRF [37, 38] and one at the LARMOR instrument at ISIS. In the first case the Taylor-
Cuette geometry was used in combination with X-ray scattering for investigation of cel-
lulose dispersions and fat crystal dispersions. In the second experiment protein disper-
sions were studied in plate-plate and cone-plate geometry with aid of neutron scattering.

3.2.1. X-RAYS: MICROFIBRILLATED CELLULOSE DISPERSIONS

So-called non-local flow behaviour of microfibrillated cellulose was observed by Rheo-
MRI [39]: the viscosity of the sample was dependent on the position across the cell
gap. This can be explained by a formation of flocks of microfibrills, or a formation of
an aligned liquid crystal phase.

In order to check these two models, we have performed a shear-SAXS experiment at
the BM-26 (DUBBLE) beamline at ESRF [1]. Figure 3.5 shows typical scattering patterns
for a sample of microfibrillated bacterial cellulose stabilized by carboxymethylcellulose
(BC-CMC) at high and low shear rates. The scattering patterns appear to be isotropic
at both shear rates. This result indicates absence of aligned liquid crystal phase, and
sustaines the flocculation model as the explanation for the position dependent viscosity.
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Figure 3.5: 2D SAXS patterns for a sample of microfibrillated bacterial cellulose (BC) with carboxymethylcel-
lulose (CMC) with a concentration of BC 0.2 % wt. and ratio BC:CMC = 4:1 at 1 (left) and 100 (right) s−1. The
patterns are shown for a point in the middle of the cell gap

3.2.2. X-RAYS: in situ VIEW ON FAT CRYSTAL NETWORK FORMATION

Stability and sensorial quality of fat-based products, such as butter and margarine, are
defined by the underlying multiscale structure of fat crystal networks [8]. A novel route
to design the fat crystal structure is based on dispersing micronized fat crystal (MFC)
nanoplatelets in oil [11, 40]. In this way, the crystallisation of the fat crystal nanoplatelets
can be decoupled from the aggregation of fat crystals into larger structures, which could
radically simplify manufacturing of food manufacturing routes. However, rational de-
sign of these routes is challenging, since kinetics of multiscale network formation is
strongly determined by temperature and shear [41]. The developed shear cell was em-
ployed to assess kinetics of fat crystal mesoscale networks in well-controlled shear stress
fields at different temperatures [11, 42].

Figure 3.6(a) shows the 2D SAXS pattern and an radial integration of the first order
diffraction peak obtained under imposed shear 0.1 s−1 at the BM-26 (DUBBLE) beam-
line at ESRF. The rheo-SAXS experiment revealed the alignment of the dispersed MFC
nanoplatelets under shear. As most of the information about individual MFC nanoplatelets
lies in the first diffraction peak at scattering vectors q=1.6 nm−1, it was also possible
to perform experiments at a lab-scale X-ray diffractometer Bruker D8-Discover (3.12) .
Even though the obtained 2D pattern (3.6(b)) had a different signal to noise ratio, the
effect of shear on the alignment of MFC nanoplatelets could clearly be observed.

The presence of a well resolved first order diffraction peak allowed real-time assess-
ment of the increase in average crystal thickness (ACT) of the dispersed MFC nanoplatelets
under shear. The ACT was estimated based on the Scherrer line shape analysis [11, 43].
Figure 3.7(a) shows the ACT as a function of time under imposed constant shear of 0.1 s−1
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Figure 3.6: 2D SAXS patterns and their radial averages presented in the Intensity vs Azimuth angle plots for
MFC nanoplatelets dispersed in sunflower oil obtained at the BM-26 (DUBBLE) beamline at ESRF (a) and at
the lab-scale Bruker D8-Discover X-ray diffractometer (b). Both experiments were performed in the developed
Couette geometry with serrated walls at an imposed shear rate of 0.1 s−1 and ambient temperatures
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at ambient temperature. The scattering patterns were obtained at the BM-26 (DUBBLE)
beamline at ESRF. The increase in ACT during 8-13 hours of shear points toward shear
induced recrystallisation of the MFC nanoplatelets. This recrystallisation effect was also
observed in a shear-SAXS experiment at D8-Discover diffractometer, albeit with lower
signal to noise ratio (see Figure 3.7(a)).

The performance of the variable temperature capability of the shear cell is illustrated
by Figure 3.7(b). MFC dispersions were measured at 20 and 26◦C with the shear cell
mounted in a lab scale Discover D8 diffractometer for 13 hours under constant shear of
1 s−1. Even with this lab scale instrument kinetic curves could be obtained that allow
observation of two recrystallisation stages of which one is clearly temperature depen-
dent (see Figure 3.7(b)) [11, 42]. The availability of the rheo-SAXS cell with variable tem-
perature capability which can versatile be mounted in both synchrotron beamlines and
labscale instruments has been an important enabler of studies investigated fat crystal
network formation [11, 42]. In future work we expect that the cell will also be deployed
in combination with Ultra Small Angle X-rays Scattering (USAXS) to provide unprece-
dented views on network formation in the micronscale domain.

3.2.3. NEUTRONS: PROTEIN DISPERSIONS
Manski.et al [44] found a way to produce fibrous structure from calcium caseinate dis-
persion by applying simple shear, heat and enzyme transglutaminase. In order to inves-
tigate the structuring of calcium caseinate dispersions under shear, we have designed
and performed a small-angle neutron scattering experiment [45]. The experiment was
conducted at the LARMOR instrument at ISIS.

Figure 3.8a shows the typical scattering patterns of the sample. All data were reduced
with their corresponding background, for the shear-cell, the background is the cell filled
with H2O. A nearly perfect overlap between the sample measured ex-situ and at 0 s−1

inside the shear-cell confirmed the shear-cell did not interfere with the sample. Surpris-
ingly, the scattering pattern obtained at a shear rate as high as 100 s−1 also overlapped
perfectly with the others, indicating shear had no influence on the sample structure at
the length scale studied. Moreover, the scattering is isotropic at all shear rates, as the
radially averaged scattering intensity in Figure 3.8b shows.

3.3. CONCLUSIONS
We have designed and built a versatile compact shear cell to perform SAXS, SANS and
SESANS measurements with temperature control. The experimental section of the arti-
cle has shown applications of the designed shear cell in studies of food materials. Each of
the obtained results provides a valuable insight into structuring of the soft matter under
shear, relevant to both fundamental and applied sciences.
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Figure 3.9: An image of the developed shear cell mounted at the SAXS DUBBLE (BM-26) beamline at ESRF.
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Figure 3.10: A foto (a) and a schematic drawing (b) of the shear-cell, outlining windows and some other con-
struction elements of the cell
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Figure 3.11: A cross section of the cell in thermostatic shell (a) and an internal surface of the shell with copper
insertions in it (b)

Figure 3.12: An image of the developed Couette shear cell mounted at the lab-scale X-ray diffractometer Bruker
D8-Discover





4
STRUCTURE AND STABILITY OF

MICROFIBRILLATED CITRUS FIBER

UNDER SHEAR

Suspensions of microfibrillated citrus fiber were studied by means of SAXS, rheology, rheo-
MRI, and shear-SAXS. The effect of high pressure on the structure of the suspensions was
assessed by means of SAXS on the suspensions which were processed several times (from
0 to 4) by a high-pressure homogenizer. Rheo-MRI of the suspensions under mild shear-
rates indicated the presence of flocs with sizes about 100 µm. Investigation of the internal
structure of the flocs by means of shear-SAXS has shown that they consist of randomly
oriented fibers, and homogeneous and stable on the length scales below 300 nm.

This chapter, by Evgenii Velichko, Ruud den Adel, Tatiana Nikolaeva, Raquel Serial, John van Duynhoven, and
Wim G. Bouwman, has been prepared for publication in a scientific journal
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4.1. INTRODUCTION
Global challenges, such as the growing world population, plastic pollution, climate change,
and diminishing fossil resources, forcing humanity to look for renewable materials for
production of a variety of daily products. One of the obvious sources of such materials is
cellulose, the most abundant biopolymer on the planet. Present in all plants, cellulose is
responsible for their mechanical strength and protection from aggressive environments.
A series of mechanical and chemical treatments have to be performed in order to extract
cellulose from plant cells. After a very high pressure treatment, cellulose pulp can be
turned into microfibrillated cellulose (MFC) – a promissing material with a variety of ap-
plications, ranging from protective coatings [1], and packaging [2] to food and cosmetics
[3].

First obtained in 1983 by Turbak and Herrick [4, 5], MFC has attracted considerable
attention of the researchers worldwide. Some of the most remarkable properties of MFC
are high theoretical strength and modulus [6, 7], high surface area and water absorption
[2], and gel formation at very low concentrations of fibers [8, 9].

One of the most interesting characteristics of microfibrillated cellulose (MFC) sus-
pensions is their peculiar rheological behavior. Due to a very high aspect ratio of cel-
lulose microfibrils, as high as 75, they can form a gel already at concentrations as low
as 0.04 wt % [8]. Application of shear disrupts the MFC gel network and starts the flow
of flocs of fibrils [10]. A macroscopic mechanism of MFC flocculation under shear was
proposed and tested with the aid of imaging [11, 12], ultrasonic speckle velocimetry [13],
and MRI [14]. All of the researchers have agreed on the floc formation under shear with
average floc sizes in the order of 100 µm with the smaller flocs forming at higher shear
rates. However, the internal structure of the flocs is still unknown.

Small-angle scattering of X-rays (SAXS) and Neutrons (SANS) is a powerful tool for
studying materials under shear [15, 16]. Main advantages of X-rays and neutrons are the
range of studied length-scales, non-destructiveness, ability to penetrate bulky materi-
als, and a possibility to adjust probed sample volume by altering the beam size. Broad
research has been published concerning the structure of cellulosic materials from differ-
ent origins at static conditions [17]. Moreover, fibrin networks, which are similar to MFC,
were successfully studied by means of shear-SANS [18]. However, due to specifics of neu-
tron interactions with the matter, it is suggested to use deuterated solvent and/or mate-
rials for SANS experiments. It has been shown that replacing hydrogen with deuterium
can substantially change interactions in the system and, therefore, affect its structure
and rheology. As we wanted to avoid any experimental artifacts, we chose to perform
shear-SAXS experiments.

In this work, we have first investigated the effect of the number of passes through
a high-pressure homogenizer on the structure of MFC based on citrus fiber, as well as
the effect of concentration of the fiber on the structure. Then, we have focused on the
flocculation of the MFC and the internal structure of the flocs under shear. Rheo-MRI
measurements were performed to probe local flows of citrus fiber MFC and estimate
averaged sizes of flocs at different shear rates. Furthermore, a special shear-SAXS cell
was designed to probe the internal structure of the flocs at different positions along
the shear-gradient direction [16]. We believe, our results to be of interest to both, the
progress of fundamental knowledge in the field of non-local rheology, as well as to in-
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dustrial use of MFC suspensions.

4.2. MATERIALS AND METHODS

4.2.1. MATERIALS
Two sets of microfibrillated citrus fiber materials were investigated in this study: series
of various concentrations obtained from 2% suspension and series of the various num-
ber of defibrillation passes. Initial suspension of citrus fiber was prepared from citrus
fiber powder by suspending it in demineralized water at concentration 2 or 1% wt. A
sample of the initial 1% suspension was saved for later investigation. The suspensions
were stirred by a Silverson mixer for 10 minutes and, consequently, pushed through a
diamond coated Z-chamber (G10Z) of a high-pressure homogenizer (M-110S microflu-
idizer). The 2% suspension was pushed through the homogenizer once, while for the 1%
suspension a part was saved for later investigation and the rest of material underwent 2,
3, and 4 homogenizing steps, respectively. Thereafter, a 0.08 w% of nipacide was added
to the microfibrillated citrus fiber suspensions to prevent the material from deteriora-
tion by microorganisms. Ten samples of microfibrillated citrus fiber were prepared by
dilution of the 2% suspension to various concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8,
1, 1.5, 2%) with demineralized water.

4.2.2. SAXS
The high-brilliance ID02 beamline[19] of the European Synchrotron Radiation Facility
(ESRF) was employed for small-angle X-ray scattering measurements. The measure-
ments were performed in a broad range of momentum transfers: 3× 10−4 ≤ Q/Å≤ 0.7,
where Q = 4πλ · sin(2θ) is the momentum transfer, where θ is a scattering angle and λ

the wavelength of the used X-rays (in our experiments λ=0.0996 nm). The samples were
placed in a 30 position temperature stage with aluminum sample holders between X-ray
mica windows, at a constant temperature of the stage 20◦C. Scattering of 2 mm of water
between two mica windows was used for a background subtraction for all the measure-
ments. Water reference (IH2O,20◦C = 1.641 · 10−2cm−1) was also used for scaling of the
scattering intensities to absolute units [cm−1].

The SAXS data were fitted using SASview package [20] software and applying a two-
level scattering model. The model consists of a cylinder form-factor of the cellulose fib-
rils with polydisperse radii, and a power-law function describing the agglomerates of the
fibrils:

I (Q) = s f

V
· ∑

Rc yl

n(Rc yl ,σRc yl ) ·P (q,Rc yl ,L,ρc yl ,ρsol v )+ A ·q−m , (4.1)

where the first term corresponds to the form factor of a cylinder with polydisperse radii,
multiplied by the number density of particles (s f /V ), where V is the total volume of
the particle, and the second term accounts for the power-law behavior of the network.
The model is inspired by the one proposed and successfully applied by Martinez-Sanz et
al. [21, 22]. However, for our data treatment, we simplified the model by removing the
shell component. We will explain this modification in Sec. 4.3.1. Although most of the
works employing the core-shell cylinder model were focused on the characterization of
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the individual fibrils [22–25], the power-law term of the model plays an important role in
the description of the fibrillar networks. For example, the low-Q power-law dependency
of scattering was used to extract a fractal dimension of the fibrin network [26].

4.2.3. RHEOLOGY

Flow curves of the microfibrillated cellulose suspensions were measured on a stress-
controlled rheometer (AR 2000, TA Instruments), using a plate-plate geometry (plate di-
ameter 4 cm, gap 1 mm). During the measurements, the shear rate was firstly increased
from 0.1 to 500 s−1 in 2 min and then decreased back to 0.1s−1 in 2 min. Sand-blasted
metal plates were used to prevent wall slip. The system was temperature controlled with
a Peltier system at a temperature of 20 ± 0.1◦C.

4.2.4. RHEO-MRI

TTime-averaged velocity profiles were measured according to procedures by Callaghan
et al. [27, 28] on a Bruker Avance II spectrometer at 7.0 T magnetic field strength (res-
onance frequency 300 MHz for 1H). The magnet was equipped with a Bruker rheo-MRI
accessory in combination with a cone-plate (CP) geometry made of PEEK (cone angle
7.0◦and cone diameter 1 cm). For all imaging experiments, the field of view was set to
25 mm and profiles of 1024 points were collected, resulting in a spatial resolution of 24
µm. For each shear rate, 64 signal acquisitions were collected and averaged. All velocity
profiles were corrected for slippage employing the same approach proposed by de Kort
et.al [14].

4.2.5. SHEAR-SAXS

The shear-SAXS measurements were carried out at the BM26 beamline of the European
Synchrotron Radiation Source, Grenoble, France [29, 30]. A home-built horizontal Cou-
ette shear-cell [16] allowed the X-ray beam to be directed along the vorticity direction of
the flow at different positions across the gap between the inner and outer cylinders. A
gap of 1 mm with a 38 mm outer radius was used. Rotation speed was applied to the in-
ner cylinder of the shear-SAXS cell. Measurements were performed under constant shear
for 10 minutes, after which another shear rate was imposed on the same sample. Shear
rates applied on the same sample were 0, 1, 3, 5, 10, 15,20, 30, 40, 50, 100, 300, 100, 50, 40,
30, 20, 15, 10, 5, 3, 1, and 0 s−1. The beam cross-section at the sample position was about
120 µm, which allowed us to measure five different positions across the gap without
overlap. We used the Pilatus detector with a resolution of 981×1043 pixels and a pixel size
of 172×172 µm2 positioned at a distance of 6672 mm away from the sample for the SAXS
measurements with a wavelength λ = 1.033 Å. The experimental setup gave access to
the momentum transfer range of 3.7×10−3 ≤Q/Å≤ 0.1. Standard corrections for sample
absorption and background subtraction were applied. The scattering intensities were
scaled to absolute units [cm−1] using a water reference (IH2O,20◦C = 1.641 ·10−2cm−1).
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4.3. RESULTS AND DISCUSSION

4.3.1. STRUCTURAL CHANGES IN CITRUS FIBER SUSPENSIONS DUE TO HIGH

PRESSURE HOMOGENIZATION
Multiple studies have shown the effect of high-pressure homogenization on the rheo-
logical properties of the MFC [1, 10–12, 31–34]. However, none of these studies could
tell how deep the homogenization propagates into MFC structure. In order to bridge
this gap, we have performed SAXS measurements on MFC suspensions before and after
high-pressure homogenization for up to 4 passes through the homogenizer.

SAXS
Figure 4.1 shows the SAXS scattering curves for the 1% citrus fiber suspension before and
after microfibrillation with their respective fitting curves. The curves can be visually sep-
arated into two parts: high-Q range (above ≈ 1·10−2Å−1) corresponds to the form-factor
of individual fibrils in MFC, while the low-Q region (below ≈ 1·10−2Å−1)is related to the
fibrillar network. We started our fitting procedures with the core-shell cylinder model
described in [21, 22]; however, the fitting algorithm was decreasing the value of shell
thickness (t = Rshel l −Rcor e ) to the values close to 0 ( 1×10−5Å). Fixing this parameter to
0 improved the overall quality of fits and substantially decreased computation time. This
effect could be explained by the differences in the scattering of neutrons and X-rays. The
model is more advantageous for neutron scattering, where scattering contrast between
different parts of material could be substantially increased by application of contrast
variation technique (based on the difference in the scattering of H and D atoms). In the
case of X-ray scattering, there is much less contrast between crystalline, paracrystalline
and amorphous cellulose (14.46, 13.65, and 13.38 ×1010 cm2, respectively), and it cannot
be easily altered. Therefore, in the later analysis, we have reduced our model to the sum
of polydisperse cylinders form factor and absolute power law, presented by Eq. 4.1.

Table 4.1: Fitting results for the 1% citrus fiber before and after microfibrillation

N ρc yl
∗ ρsol v

∗ s f /V R+
c yl , Å L∗, Å A m

passes (1010 cm−2) (1010 cm−2)

0 13.83 9.47 0.0032(5) 14.8(9) 9999 5.1(4) ·10−6 2.70(5)
1 13.83 9.47 0.0029(5) 15.3(9) 9999 3.2(4) ·10−5 2.60(5)
2 13.83 9.47 0.0033(5) 14.5(9) 9999 4.0(4) ·10−5 2.55(5)
3 13.83 9.47 0.0029(5) 15.3(9) 9999 6.1(4) ·10−5 2.50(5)
4 13.83 9.47 0.0027(5) 15.5(9) 9999 5.0(4) ·10−5 2.50(5)

∗ parameters which were fixed in the fitting process
+ polydispersity of radii was fitted with log-normal distribution with a standard
deviation of 0.3 fixed for all of the fitting results

As can be seen from the table 4.1, the main changes of the structure due to defibril-
lation of citrus fiber are on the level of the fibrillar network, scattering of which is de-
scribed by absolute power law term of the scattering model. As can be seen from figure
4.2, the m parameter decreases with the defibrillation and levels off at a value of 2.5 after
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3 passes. In scattering theory [35] values m < 3 are attributed to mass-fractal with fractal
dimension D f ≡ m and higher values of m correspond to the higher density of fractal
building blocks [36]. Therefore, we can conclude that defibrillation leads to loosening of
the fibrillar network.

As can be seen from figure 4.3(a), although radii of the elementary fibrils stay the
same at all concentrations of fiber, their volume fraction linearly increases with con-
centration. From figure 4.3(b) we can see that m parameter of the absolute power law
increase with the concentration of fibers. This increase of the fractal dimension can be
structurally explained by the increase in the density of fibers and a decrease in the dis-
tance between the network nodes with increasing concentration of fibrils. A similar ef-
fect was previously reported for the fibrin networks [26].

4.3.2. IMPACT OF LOW SHEAR ON STABILITY OF MICROFIBRILLATED CITRUS

FIBER

RHEOLOGY

Figure 4.4 shows flow curves for various concentrations of microfibrillated citrus fiber
suspensions. A peculiar property of the curves is some hysteresis in the low shear-rates
region. The initial viscosity of the materials is higher than the one after relatively high
shear rates. A similar effect was observed previously in MFC [1, 13, 31]. It was suggested
that the shear slowly breaks down the no-shear gel structure and the shear thinning ef-
fect was attributed to the orientation of the fibrils along the flow direction[31]. The dif-
ference between the increasing and decreasing shear-rate curves was explained by the
energy transferred to the system at high shear-rates, which allowed for higher mobility
of the fibrils. In contrast to the orientation hypothesis by of Iotti et al., other groups
have observed flocculation of MFC and attributed the peculiar rheology of MFC to the
flocculated flow with decreasing floc sizes with increasing shear-rates [11–14].

RHEO-MRI
In order to address the flocculation of microfibrillated citrus fiber suspensions, we have
performed rheo-MRI measurements at various shear-rates. Results of rheo-MRI mea-
surements are presented in figure 4.5. The results are in good agreement with similar
experiments performed for bacterial cellulose suspensions by de Kort et al. [14]. The
experimental results were fitted with a model proposed by Goyon et al. [37], accounting
for nonlocal effects. As a fitting result, length scale parameter ξ was defined at several
shear rates. As can be seen from figure 4.5, the non-local model provides a correlation
length of app. 100 µm, this is in line with the estimated size of the microfibrillated cel-
lulose flocs. Unfortunately, rheo-MRI could not resolve the internal structure of these
inhomogeneities and answer whether the flocs are formed by aligned of randomly ori-
ented fibrils. Therefore, we have designed and performed a shear-SAXS experiment to
investigate the structure of MFC under shear.

SHEAR-SAXS
We have had two major hypotheses for the internal organization of MFC flocs in mind: a)
isotropic aggregation of randomly oriented microfibrils, and b) local alignment of fibrils
inside the flocs. As small angle scattering is very sensitive to the orientation of fibrous
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Figure 4.1: (a) Small-angle X-ray scattering curve of 1% suspension of Citrus Fiber before homogenization
with individual parts of the scattering model and a division of the measured q range into high- and low-q
parts, where either contribution of the model dominate the scattering; (b) measured SAXS curves (symbols)
with respective fitting results (solid lines) for 1% suspension of Citrus Fiber before and after going through
high-pressure homogenizer several times



4

60 4. STRUCTURE AND STABILITY OF MICROFIBRILLATED CITRUS FIBER UNDER SHEAR

Figure 4.2: Effect of the number of passes through a high-pressure homogenizer on the network structure of
1% suspension of Citrus Fiber. Parameter m corresponds to the fractal dimension of the network (D f ≡ m)
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Figure 4.3: Effect of concentration on the structure of microfibrillated Citrus Fiber: (a) radii and volume frac-
tions of elementary fibrils; (b) fractal dimension of the fibular network (D f ≡ m)
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Figure 4.4: Flow curves for various concentrations of microfibrillated citrus fiber suspensions. All of the curves
demonstrate shear-thinning behavior of the suspensions with some peculiar hysteresis at shear-rates below
10s−1: the initial increasing shear-rate curve is above the consecutive decreasing one for all of the samples
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Figure 4.5: Velocity profiles normalized to the cone velocity of the 0.3% microfibrillated citrus fiber suspension
in CP geometry. Solid lines are fits to the nonlocal model proposed in [37]. The imaged gap is 0.65 mm wide
at the position where the profile was measured. For all profiles, slippage at the plate was corrected employing
the approach used by de Kort, et. al [14]
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gels [18], we expected to see isotropic scattering patterns as support for the first hypoth-
esis and strongly anisotropic ones in support of the second one.

The first step in the analysis of shear-SAXS results was a visual inspection of the 2D
scattering patterns. As can be seen from figure 4.6, no anisotropy of scattering was ob-
served at the experimental conditions. In order to quantify this conclusion, we have
performed an anisotropy analysis of the 2D patterns. We have applied a Legendre series
expansion to fit our azimuthally averaged scattering curves, as was performed before by
Weigandt et al. [18]:

F (ϕ) =Σ∞
n=0anP2n(cos(ϕ− (

ϕ0 +π/2
)
)), (4.2)

where ϕ and ϕ0 are an azimuth angle and its shift, the values an are fitting coefficients,
and the functions P2n are even Legendre polynomials. We used the first eight terms of
the series for the fitting. The orientation parameter P2 was determined from the F (q,ϕ)
dependencies as

P2 = a1

5
. (4.3)

The orientation parameter P2 defines the level of fiber alignment, it varies between zero
for randomly oriented fibers and unit for the perfectly aligned ones.

Figure 4.7 shows the steps of the analysis. Firstly, the most appropriate q-range was
chosen by scanning radial direction of one of the 2D scattering patterns from beam-stop
outwards and calculating orientation parameter P2 for each detector pixel size step. We
found that above q = 0.014Å (45 pixel from the beam center) P2 drops below 0.01 and
below q = 0.01Å (32 pixel from the beam center) the azimuthally averaged scattering
curves contained many artifacts due to shadow effect from the beam-stop. Therefore,
we have limited our q-range for anisotropy analysis to 0.01Å−1 ≤ q ≤ 0.014 Å−1 (annular
ring in figure 4.7(a)). It should be noted that q ≥ 0.02 Å−1 is the region of momentum
transfers where scattering from individual fibrils dominates the pattern. Therefore, we
can conclude the absence of global alignment of fibrils in the system under applied con-
ditions. Figure 4.7(b) shows an example of azimuthally averaged scattering curves and
their respective fits for a suspension of microfibrillated citrus fiber. Figure 4.7(c) shows
the orientation parameter as a function of shear rate for a 0.2% citrus fiber suspension.
As can be seen, there is very little orientation (P2 <0.06), which indicates the absence of
the global alignment of fibrils and supports isotropic floc hypothesis. Since no extra in-
formation could be extracted from the 2D scattering patterns, the patterns were reduced
to 1D I vs. q dependencies, which were used in further analysis.

Figure 4.8 shows typical 1D SAXS dependencies and their fitting curves for 0.2% MFC
suspension at 0 and 300 s−1 shear-rate. For the fitting of shear-SAXS data, we found out
that the parameters of the cylinder form-factor part of the scattering model 4.1 did not
vary much in the fitting process. It can be easily explained by the limits of the inves-
tigated q range in shear-SAXS experiments: most of the form-factor features fall above
q = 0.1Åand could not be observed. Therefore, in the analysis, we have fixed these pa-
rameters to the values found in section 2.3.4. In this way, we could obtain information
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Figure 4.6: Graphical representation of the shear-SAXS measurement protocol and 2D scattering patterns of
the 0.2% microfibrillated citrus fiber suspension. Black lines on the 2D patterns appear due to space between
different modules of Pilatus detector, and the dark spot in the center is due to beam stop
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Figure 4.7: Analysis of scattering anisotropy: (a) a typical 2D scattering pattern with an indictaion of the an-
nular ring (0.01Å≤ q ≤ 0.014Å) over which I(ϕ) is calculated, (b) annular intensity averages of 2D scattering
profiles for a suspension of microfibrillated citrus fiber at concentration of 0.2% wt. at 0 and 300 s−1 shear
rates. Lines correspond to the Legendre expansion fits, (c) anisotropy parameter as a function of shear rate for
citrus fiber MFC suspension at concentration of 0.2% wt.
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Figure 4.8: Small-angle X-ray scattering curves, measured at 0 and 300 s−1 shear-rate for citrus fiber MFC
suspension at 0.2% wt. concentration

on the organization of a network of cellulose fibrils under shear expressed in the fractal
dimension of the network D f .

Figure 4.9 demonstrates a typical dependency of D f on the applied shear-rate for
a 0.2% CF suspension. As can be seen, there is no clear dependence of the fractal di-
mension on the position along the shear-gradient direction of the shear-cell, or on the
applied shear rate. Therefore, we conclude that although the overall floc sizes are chang-
ing under applied shear, their internal structure remains almost intact in the course of
shearing. It could explain hight stability and homogeneity of the studied MFC suspen-
sions.

The dependencies of fitting parameters on the shear-rate and the positions across
the gap for the suspensions of microfibrillated citrus fiber do not show any trend. It
indicates that the suspensions are homogeneous on the length-scales below 300 nm and
that the internal structure of flocs is preserved throughout the entire measured range of
shear rates.

DISCUSSION

Our findings indicate the formation of flocs of microfibrillatd cellulose with the typi-
cal sizes in the order of 100 µm. No fibril alignment within the flocs was observed at
shear-rates up to 300s−1. A slight anisotropy of 2D scattering patterns (P2 <0.06) at
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Figure 4.9: Fitting results of the fractal dimension of the MFC network for a 0.2% CF suspension. Line numbers
correspond to the beam position within the gap of the shear-cell, 1 bein the closest to rotor, and 5 is closest to
stator
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q < 0.014Åwas attributed to elongation of the flocs. There was no change of radii of
microfibrils at different positions across the gap of the shear-cell at all applied shear-
rates. This finding indicates that suspensions are quite stable and homogeneous under
the applied experimental conditions.

4.4. CONCLUSIONS
Results of this work suggest that even large shear applied on citrus fiber suspensions by
high-pressure homogenization does not affect cross-sectional sizes of the elementary
fibrils in the system. On a larger scale, on the other hand, it disrupts the microfibrillar
network, which is reflected in a decrease in its mass-fractal dimension. Rheo-MRI mea-
surements confirm the appearance of the flocculated flow of MFC already under rela-
tively small shear rates (about 10 s−1). The sizes of flocs are estimated to be about 100
µm. The internal structure of the flocs consists of randomly oriented intertwined fibers.
Consistency of the structural parameters of the suspensions at different positions across
the gap of shear-cell and at the various shear rates (varied between 1 and 300s−1) suggest
that the citrus fiber MFC system is stable and homogeneous under these conditions.
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5
MESOSTRUCTURE OF BACTERIAL

CELLULOSE FROM NATA DE COCO

AND FROM THE LAB WITH AND

WITHOUT DEUTERATION STUDIED

BY SANS

Bacterial cellulose suspensions from two different sources were studied with SANS. One set
of materials was prepared from crushed cubes of the commercially available dessert nata
de coco, and the second was obtained via microbial synthesis in-house at the Neutron
Deuteration Facility at ANSTO. The in-house synthesized cellulose was either completely
hydrogenated, or completely deuterated. It was found that mesostructure of hydrogenated
bacterial cellulose from two different sources was very similar. However, the mesostruc-
ture of the deuterated material was found to be substantially different, which resulted
in strong agglomeration and completely altered rheological properties. This shows that
contrast variation in SANS is not always possible to determine arrangements of different
components.
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5. MESOSTRUCTURE OF BACTERIAL CELLULOSE FROM NATA DE COCO AND FROM THE LAB

WITH AND WITHOUT DEUTERATION STUDIED BY SANS

5.1. INTRODUCTION

Microfibrillated cellulose (MFC) is a promising renewable material which can be used
in a variety of applications, ranging from protective coatings [1], and packaging [2] to
food and cosmetics [3]. It is obtained from cellulose fibres by high-pressure homoge-
nization [4, 5]. Aqueous dispersions of MFC have to be protected from agglomeration by
stabilizers, typically charged soluble polymers [6–8], such as carboxy methyl cellulose.
However, the underlying mechanism of this stabilization is still unknown. It has been
suggested, that the charged polymer absorbs on the surface of the cellulose microfib-
rils, increasing the ζ potential of the microfibrils, forming a repulsive shell around them,
preventing agglomeration[6]. However, no experimental evidence for such behaviour is
available in literature. In the industrial processing MFC undergoes a series of process-
ing steps, most of which apply shear-stress. Under certain shear-rates the MFC starts to
agglomerate, despite the presence of stabilizers [9]. Rheo-MRI investigation has shown
shear-banding behaviour in such systems [8].

In order to understand the stabilization mechanism of the MFC by charged poly-
mers and the peculiar flow of the MFC suspensions we constructed a special sample
cell, which allows for scattering experiments on the materials under shear with spatial
resolution across the velocity gradient direction of the cell. The cell design is described
in detail in Chapter 3.

Flow-SAXS experiments were performed at DUBBLE beamline at ESRF. No alignment
of microfibrills was observed at shear rates from 1 to 300 s−1. The scattering invari-
ant calculation indicated a homogeneous density distribution of cellulose microfibrils
across the gap at all applied shear-rates. This implies that no shear induced aggregation
and migration of cellulose over the gap occurs. However, due to similar electron den-
sities of cellulose and CMC, SAXS could not give an answer about the role of charged
polymers in stabilization and flow of MFC suspensions.

In order to find whether the charged polymer forms a shell around cellulose mi-
crofibrils, we have designed a small-angle neutron scattering experiment with different
contrasts between cellulose microfibrils and the charged polymer. Contrast variation is
a powerful technique for material investigation: It allows to increase the visibility of indi-
vidual elements in a multi-component system. It can be achieved either by deuteration
of the solvent [10] or the cellulose [11, 12]. In our experiment, we have tried both ap-
proaches: we have samples of bacterial cellulose prepared from nata de coco dessert in
light or heavy water and samples of bacterial cellulose grown in a laboratory at National
Deuteration Facility at ANSTO either hydrogenated in light water, or deuterated in heavy
water.

Our measurements show, however, that deuteration has a too strong influence on the
system. Deuterated bacterial cellulose was too much agglomerated and could not be ho-
mogenized. Our SANS measurements suggest that the sizes of microfibrils of deuterated
cellulose are considerably larger than maximal sizes accessible in our SANS measure-
ments (250 nm).
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5.2. MATERIALS AND METHODS

5.2.1. MATERIALS

In this work we investigated bacterial cellulose suspensions from two different sources.
The first set of bacterial cellulose suspensions were obtained from mango flavoured nata
de coco dessert (Kara Santan Pertama, Bogor 16964, Indonesia). We have chosen this
method since it is a relatively easy method to obtain the bacterial cellulose and our group
has performed most earlier experiments on bacterial cellulose using this method. The
drawback is that it cannot be used to obtain deuterated bacterial cellulose. Cubes of
bacterial cellulose from four cups of the dessert were immersed in 750 ml of nanopure
water (Barnstead Nanopure Diamond, resistance of 18 MΩ cm). The cubes were sub-
sequently cut in a blender (Philips avance HR2096/01) and washed. At every washing
step the cellulose suspension was filtrated over a vacuum filter (Whatman Schleicher
and Schuell 113, wet-strengthened circles, 185 mm in diameter) and re-dispersed in 750
ml of nanopure water in the blender. After 8 washing steps, the filtered water was com-
pletely transparent and the cellulose residue had lost all artificial colours, from which
we concluded that all of the added chemicals were removed from it. Consequently, the
residue was re-dispersed in 200 mL of nanopure water. The weight percentage (wt %)
of bacterial cellulose in the resulting suspension was determined by drying a part of it
under vacuum over night and was adjusted to 0.4 wt % by adding extra nanopure water.
Half of the final suspension was kept for further investigation (we denote it from now
on as HBCnat a in H2O), while the solvent in the other half was replaced with D2O by
centrifugation and removal of supernatant and replacement of it with D2O (HBCnat a in
D2O).

The second set of bacterial cellulose suspensions was produced at Neutron Deutera-
tion Facility at ANSTO, Australia, via microbial synthesis as described in [13]. One of the
materials was completely hydrogenated in light water (from now on denoted as HBCl ab

in H2O) to be compared with the material extracted from the nata de coco to see if we
had obtained the same material. The other sample was produced completely deuterated
(DBCl ab in D2O) by bio-synthesis in a deuterated medium to at least 95% deuteration, as
determined from FT-IR and NMR measurements. Deuterated glucose-d12 and glycerol-
d8 for this bio-synthesis were sourced from Sigma-Aldrich (cat. # 616338 and 447498,
respectively).

It is important to note that the deuterated material was very agglomerated. Even after
several dispersion steps in a blender the agglomerates were present in the form of blobs
of cellulose, which were blocking any nozzle with a diameter below 2 mm. Fig. 5.1 shows
the photo of the deuterated bacterial cellulose suspension filled in the experimental cell
for SANS measurements. Due to this strong agglomeration of the material, it was not
possible to perform high-pressure homogenization on it.

5.2.2. SANS
Small-angle neutron scattering measurements were performed at BILBY, [14] the SANS
instrument at the high-flux reactor Opal in Lucas Heights, Australia. The scattering was
measured in a q-range of 0.0025 to 1 Å−1, where the magnitude of the scattering vector is
defined as q = (4π/λsin(θ), where λ is the wavelength of the neutron and 2θ its scatter-
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Figure 5.1: Photo of the deuterated bacterial cellulose suspension filled in the experimental cell for SANS mea-
surements.

ing angle. The instrument was operated in the time-of-flight mode with λ in the range
from 2 to 16 Åand two sets of detectors at 15 and 18 m distance from the sample, respec-
tively. All data are corrected for sample cell background, transmission, normalised to
an absolute scale and radially averaged. The incoherent background scattering from the
solvent has been subtracted.

5.3. RESULTS AND DISCUSSION

5.3.1. COMPARISON OF MESOSTRUCTURE OF BACTERIAL CELLULOSE FROM

NATA DE COCO AND THE LAB

The measurements of the bacterial cellulose prepared from nata de coco and from ANSTO
are compared in Fig. 5.2. The shape of the measurements are very similar. There seems
to be a Guinier regime at low q , followed by a power law decay and a background. The
differences in intensity are proportional to the differences in scattering length density
contrast and differences in concentration. To obtain a quantitative description of the
measurements, the data are fitted with the generalised Guinier-Porod model [15]. For the
mathematical details and symbols we refer to the original article [15]. The parameters
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Figure 5.2: Normalised SANS measurements of the bacterial cellulose from nata de coco and as prepared in
the lab in H2O or D2O. The data are fitted with the Guinier-Porod model and a background.

describing this model are the radius of gyration, Rg and the dimensionality s describing
the dimension of these objects, the Porod power d and the scale G . The dimension of
G depends on the value of d . The results are presented in Tab. 5.1. The value for the
radius of gyration Rg had in all cases a value of some 60 Å, which corresponds to the
size expected for the radius of the bundles of micro-fibrils in bacterial cellulose [16]. The
corresponding dimension s has a value of 1.7, which is in between 1 for needles and 2 for
platelets. This is a value we can expect, since it is known of bacterial cellulose that the
micro-fibrils are produced by the bacteria in the shape of ribbons [16–18]. The value of
the Porod exponent is 2.7, which is in line with previously observed values for pure bac-
terial cellulose and complexes of bacterial cellulose with other cell-wall polysacharides
[19–21]. The bundles are composed of the micro-fibres yielding a roughness of the inter-
face of the ribbons which indeed should be described with a Porod exponent lower than
4. The left over background will be due to imperfections in the subtraction of the solvent
background and the incoherent scattering of the hydrogen in the cellulose itself.
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Table 5.1: Fitting results for the studied suspensions of bacterial cellulose

Sample scale background [cm−1 Rg [Å] s d

HBCnat a in D2O 0.026(3) 0.030(1) 56(3) 1.6(1) 2.7(1)
HBCnat a in H2O 0.008(1) 0.010(1) 50(3) 1.8(1) 2.7(1)
HBCl ab in H2O 0.003(1) 0.010(1) 61(3) 1.8(1) 2.7(1)
DBCl ab in D2O 0.000024(3) 0.010(1) – – 2.8(1)

5.3.2. DEUTERATED CELLULOSE
The scattering data from the biodeuterated bacterial cellulose look rather different. They
can be described by a single power law with an exponent with a value of 2.8 as shown in
Fig. 5.3. This value for the Porod regime is similar as to the non-deuterated cellulose
samples, which indicates that the interface properties are similar. Apparently, the aggre-
gates of the micro-fibrils are larger than can be resolved with SANS. This explains why
the samples are so much more viscous compared to the non-deuterated cellulose sam-
ples.

5.4. CONCLUSIONS
From the scattering data it is clear that the mesostructure of bacterial cellulose extracted
from commercial nata de coco is the same as bacterial cellulose grown directly in the
lab. The mesostructure is also independent on using H2O or D2O as a solvent. However,
biodeuteration of bacterial cellulose has a dramatic effect on the mesostructure of bac-
terial cellulose. The biodeuteration results in much larger aggregates of the micro-fibrils
of cellulose. This is likely also the cause for a much more viscous dispersion of this cellu-
lose in water. So biodeuteration is not a viable method to resolve how a charged polymer
influences the rheology of bacterial cellulose. As has been found before, deuteration is
not always such an innocent method to create contrast in SANS [22]. The difference in
zero-point vibrational energy of hydrogen and deuterium bonds [23] could be the cause
for the significant effect deuteration has on the rheological properties of polysaccharides
[24].
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[23] S. Scheiner and M. Čuma, Relative Stability of Hydrogen and Deuterium Bonds,
Journal of the American Chemical Society 118, 1511 (1996).

[24] L. Yu, G. E. Yakubov, M. Martínez-Sanz, E. P. Gilbert, and J. R. Stokes, Rheological
and structural properties of complex arabinoxylans from Plantago ovata seed mu-
cilage under non-gelled conditions, Carbohydrate Polymers 193, 179 (2018).

http://dx.doi.org/10.1016/j.ces.2019.07.023
http://dx.doi.org/ 10.1021/ja9530376
http://dx.doi.org/10.1016/j.carbpol.2018.03.096




SUMMARY

Humanity needs to increase use of renewable sources of materials and energy. As further
discussed in Chapter 1, biomass can be used for both of these needs. Cellulose is the
main component of biomass. Understanding the multi-level hierarchical structure of
cellulose holds the key to multiple applications of this material.

One of the promising applications of lignocellulsic biomass is the production of bio-
ethanol as a replacement for fossil fuels. Yearly production of biomass could potentially
supply enough bio-ethanol to completely replace gasoline. However, it would require
dramatic increase in the efficiency of the bioethanol production. The main obstacle to
the development of bioethanol production into a sustainable process is the recalcin-
trance of cellulose which was developed throughout entire plant evolution. In order to
overcome this obstacle an important step was incorporated into the process, i.e. pre-
treatment of biomass. A multitude of pretreatments have been developed and applied to
disrupt the structure of lignocellulosic biomass. However it is still not clear, which struc-
tural parameters are responsible for the success of a certain pretreatment technique.

Chapter 2 demonstrates a structural study of poplar biomass before and after acid
pretreatment. In order to comprehend all levels of organizations within the material,
we have applied a range of techniques, including microscopy, small-angle scattering
and diffraction of X-rays. The structural studies were supported by the investigation
of the performance of the biomass in the conversion of cellulose into glucose. The
main parameters responsible for the efficiency of biomass conversion are specific sur-
face area, which is mostly defined by the microscopic particle sizes of the materials, and
the biomass crystallinity. Our findings suggest that an increase in specific surface area
makes the material better accessible for enzymes, while decrease in crystallinity makes
it easier to digest by enzymes.

Microfibrillated cellulose, obtained by disruption of cellulose fibers, can be applied
for production of low-caloric food. Since food materials undergo multiple mixing and
shearing steps during production and consumption, it is important to ascertain stability
of the MFC material under such conditions. In order to investigate the structure of MFC
under shear, we have designed a shear-SAXS experiment.

In Chapter 3 we discuss current developments in the sample environment for small-
angle scattering X-ray and neutron experiments on the materials under shear. In our
search for a sample environment which would satisfy our experimental needs we have
discovered that not a single piece of equipment designed before could be used for both
X-ray and neutron experiment. Moreover, most of the shear-cell could not be used for
experiment with spatial resolution along the shear gradient direction of the cell. In or-
der to avoid creating multiple devices for each specific experiment, we have designed
our Shear-SAS cell in such a way that it can be used for both, X-ray and neutron scatter-
ing experiments, and be easily modified to accommodate several different rheological
geometries.
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An application of the shear-cell for investigation of microfibrillated citrus fiber is de-
scribed in Chapter 4. The first question which was answered in this study was whether
MFC would align in the shear field. The performed experiment has clearly shown ran-
dom orientation of the microfibrils under shear rates up to 300 s−1. The second question
was concerning compaction of the cellulose fibrils in the flocs formed under shear and
the possibility of agglomeration of the fibrils. The flocs did not substantially change their
fractal dimension at all the applied shear-rates and at all the positions across the gap. It
suggests that the material is very stable and can be readily used under the applied exper-
imental conditions.

A possibility for application of contrast variation in combination with small-angle
neutron scattering was considered in Chapter 5. It was found that mesostructure of
hydrogenated bacterial cellulose from different sources is very similar. However, the
mesostructure of the deuterated material is found to be substantially different, which re-
sults in strong agglomeration and completely altered rheological properties. This shows
that contrast variation in SANS is not always possible to determine arrangements of dif-
ferent components.



SAMENVATTING

De mensheid moet meer gebruik maken van hernieuwbare bronnen van materialen en
energie. Zoals nader besproken in hoofdstuk 1, kan biomassa voor beide doeleinden
worden gebruikt. Cellulose is het hoofdbestanddeel van biomassa. Inzicht in de hiërar-
chische structuur van cellulose op meer niveaus is de sleutel tot meerdere toepassingen
van dit materiaal.

Een van de veelbelovende toepassingen van lignocellulosebiomassa is de productie
van bio-ethanol als vervanging voor fossiele brandstoffen. De jaarlijkse productie van
biomassa kan mogelijk voldoende bio-ethanol opleveren om benzine volledig te ver-
vangen. Het zou echter een dramatische toename van de efficiëntie van de productie
van bio-ethanol vergen. Het belangrijkste obstakel voor de ontwikkeling van de pro-
ductie van bio-ethanol tot een duurzaam proces is de recalcitrantie van cellulose die
gedurende de hele evolutie van de plant is ontwikkeld. Om dit obstakel te overwinnen
werd een belangrijke stap in het proces opgenomen: voorbehandeling van de biomassa.
Er is een groot aantal voorbehandelingen ontwikkeld en toegepast om de structuur van
lignocellulosebiomassa te verbreken. Het is echter nog steeds niet duidelijk welke struc-
tuurparameters verantwoordelijk zijn voor het succes van een bepaalde voorbehande-
lingstechniek.

Hoofdstuk 2 demonstreert een onderzoek naar de structuur van populierbiomassa
voor en na voorbehandeling met zuur. Om alle niveaus van organisatie binnen het mate-
riaal te begrijpen, hebben we een aantal technieken toegepast, waaronder microscopie,
kleine hoekverstrooiing en diffractie van röntgenstralen. De studies naar de structuur
werden ondersteund door het onderzoek naar de prestaties van de biomassa bij de om-
zetting van cellulose in glucose. De belangrijkste parameters die verantwoordelijk zijn
voor de efficiëntie van biomassaconversie zijn soortelijk oppervlak, dat meestal wordt
bepaald door de microscopische deeltjesgroottes van de materialen, en de kristalliniteit
van de biomassa. Onze bevindingen suggereren dat een toename in soortelijk oppervlak
het materiaal beter toegankelijk maakt voor enzymen, terwijl afname in kristalliniteit het
gemakkelijker te verteren maakt door enzymen.

Microfibrillaire cellulose, verkregen door het opbreken van cellulosevezels, kan wor-
den toegepast voor de productie van caloriearm voedsel. Omdat voedingsmaterialen
tijdens het productieproces en tijdens consumptie meerdere meng- en vervormingstap-
pen ondergaan, is het belangrijk om de stabiliteit van het MFC-materiaal onder derge-
lijke omstandigheden te bepalen. Om de structuur van MFC onder afschuiving te on-
derzoeken, hebben we een shear-SAXS-experiment ontworpen.

In hoofdstuk 3 bespreken we de huidige ontwikkelingen in de monsteromgeving voor
röntgen- en neutronenexperimenten met kleine hoekverstrooiing aan materialen onder
afschuiving. Bij onze zoektocht naar een omgeving die aan onze experimentele behoef-
ten zou voldoen, hebben we ontdekt dat geen enkel eerder-ontworpen apparaat kon
worden gebruikt voor zowel röntgen- als neutronenexperimenten. Bovendien kon het
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grootste deel van de afschuifcel niet worden gebruikt voor experimenten met ruimte-
lijke resolutie in de richting van het afschuifgradiënt in de cel. Om te voorkomen dat
er voor elk specifiek experiment meerdere apparaten worden gemaakt, hebben we onze
Shear-SAS-cel zo ontworpen dat deze kan worden gebruikt voor zowel röntgen- als neu-
tronenverstrooiingsexperimenten en eenvoudig kan worden aangepast om tegemoet te
komen aan verschillende reologische geometrieën.

Een toepassing van de afschuifcel voor onderzoek naar microfibrillaire citrusvezels
wordt beschreven in hoofdstuk 4. De eerste vraag die in deze studie werd beantwoord,
was of MFC zou uitlijnen in het afschuifveld. Het uitgevoerde experiment heeft duide-
lijk een willekeurige oriëntatie van de microfibrillen getoond bij afschuifsnelheden tot
300 s−1. De tweede vraag had betrekking op de verdichting van de cellulosefibrillen in
de onder afschuiving gevormde vlokken en de mogelijkheid van agglomeratie van de
fibrillen. De vlokken veranderden hun fractale dimensie niet wezenlijk bij alle toege-
paste afschuifsnelheden en bij alle posities over de opening heen. Het suggereert dat
het materiaal zeer stabiel is en gemakkelijk kan worden gebruikt onder de toegepaste
experimentele omstandigheden.

De mogelijkheid contrastvariatie toe te passen in combinatie met kleine-hoekneu-
tronenverstrooiing werd overwogen in hoofdstuk 5. Het bleek dat de mesostructuur
van gehydrogeneerde bacteriële cellulose uit verschillende bronnen erg op elkaar lijkt.
De mesostructuur van het gedeutereerde materiaal blijkt echter aanzienlijk te verschil-
len, hetgeen resulteert in sterke agglomeratie en volledig veranderde reologische eigen-
schappen. Dit laat zien dat contrastvariatie in SANS niet altijd mogelijk is teneinde de
rangschikking van de verschillende componenten te bepalen.



Краткое изложение

Человечество должно расширить использование возобновляемых источников
материалов и энергии. Как более подробно обсуждается в главе 1, биомас-
са может использоваться для обеих этих потребностей. Целлюлоза является
основным компонентом биомассы. Понимание многоуровневой иерархической
структуры целлюлозы является ключом к разнообразным применениям этого
материала.

Одним из перспективных применений лигноцеллюлозной биомассы являет-
ся производство биоэтанола в качестве замены ископаемого топлива. Ежегод-
ное производство биомассы может потенциально обеспечить достаточное коли-
чество биоэтанола для полной замены бензина. Тем не менее, это потребует
резкого повышения эффективности производства биоэтанола. Основным пре-
пятствием для превращения производства биоэтанола в энергетически эффек-
тивный процесс является устойчивость целлюлозы к воздействиям внешней
среды, которая развивалась на протяжении всей эволюции растений. Чтобы
преодолеть это препятствие, в процесс был включен важный шаг – предвари-
тельная обработка биомассы. Множество способов предварительной обработки
было разработано и применено для разрушения структуры лигноцеллюлозной
биомассы. Однако до сих пор не ясно, какие структурные параметры ответ-
ственны за успех определенной методики предварительной обработки.

Глава 2 демонстрирует структурное исследование биомассы тополя до и
после предварительной обработки кислотой. Чтобы понять все уровни орга-
низации в материале, мы применили целый ряд методов, включая микроско-
пию, малоугловое рассеяние и дифракцию рентгеновских лучей. Структурные
исследования были подтверждены исследованием продуктивности биомассы в
реакции конверсии целлюлозы в глюкозу. Основными параметрами, определяю-
щими эффективность преобразования биомассы, являются удельная площадь
поверхности, которая в основном определяется размерами микроскопических
частиц материалов и кристалличностью биомассы. Наши результаты показы-
вают, что увеличение удельной поверхности делает материал более доступным
для ферментов, а снижение кристалличности облегчает его усвоение фермен-
тами.

Микрофибриллированная целлюлоза, полученная путем разрушения цел-
люлозных волокон, может применяться для производства низкокалорийной пи-
щи. Поскольку пищевые материалы подвергаются многочисленным стадиям
смешивания и резки во время производства и потребления, важно установить
стабильность материала МФЦ в таких условиях. Чтобы исследовать структуру
МФЦ при сдвиговой деформации, мы разработали эксперимент по малоугло-
вому рассеянию рентгеновских лучей на материалах находящихся под воздей-
ствием сдвиговой деформации.
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В главе 3 мы обсуждаем текущие разработки в области экспериментальных
ячеек для малоуглового рассеяния рентгеновских и нейтронных экспериментов
на материалах при сдвиге. В нашем поиске ячейки, которая бы удовлетворяла
нашим экспериментальным потребностям, мы обнаружили, что ни одна описан-
ная ячейка из разработанный ранее, не может быть использована как для рент-
геновского, так и для нейтронного эксперимента. Кроме того, большая часть
описанных ячеек не может использоваться для эксперимента с пространствен-
ным разрешением вдоль направления градиента сдвига ячейки. Чтобы избе-
жать создания нескольких устройств для каждого конкретного эксперимента,
мы спроектировали нашу ячейку для малокглового рассеяния на материалах
находящихся под действием сдвиговой деформации таким образом, чтобы ее
можно было использовать как для экспериментов по рентгеновскому и ней-
тронному рассеянию, так и для ее легкой модификации с учетом нескольких
различных реологических геометрий.

Применение сдвиговой ячейки для исследования микрофибриллированного
цитрусового волокна описано в главе 4. Первый вопрос, на который был дан
ответ в этом исследовании, заключался в том, будут ли волокна МФЦ выстра-
иваться вдоль направлению сдвига. Проведенный эксперимент четко показал
случайную ориентацию микрофибрилл при скоростях сдвига до 300 с−1. Вто-
рой вопрос касался уплотнения целлюлозных фибрилл в хлопьях, образован-
ных при сдвиге, и возможности агломерации фибрилл. Хлопья существенно не
изменили свой фрактальный размер при всех приложенных скоростях сдвига и
во всех точках вдоль градиента сдвига. Это говорит о том, что материал очень
стабилен и может быть легко использован в условиях эксперимента.

Возможность применения вариации контраста в сочетании с малоугловым
рассеянием нейтронов рассматривалась в главе 5. Было обнаружено, что ме-
зоструктура гидрогенизированной бактериальной целлюлозы из разных источ-
ников очень похожа. Однако обнаружено, что мезоструктура дейтерированного
материала существенно отличается, что приводит к сильной агломерации и пол-
ностью измененным реологическим свойствам. Это показывает, что изменение
контраста в SANS не всегда позволяет определить расположение различных
компонентов.
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