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“Tänka fritt är stort men tänka rätt är större”

– Thomas Thorild
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1 Introduction

The Finnish pulp and paper industry has faced economic profit challenges during the last 
12 years. In 2004 Finland’s paper products (paper and cardboard) production was 14.0 
million tons and chemical pulp production was 7.8 million tons annually. From then to the 
present year (2016), production rates have fallen for paper products and chemical pulp to 
the levels of 10.3 and 7.1 million tons, respectively. Over the course of these years, seven
paper production units and three chemical pulp mills have been closed in Finland. On a 
global level, the rise in the consumption of paper products stagnated in 2007 and since then
no developing trends have been seen. In 2012, the same stagnation happened in Asia. The 
production volumes’ statistics show the same trends, so it can be concluded that world 
paper products market has found some kind of saturation point. (FFIF 2016a)

Somehow this trend is not the same as world population growth. The following question 
can be asked: Why is there no similar growth trend in the consumption of paper products?

The technical development of consumer electronics and social media may be one big reason 
for this negative development of paper products during the last 12 years. According to the 
International Telecommunication Union (ITU) the global average percentage of individuals 
using the internet per country during these 12 years has risen 341%, mobile-cellular 
subscriptions by 335%, and mobile-broadband subscriptions by 1,363% (statistics starting 
from 2007). The same numbers for developing countries are 603%, 476%, and 5,845%,
respectively (ITU 2015). On 4 February 2004 the webpage www.facebook.com only had 
two users—now 1,128 million people are using it daily (Statista 2016). Twitter has 313
million active monthly users who post 500 million tweets per day (ILS 2016). New
consumer electronic products are coming to markets, like tablets and intelligent watches,
and the availability of the internet becomes more and more easy. All the news and all 
information are one click away. People are consuming less paper and reading more from 
the screen.

If less paper products and chemical pulp are produced, the more biomass stays in the forest. 
Forest biomass growth in Finland is 106 million cubic meters per year and usage is 56
million. The Finnish portion of the European forestry area is 11% and our country is the
10th most forest-rich country in the world. The export value of the Finnish forest industry
is at the same level as 18 years ago. (FFIF 2016b; NRIF 2012) 

These facts show that we have a large raw material source that is not effectively used at the 
moment and the development of other technology sectors in the world has changed our 
lifestyles, which affects our consumption of goods. However, this raw material source in 
forests maintains the possibility for the production and creation of new markets. Already 
some new products and processes are in the pipeline, for example: a replacer of plastic bags,
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the biobase Paptic; beverage bottle made from wood fibers developed by Carlsberg; the 
revolutionary textile fiber technology, IONCELL, based on ionic liquids; and the process 
developed by the Spinnova Company, which produces fabrics straight from wood fiber.
This thesis tries to create something new and raise the sustainable consumption of forest 
resources, especially the softwood resources that are the most vital in Finland.

1.1 Background

A modern Finnish chemical pulp mill is an energy self-sufficient industrial production 
facility. Finnish society offers well-built infrastructures with good road and railway 
connections, electricity network, harbors, etc. These kinds of fundamentals give a good 
base for utilizing pulp mills to produce more value-added products from forest resources.
At the moment there are 14 chemical pulp mills in Finland. 

This work presents a production method for one value-added product, microcrystalline 
cellulose (MCC), to be implemented in a chemical pulp mill in order to raise the 
profitability of the mill. The method is based on two of Aalto University’s patented
inventions and the product is called AaltoCell™ (Dahl et al. 2011a; Dahl et al. 2011b). This 
trademark is also used as a “process name” for the whole new production process concept
that has been developed.

1.2 The research challenge

Nowadays, the production of MCC is carried out in small mills with methods that use large
amounts of chemicals. MCC markets are saturated and dominated by a few companies
(Asahi Kasei, FMC, JRS Pharma, Mingtai Company). These issues hinder the usage of 
MCC on a larger scale, keeping the price of the product high (2,000–7,000 €/ton). The main 
research challenge of this thesis was to find a solution for implementing the mass 
production of MCC in an economic and environmentally feasible way. Another research 
challenge was to find products whose volume need for different applications is large
enough to utilize the possibilities of a chemical pulp mill in generating industrial-scale 
production of MCC.

1.3 Aims of the study

The objective of this thesis was to develop a method that enables the production of MCC 
on a large industrial scale. The focus was on finding process circumstances for the method 
to produce different product qualities in an economically feasible way, minimizing the 
global warming potential (GWP). To attain these objectives, the research work
concentrated on following research tasks:

(i) To determine the feasibility of integrating MCC production to a chemical pulp 
mill
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(ii) To discover how different process circumstances (chemical dosage, 
temperature, consistency, and reaction time) affect product properties

(iii) To build a process concept that is economically feasible with low
environmental impacts

(iv) To develop products which could fulfil industrial scale application needs

Fig. 1 presents how papers related to this thesis are linked together. Paper I describes how 
process parameters affect MCC properties and create the basic structure of the process.
Paper II studies the economic feasibility of methods for different types of production unit.
Paper III calculates the environmental impacts of the methods presented in Paper II and 
compares these to existing processes. Paper IV introduces a totally new product lignin 
containing MCC and Paper V studies the potential to utilize MCC as a raw material for
microfibrillated cellulose (MFC) production.

Fig. 1. The publications (Papers I-V) relating to the thesis.
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2 The theoretical and practical background

This chapter provides an overview of the structure of cellulose and the basic theory of acid 
hydrolysis, it also presents the characteristics of MCC, describes the theoretical and 
practical information about different MCC manufacturing processes, and reviews 
traditional applications.

2.1 The structure of cellulose

Cellulose is an unbranched, linear homopolysaccharide composed of repeating 1-4-linked 
-D-glucopyranose units. The cellulose content in Nordic wood material is 40–53%,

depending on the tree species. The degree of polymerization (DP) on native wood is 
approximately 10,000 and on raw cotton 15,000. In chemical pulps the DP level is 500–
2000 and in MCC under 500. The molecular structure of cellulose is shown in Fig. 2. (Koch 
2006; Krässig et al. 2003; Sjöström 1993)

Fig. 2. The molecular structure of cellulose: n is the degree of polymerization.

The structure of cellulose is complex due to the various types of intermolecular and 
intramolecular hydrogen bonds that govern its physical properties; for example, molecular 
rigidity or the high viscosity of cellulose solutions. The chair form of glucose molecules 
forces hydroxyl groups to arrange in a radial direction and aliphatic hydrogen atoms into 
axial positions. This causes very strong interchain hydrogen bonding to neighboring
cellulose chains and somewhat weaker but significant hydrophobic interaction between 
cellulose molecule sheets (Himmel et al. 2007; Koch 2006). The combination of these 
properties makes the structure of cellulose very dense and resistant against degradation 
treatments like acid or enzymatic hydrolysis. In addition, the hydrophobic face of cellulose 
chain sheets, where a dense layer of water is formatted on a hydrated surface, increase 
resistance against acid hydrolysis (Matthews et al. 2006; Nishiyama et al. 2002).

Cellulose has a semi-crystalline supramolecular structure, founding ordered and less 
ordered regions. The intermolecular hydrogen bonds in the cellulose structure cause a
strong tendency to organize into arranged structures: crystallites. This part of cellulose is 
called crystalline and a less ordered region is called amorphous (Koch 2006). Because of 
the more open structure of the amorphous part, which enables the absorption of water and 
chemicals, it is more prone to biological, chemical, and mechanical treatment. A schematic 
presentation of the crystalline and amorphous parts of cellulose is presented in Fig. 3.
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Fig. 3. A schematic presentation of cellulose supramolecular structure (Fink and 
Walenta 1994).

2.2 Acid hydrolysis of cellulose

Cellulose can be hydrolyzed by using acid, alkaline, enzymatic, and hydrothermal 
processing (Fan et al. 1987). This thesis and all the related experiments concentrate on acid 
hydrolysis. 

When cellulose is hydrolyzed, the DP, number of the glucose units in the cellulose molecule 
chain is reduced. In acid media this happens in several steps (Fig. 4). The oxygen atom (I)
in the -1,4-glucosidic bond (II) is protonated, resulting a cyclic carbonium cation (III). A
protonation reaction can also happen to the oxygen atom in the cellulose glucopyranose 
ring (II’), yielding a non-cyclic carbonium cation (III’). These carbonium cations are 
intermediate products, reacting rapidly after formation with water molecules, creating a
glucose unit and a proton. (Fengel and Wegener 1989)

Fig. 4. The mechanism of the acid hydrolysis of glycosidic bonds (Fengel and Wegener 
1989).

Cellulose acid hydrolysis can be homogeneous or heterogeneous depending on the state of 
the reaction component phases. In both cases, the acid component is in its liquid phase but 
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the cellulose form is different. In the homogeneous phase cellulose is in a dissolved state
and hydrolysis works at constant rate until, at the end, only glucose units are left.

In heterogeneous hydrolysis liquid acid reacts with solid form cellulose material. The 
hydrolysis rate is fast in the beginning and slows down towards the end due to the properties 
of cellulose structure. When water and acid come into contact with cellulose material they
penetrate the supramolecular structure’s less ordered region (the amorphous part), swelling 
it and enabling protonation reaction and water addition to the formed carbonium cations—
the fast starting stage. Because of the cellulose structure’s well-ordered region (the
crystalline part)—which hinders the protonation of oxygen atoms in the -1,4-glucosidic 
bond and water accessibility to glucosidic bond area—the reaction rate decreases along the 
process until it exceeds a certain level. This level is called the level-off degree of 
polymerization (LODP). The hydrolysis reaction rate after this is very slow and only takes
place on the surface of the cellulose substance (Fan et al. 1987; Fengel and Wegener 1989;
Krässig et al. 2003). The LODP depends on hydrolysis conditions, the acid used, and the 
raw material. It varies from 15 for regenerated fibers to 400 for unbleached chemical pulps
(Battista 1950; Battista et al. 1956). When the LODP level is exceeded, the remaining part 
consists of tight bundles of highly ordered crystalline cellulose structures that form the 
MCC’s texture as powdered cellulose. A schematic presentation of removing of cellulose 
amorphous part, peeling off cellulose fiber, and the formation of MCC particles is shown 
in Fig. 5.

Fig. 5. A schematic illustration of cellulose hydrolysis and the formation of 
microcrystalline cellulose particles.

2.3 Microcrystalline cellulose (MCC)

MCC was originally invented in 1955. In that year, nylon tire cord products started to 
compete with rayon tire cord. Chemist Orlando Battista and laboratory technician Patricia 
Smith from American Viscose Corporation tried to seek a solution to making stronger 
rayon thread. They tried to break cellulose down into tiny crystals that would precipitate
cellulose molecules in viscose solution into a more ordered structures. While trying to 
achieve this goal, a white paste-like gel was obtained that was observed to be small 
cellulose particles in water. Soon after this, the paste-like material was discovered to hold 
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many interesting properties: temperature stability and unusual viscosity properties. Albeit 
having a high solid content, it lost viscosity under high shear but once shear was removed,
viscosity recovered rapidly (Battista 1971).

Battista and Smith defined MCC as mechanically disintegrated LODP cellulose (Battista
and Smith 1962). The Food and Agriculture Organization of the United Nations (FAO) 
defines MCC as a purified, partly depolymerized cellulose that is manufactured by treating 
alpha cellulose, obtained from plant materials, with mineral acids (FAO 1996). The DP is 
typically below 400 and no more than 10% of particles are sized less than 5 μm. The 
European Union regulations and the United States Pharmacopeial Convention’s Food 
Chemicals Codex define MCC in the same way, with only minor differences (EU 2012;
USPC 2014). Both definitions describe MCC as a white (or almost white), odorless, fine 
powder (see Fig. 6). MCC has an E-code, E460, granted by the European Food Safety 
Authority. 

Fig. 6. a) Microcrystalline cellulose shown at macroscale on a marble table and b) at
microscale on a SEM micrograph.

MCC’s physical properties vary a lot depending on the application usage. The typical 
particle size of commercial MCC products is in the range 20–250 μm but also some larger 
agglomerate products sized 1000–1400 μm are available. The bulk density varies from
around 0.1 to 0.5 g/cm3 with a DP of 200 to 300 (FMC 2015; JRS 2015; MingTai 2015).

Probably the first time when MCC was manufactured and scientifically reported was in 
1875. French scientist Aime Girard processed cotton with cold 45% H2SO4 for 12 h and 
got “Some fibrous material which was immediately broke down into a fine powder if 
crushed between fingers” (Girard 1875). Due to the lack of analytic methods at that time,
the product was not analyzed and recognized. Girard called this product hydrocellulose.
Eighty years later MCC was officially invented in 1955 (FMC 2014). The first MCC patent, 
for level-off D.P. cellulose product, was granted in 1961 (Battista et al. 1961). The first 
commercial MCC production plant with a capacity 6,800 tons per year was built in Newark, 
Delaware, USA in 1962 (Chemicals 1962). 

a) b)
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Some years after its invention and the first patent, this new fiber product was applied to 
many industries, like the pharmaceutics, rheology, chromatography, paint, drilling, filtering,
and food industries. One very important milestone for MCC was the invention of Durand
et al. (1970): colloidal MCC. Durand et al. (1970) combined MCC and carboxymethyl 
cellulose (CMC) and gained a re-dispersible dry product with superior colloidal properties.
This created a whole new hydrocolloids industry area where MCC worked as the core 
material and other components were attached to its structure (Krawczyk et al. 2009; Tuason 
et al. 2012; Vasiliu-Oprea and Nicoleanu 1993). 

The global production volume of MCC at the moment is around 120,000 tons annually 
(Sens 2016). When comparing this amount to global chemical pulp production, which is 
135,820,000 tons, it can be seen that MCC is a small production-volume cellulose product 
(FAO 2015).

2.4 The raw materials of MCC

All lignocellulose sources that contain crystalline cellulose can be used as a raw material 
for MCC. Various biomasses—like annual plants, wooden materials, fruit waste, industrial 
bio-waste, and tree needles—are reported in scientific studies (see Table 1).

Table 1. An overview of the raw materials and hydrolysis agent/acid used in 
microcrystalline cellulose manufacturing studies.

Raw material Active hydrolysis agent / method Reference

Calabash HCl Achor et al. 2014

Sugarcane bagasse HCl Adedokun et al. 2014

Rice hull and bean hull HCl, H2SO4 Adel et al. 2010

Rice hull and bean hull HCl, H2SO4 Adel et al. 2011

Corn cob, cotton gin waste HCl, H2SO4, Enzymes Agblevor et al. 2007

Kraft bagasse pulp and rice straw HCl, H2SO4 Ahmed et al. 2014

Common reed HNO3 Al-muaikel 2012

Softwood kraft pulp H2SO4 Amosov et al. 1979

Hosiery waste HCl Anand and Chawla 1981

Softwood kraft pulp HCl Aranguiz et al. 1994

Corn cob HCl Azubuike and Okhamafe 
2012

Groundnut shell HCl Azubuike et al. 2012

Maize cob HCl Azubuike et al. 2011

Sisal fiber HCl Bhimte and Tayade 2007

Cotton waste (hosiery industry) HCl Chauhan et al. 2010

Cotton waste fabric HCl Chuayjuljit et al. 2009

Cotton sliver H2SO4 Das et al. 2009

Cotton sliver, jute felt, and newspaper H2SO4 Das et al. 2010
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Table 1 (continued) 

Raw material Active hydrolysis agent / method Reference

Corn straw CH3CO2H+H2SO4 and 
HNO3+H2SO4

de Miranda et al. 2012

Bacterial cellulose H2SO4 de Oliveira et al. 2011

Orange mesocarp HCl Ejikeme 2008

Kraft bagasse pulp and rice straw HCl or H2SO4
El-Sakhawy and Hassan 
2007

Water hyacinth HCl Gaonkar and Kulkarni 1986

Sigmacell alpha cellulose - Garnier et al. 1990

Sulfate pulp HNO3 Gert 1996

Cotton H2SO4 Girard 1875

Oil palm empty fruit punch HCl Haafiz et al. 2013

Softwood kraft pulp H2SO4 Haapala et al. 2013

Olive industry solid waste H2SO4 Hamed et al. 2012

Groundnut shell HCl or HNO3 Hemanth et al. 2011

Cotton linter, bleached pulps mixture 
(aspen, birch, maple), birch, mixture 
(eucalyptus, acacia), mixture of 
hardwoods, mixture (spruce, Scots 
pine) and pine

HCl, H2SO4
Håkansson and Ahlgren 
2005

Eucalyptus and birch pulp HCl Håkansson et al. 2005

Rice straw and banana plant waste Enzyme Ibrahim et al. 2013

Bagasse and rice straw HCl Ilindra and Dhake 2008

Cotton, regenerated cellulose H2SO4 Ivanov et al. 1981

Pine and spruce saw dust NaHSO3, SO2 Jacopian et al. 1975

Jute fiber H2SO4 Jahan et al. 2011

Fodder grass HCl Kalita et al. 2013

Softwood kraft pulp H2SO4 and H2O2 or H2SO5 Kazakova and Demin 2009

Gluconacetobacter xylinus and kenaf HCl Keshk and Haija 2011

Viscose fiber waste H2SO4 Koch et al. 1985

Aspen and pine sawdust CH3CO3H, H2SO4 and radiation Kushnir et al. 2015

Aspen and birch CH3CO2H, H2O2 and H2SO4 Kuznetsov et al. 2011

Birch, aspen, and pine sulfate pulps HCl Laka and Chernyavskaya 
2007

Birch sulfite pulp, mixed softwood 
sulfite pulp, mixed softwood kraft 
pulp, poplar kraft pulp, aspen kraft 
pulp, cotton linter, flax

HCl Leppänen et al. 2009

Cotton linter HCl Liu et al. 2011

Soybean hulls H2SO4 Merci et al. 2015 
Water hyacinth, papyrus reed, banana 
stem, and rice straw HCl Murigi et al. 2014

Aspen CH3CO2H, H2O2 and H2SO4 Myz et al. 2007

Cotton linter HCl Nada et al. 2009

Newsprint waste HCl Nagavi and Mithal 1979
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Table 1 (continued) 

Raw material Active hydrolysis agent / method Reference
Dhaincha, corn stalk, rice straw, and 
wheat straw H2SO4 Nuruddin et al. 2011

Coconut husk HCl Ohwoavworhua and Kunle 
2006

Groundnut husk HCl Ohwoavworhua et al. 2009
Raw cotton from Cochlospermum 
planchonii HCl Ohwoavworhua and 

Adelakun 2005

Sorghum stalk HCl Ohwoavworhua and 
Adelakun 2010

Book paper, groundwood and 
newspaper, paperboard H2SO4 Okwonna 2013

Sugarcane bagasse HCl Onyishi et al. 2013

Bamboo HCl Pachuau et al. 2013

Bagasse pulp HCl Paralikar and Bhatawdekar 
1988

Sulfite birch pulp HCl Petropavlovskiy and 
Kotelnikova 1979

Eucalyptus dissolving pulp H3PW12O40 Qiang et al. 2016

Cotton linter HNO3 Rashidova et al. 1999
Rise husk, corn cob, sugarcane 
bagasse, and cotton HCl Rojas et al. 2011

Wood cotton HCl, H2SO4, HNO3 Rojas et al. 2012

Sugarcane bagasse HCl Shah et al. 1993
Hardwood and softwood kraft pulp, 
linen, rye straw, and cotton H2SO4 Shcherbakova et al. 2012

Oil palm empty fruit punch H2SO4 Soom et al. 2009

Bleached dissolving pulp Radiation and enzymes Stupi ska et a. 2007

Corn husk and corn cob H2SO4 Suesat and Suwanruji 2011

Corn cob HCl Suvachittanont and 
Ratanapan 2013

Esparto grass HCl Trache et al. 2014

Soybean husk HCl Uesu et al. 2000
Book paper, groundwood and 
newspaper, paperboard H2SO4 Uyigue and Okwonna 2013

Eucalyptus globulus Steam explosion Vila et al. 2014
Rice husk, hemp plant, spruce 
needles, and pine needles HCl Virtanen et al. 2012

Kenaf pulp HCl Wang et al. 2010

Distiller grains HCl Zhang et al. 2013

Counting from Table 1, there are 39 different annual plants sources, 18 wood-based
materials, 7 waste substances, and 10 other sources used. The reason why annual plants 
have been under severe research might come from the fact that these cheap raw materials 
are substantially available locally and high-value end-use applications are researched. The 
challenge of annual plant usage as a raw material for MCC is the heterogeneous structure
and the high content of inorganic materials like silicates that cause process problems and 
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low yield, originating from the fact that these resources contain less cellulose and more of 
other substances (Müssig et al. 2010).

2.5 MCC manufacturing

Based on the scientific research detailed in Table 1, the manufacturing process of MCC,
starting from virgin bio-based raw material, can be divided into five main stages: the size 
reduction of the raw material, delignification, bleaching, hydrolysis, and drying (Fig. 7).

Fig. 7. The process principle of microcrystalline cellulose manufacturing, starting from 
virgin bio-based raw material.

In the size reduction stage the virgin wood/plant/other bio-based material is cut up into a
desirable size level to enable efficient chemical impregnation and reaction in the following 
delignification stage. In the delignification stage bio material hemicelluloses and lignin are 
removed, the structure of the material loses its solid-piece form and single cellulose fibers 
are liberated from material matrix. The bleaching stage removes residual lignin or other 
color-inducing components from the fibers, after which comes the actual hydrolysis stage,
depolymerizing cellulose by converting fiber-like material into particle form MCC. In the 
end, MCC is usually dried into powder form before end use.

The first three stages already exist inside the chemical pulp mill: the debarking of wood 
logs and chipping (size reduction), the cooking of chips to produce pulp (delignification),
and the bleaching of cooked pulp for it to have very low lignin content (bleaching). This 
could offer the possibility to utilize a pulp mill as production platform in the MCC 
manufacturing process by integrating it to mill material-, heat-, and electricity systems.

On the grounds of the scientific research overview (Table 1) and manufacturing patent 
summary (Table 2), the MCC manufacturing process types (meaning specifically the 
hydrolysis stage) can be divided into four categories: chemical, enzymatic, hydrothermal,
and combination processes.



20

Table 2 Microcrystalline cellulose production patents. Process type: CP = chemical 
process, CoP = combination process, EP = enzyme process, and HTP = hydrothermal 
process.

Depolymerization base Process 
type Reference

Acid hydrolysis CP Battista et al. 
1961

CO2 and oxygen hydrolysis HTP Bergfeld and 
Seifert 1996

Enzymatic hydrolysis EP Braunstein et 
al. 1994

Acid hydrolysis CP Cruz 1983

Steam explosion and acid hydrolysis CoP DeLong 1985

Enzyme hydrolysis followed by acid hydrolysis CoP Dobashi et al. 
1992

Compacting and grinding of raw material, followed by acid and,
enzymatic hydrolysis, autohydrolysis, and a combination of 
alkali and acid hydrolysis or oxidative hydrolysis in an alkali 
medium

CoP Frangioni and 
Frangioni 2010

Steam explosion HTP Ha and Landi 
1998

Acid hydrolysis CP Hanna et al. 
2001

Acid hydrolysis CP Ioelovich and 
Leykin 2005

Autohydrolysis with antioxidants CP Jollez et al. 
2006

Stem explosion followed by mechanical action HTP Jollez and 
Chornet 1999

Hydrolyzing with active oxygen (e.g., H2O2) using mechanical 
shear CP Kopesky et al. 

2004

Acid hydrolysis CP Luo and Neogi 
2006

Acid hydrolysis CP Mattheson et 
al. 2002

Alkali hydrolysis followed by acid hydrolysis CP Nguyen 2006

Acid hydrolysis CP Nguyen and 
Tan 2006

Acid hydrolysis with active oxygen agent CP Schaible and 
Sherwood 2005

Acid hydrolysis CP Toshkov et al. 
1976

Alkali extraction followed by acid hydrolysis CP Townsley 1988

Alkali steeping followed by H2O2 hydrolysis CP Trusovs 2002

Acid- or oxidative alkali hydrolysis CP Yaginuma et 
al. 1996

Enzymatic hydrolysis EP Zabriskie 1984

Some of the listed processes are integrated into the bigger process combination (Luo and 
Neogi 2006; Nguyen 2006; Schaible and Sherwood 2005). In these integrated processes 
the chemical pulp mill is partly utilized. Some of the chemicals are taken from the chemical 
pulp mill and used in MCC production, but none of these process combinations includes 
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recirculation of chemicals or waste steam processing back to the pulp mill. In more detail, 
the processing of waste streams is not discussed anyhow in listed patents (Table 2). This 
will cause problems to the whole process system: How balances in the processes are 
controlled and especially sodium and sulfur balances in the case of kraft pulp mill, how 
waste stream discharges to the environment are taken care of, and how the process economy 
changes when all the streams are not utilized.

2.5.1 Chemical processes

The majority of scientific studies (Table 1) and patented MCC manufacturing processes 
(Table 2) are based on the hydrolysis of cellulose material with acids. Counting from Table 
1, 47 studies are based on hydrochloride acid (HCl), 29 on sulfuric acid (H2SO4), six on 
nitric acid (HNO3), three on acetic acid (CH3CO2H), and one on phosphotungstic acid 
(H3PW12O40). Only two processes are based on enzymes; one for steam explosion, and one
on another method. In the MCC manufacturing patent review (Table 2) 15 processes can 
be categorized as chemical processes and 14 of them use acids (mainly HCl, H2SO4, and 
HNO3).

In the very early cellulose hydrolyzing study of Girard (1875) where some “fine particle 
flour” was produced, cold 45% H2SO4 acid was used. Battista (1950) processed cellulose 
with 2.5 and 5.0 M HCl at different temperatures (ranging from 5°C to boiling point) in his 
hydrolyzing experiments producing “crystalline hydrocellulose particles”. After Battista et 
al. (1961) made the first MCC patent, Level-off D.P. cellulose products, where 15 minutes 
time in 2.5 M HCl at 105°C circumstances were used, became the standard procedure for 
MCC manufacturing in many studies (Cruz 1983; Ejikeme 2008; Gaonkar and Kulnikarni 
1986; Haafiz et al. 2013; Jahan et al. 2011; Mattheson et al. 2002; Paralikar and 
Bhatawdekar 1988; Townsley 1988) with some modifications in the type of raw material,
temperature, time, or acid concentration.

In the patent of Nguyen and Tan (2006) the MCC product was called texturized MCC,
leaving more hemicelluloses in the end product (5–15%) than in the official definition of 
MCC (where they are 3%: EU 2012; FAO 1996; USPC 2014). The acid concentrations in 
this process were 2–4%, being the equivalent to 0.20–0.41 M for H2SO4 and 0.55–1.10 M
for HCl, compared to the early process of Battista et al. (1961) where the acid concentration 
was 2.5 M of HCl. The same kind of acid level was used by Toshkov et al. (1976), 1% acid 
being the equivalent to 0.10 M for H2SO4 and 0.27 M for HCl. The process patent of 
Yaginuma et al. (1996) used HCl and H2SO4 acids in different concentrations, producing 
MCC. The concentration varied from 0.5% to 10% and the temperature from 99°C to 121°C. 
The patent also claimed that oxidative alkali treatment was used to hydrolyze cellulose but 
this method was not evidenced.

In two studies where CH3CO2H was used as a delignification aid to remove lignin
(Kuznetsov et al. 2011; Myz et al. 2007) with H2SO4 and H2O2, and in later stages as a
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hydrolyzing agent, the processes started from wood material, producing MCC. Kuznetsov 
et al. (2011) used a one-stage process for aspen, birch, siberian fir and larch sawdusts
gaining products with DP values of 128 to 226 and crystallinities from 0.64 to 0.80. Myz 
et al. (2007) used several process stage for aspen sawdust, first delignifying it with 
CH3CO2H, and then using a CH3CO2H + H2O2 combination for residual delignification 
and to hydrolyze to produce MCC. The products had DP levels from 127 to 218 and 
crystallinities from 0.62 to 0.80 compared to the values of reference material Avicel PH-
102 0.64.

Hanna et al. (2001) have patented a process that produces MCC by using a reactive 
extrusion technique with an acid catalyst. This process utilizes extruder device high shear 
forces created by one or more turning screws. High shear forces enable using the minimum
amount of liquid in the process and raising processing consistency to high levels (above 
30%). This again raises the concentration of chemicals to effective levels, albeit the
amounts are only some few percent calculated on the basis of the raw material. Merci et al. 
(2015) employed this technique and produced MCC from soybean hulls.

Nguyen (2006) hydrolyzed commercial hardwood and softwood pulps with different times 
in atmospheric pressure, first using alkali treatment and then acid treatment. The gained 
MCC products had a low DP level, varying from 95 to 125, and hemicellulose content from 
3.3% to 4.0%, being comparable to commercial grade products. Trusovs (2002)
depolymerized cellulose using an oxidative alkali treatment at a temperature under 100°C
in MCC manufacturing but the quality of the end product remained unclear. Jollez et al. 
(2006) processed bleached sulfite pulp at high temperatures (210–235°C) using 
antioxidants as a catalyst. In their experiments after bleaching followed a high temperature 
treatment producing MCCs with a DP level of 214 to 224. It is notable that at such high 
temperatures (210–235°C) cellulose material is known to start to decompose and some 
organic acids are formed, which start to hydrolyze the cellulose itself. This is called
autohydrolysis (Kumar et al. 2009). So, the effect of antioxidant and the effect of 
autohydrolysis were unclear. Ioelovich and Leykin (2005) produced MCCs from bleached 
prehydrolyzed kraft pulp using acid and some additives in hydrolysis reaction. The gained 
particle sizes varied from 1.2 m to 15.4 m but the end product was a mixture of MCC 

and additives, so the size of the cellulose part remained unclear. Almost all the scientific 
studies (Table 1) and patented processes (Table 2) are based on processing cellulose in the 
water phase, except for the work of Garnier et al. (1990) who did high temperature 
treatments in ethylene glycol (220–365°C) for alpha cellulose fiber, having a DP of 1000. 
The result was MCC powders with DP values of around 100.

Chemical processes cause effluent streams that must somehow be treated inside the process 
system or in a separate waste water treatment facility. The recycling and recovery of 
chemicals in the process might be a solution for effluents but in some cases it is difficult 
and causes extra costs, which might lose the process’ economic feasibility. The most used 
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hydrolyzing chemicals in MCC manufacturing—HCl, H2SO4 and HNO3—generate 
effluents containing chlorine, sulfur, and nitrogen, respectively. Qiang et al. (2016) used 
rare H3PW12O40 acid that cause phosphorus-containing effluents.

In the case of acetic acid—which is a weak acid, having a pKa value of 4.76—several 
orders of magnitude of the chemical were used in hydrolysis studies calculated as dry raw 
material weight that is 2.6–26.4 times amount of precursor material (Kuznetsov 2011; de 
Miranda et al. 2012; Myz et al. 2007). Such high chemical amounts could cause process 
economy problems.

A chemical pulp mill is a closed process system having a balance for certain chemical 
elements. In the case of a sulfate mill, these elements are sodium and sulfur. (Gullichsen 
and Fogelholm 1999b). Pulp mills also offer process utilities like heat- and electricity 
systems and it is energy self-sufficient. So using sodium and sulfur based chemicals, a mill 
could offer a platform for MCC production and possibility for waste stream treatment.

2.5.2 Enzymatic processes

Enzymes can hydrolyze cellulose and these are used in certain MCC manufacturing studies. 
Agblevor et al. (2007) treated steam exploded corn cobs and cotton gin waste with cellulase 
enzymes. They noticed that instead of using acids that produced one form of particles, 
enzymes enable the controlling of surface characteristics by adjusting the hydrolysis time. 
Ibrahim et al. (2013) processed bleached rice straw and banana plant fibers with cellulases,
noticing some crystalline structure and thermal property differences of the MCCs,
depending on the raw material base. They also made the same observation as Agblevor et 
al. (2007): enzymes can produce MCC with different surface morphology structures by 
varying the processing time. Zabriskie (1984) used some special cellulose enzymes to 
produce MCC for tableting tests from cotton, dissolving pulp, and from steam exploded 
wood pulp. The duration of enzymatic hydrolysis had a great effect on tableting properties,
giving higher hardness values with longer hydrolysis times. Braunstein et al. (1994)
produced MCCs with enzymes using never-dried pre-hydrolyzed hardwood kraft pulp. 
They gained LODP values of 250–400 using 24 h and 48 h processing times. In longer 
hydrolysis, the decrease of DP was only minor compared to that using 24 h.

Long processing times and poor recyclability are probably the reasons why enzymes are 
not used so much in MCC manufacturing. However, in some cases this method is combined 
in chemical processes.

2.5.3 Hydrothermal processes

Hydrothermal MCC processes do not use any chemicals as catalysts. The depolymerization 
of cellulose occurs due to high temperature and pressure, followed by fast release—this is 
called steam explosion. Or it can occur by the hydrolysis of cellulose material with organic 
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acids, which are formed due to decomposing cellulose itself in high temperature:
autohydrolysis.

Vila et al. (2014) steam exploded ground eucalyptus wood powder in order to remove 
hemicelluloses from the wood matrix and depolymerize cellulose. After the following 
delignification with 90% acetic acid (which removed the major part of the lignin), and the 
alkaline extraction and bleaching stages, the result was MCCs in the DP range 146–164
that have high crystallinity: 0.78. Ha and Landi (1998) used the same kind of process 
combination as Vile et al. (2014) but after steam explosion there was short (15 min) water 
extraction phase at 60°C temperature and delignification was proceeded by using NaOH.
The product was a white, creamy gel-like MCC material that dried into a powder form. In 
the process of Bergfeld and Seifert (1996) cellulose mixed with water was hydrolyzed to a
DP level of 295–318 using elevated temperatures of up to 200°C and by using a 
pressurizing reactor with oxygen or CO2 at up to 60 bars. The result was MCC with good 
comparable properties when compared to the commercial product Avicel PH 101. Jollez 
and Chornet (1999) used steam explosion to depolymerize bleached chemical pulps in order 
to produce MCC. They got products with a crystallinity varying from 0.83 to 0.87, and low 
DPs ranging from 170 to 253.

Albeit there are no chemicals used in this method and it has relatively short retention times
(only some minutes), the amount of scientific studies and patented processes is not 
numerous. One reason could be the very high temperature that is needed in steam explosion 
or autohydrolysis. This raises the manufacturing cost, impairing process economy. 

2.5.4 Combination processes

Stupi ska et al. (2007) prepared MCC from bleached dissolving pulp using a two-stage 
radiation-enzyme process. In the first radiation phase the DP level was decreased to a
desirable level after which an enzymatic stage continued depolymerization. The produced 
MCC was comparable with those used in the pharmaceutical industry. Kushnir et al. (2015) 
hydrolyzed aspen and pine sawdust with peracetic acid under microwave radiation
treatment using some H2SO4 as a catalyst. This one-stage process produced MCC with DP 
ranging from 120 to 260 and crystallinities from 0.64 to 0.69. DeLong (1985) combined 
steam explosion and acid hydrolysis in his two-stage process. In the first stage; cellulose, 
hemicelluloses, and lignin were separated using steam explosion and a second cellulose 
portion was again exploded with the presence of some acid catalyst, resulting in MCC.

Frangioni and Frangioni (2010) have patented a process that combines a mechanical 
compaction of cellulose following the hydrolysis stage, which lowers the DP, resulting in 
an MCC product. In the process of Dobashi et al. (1992) cellulose material is first treated 
with enzymes to lower the DP to a desirable level, followed by an acid hydrolysis stage,
which gives a powder MCC product. Later, the process worked in a concentration of 0.10–
4.65 M, with temperatures of 60–110°C and process times of 20–480 min.
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Radiation is a rarely used hydrolysis method in MCC manufacturing. The positive side is 
that no chemical remains that needs to be washed away, but the method raises electricity 
consumption. 

2.6 Traditional applications for MCC

The first products from MCC were developed for the food and pharmacy industries.
Nowadays, these two industry sectors are still MCC’s most common application areas.
Properties like being micro-size, odorless, tasteless, and thermally stable are common 
qualities for all kinds of MCC. When this cellulose-based product is processed with 
hydrocolloids in certain way, it is capable of forming colloidal stable suspensions, creating 
a three-dimensional stable network and also it can maintain these properties at high 
temperature and low pH. These characteristics makes MCC a good material in applications 
that require solution stabilizers, bulking agents, material texture modifications, compaction 
stability, dry processability, compatibility, and other material modification properties
(Battista and Smith 1962; Krawczyk et al. 2009; Tuason et al. 2012; Vasiliu-Oprea and 
Nicoleanu 1993).

2.6.1 The food industry

Especially in food industry applications, the most important property of MCC is its ability 
as an insoluble particle to form a structural network with a soluble hydrocolloid. This kind 
of modified powder form of MCC product is called colloidal MCC and it is produced by 
co-drying with carboxymethyl cellulose or with other types of hydrocolloid like alginate, 
pectin, carrageen, xanthan gum, etc. A re-dispersed colloidal MCC gel network can give a
mouthfeel effect for food products, stabilize foams and emulsions, or it can be used in a
suspension of solids in beverages to prevent precipitation. Hydrocolloids used alone do not 
have these functionalities; a fine micrometer scale MCC network is needed (Tuason et al. 
2012).

In addition, because MCC has no nutritional value for humans, it works as an insoluble 
fiber source, suppressing hunger without giving any extra energy. In the beginning of the 
1960s one of the first food applications for MCC was as a peanut butter bulking agent.
Nowadays, it is widely used in baking products, ice creams, hamburgers, mayonnaises, 
sauces, cooking creams, and dressings. In sauces where there are both water and oil, MCC 
prevents oil separation and in frozen desserts it reduces the size of ice crystals, giving a 
smoother feeling in the mouth. Its temperature stability allows usage in food products that 
must be sterilized at a high temperature (Battista et al. 1971; Battista and Smith 1962).

The global market value of food hydrocolloids was estimated to be 4.2 billion US dollars
in 2007 and the portion of MCC to be only 1% of the whole market size (Tuason et al. 
2012). Despite this, the food sector is a growing market segment for MCC and one of the 
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biggest MCC producers, FMC, announced in July 2012 it was building a colloidal MCC 
production plant in Thailand in order to serve the food markets of Asia. This new 
production facility raised the global production capacity of food-grade MCC by over 30%.
The investment cost of the new plant was 100 million dollars and production started during 
spring 2015 (Faithful Gould 2014; PR Newswire 2012).

2.6.2 The pharmaceutical industry

MCC is inert for humans, which is the most important property for pharmaceutical 
applications where it is widely applied. In pharmacy, MCC is used as bulk, binder,
compression aid additive for tablets and thickening, and as a structural agent for healing 
creams. By changing particle size and aspect ratio, porosity, surface charge, adding 
functional groups, or by changing the drying circumstances and creating bundles of several 
single MCC particles, the properties of the processed tablets can be adjusted (Kamel et al. 
2008; Mills 2007; Thoorens et al. 2014). It is estimated that the pharmaceutical sector is 
the biggest application area for MCC, having a 35% market share (Transparency market 
research 2015).

2.7 Summary

According to literature surveyed, the majority of MCC processes are based on chemical
methods and the most-used hydrolyzing acids are HCl and H2SO4 (Table 1 and 2). When 
MCC was commercialized in the early 1960s the first applications were in pharmacy and 
food. Nowadays these are still the biggest sectors and no new major application fields have
been found.

The major part of MCC studies have focused extensively on end-product properties, but no 
comprehensive MCC manufacturing study was found that covered the whole production 
system, from raw material to product, including material stream calculation and taking 
account of the environmental and economic aspects. One of the only MCC studies found
that even on some level discusses these points was that of Suvachittanont and Ratanapan 
(2013), but there was nothing about waste streams and environmental points.

The lack of knowledge about how the whole process system is controlled on a larger scale 
and the consequences of this, a high product price level, could be the reason why the 
production volume of MCC is relatively small compared, for example, to other paper and 
pulp products. This again hinders the development of new applications that may need large 
production capacities. If there are already set systems like chemical pulp mills; where raw 
material pulp to MCC process can be manufactured; why not integrate the process into the 
pulp mill facility which is energy self-sufficient and where the needed electricity, steam, 
water, and other important process utilities are found?
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Therefore, new knowledge and concept-level thinking are needed to address how MCC 
could be manufactured in such a way that all the technical, material-balance, product, 
environmental, and economic aspects can be solved in a single process system. 
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3 Materials and methods

The materials and methods used in this thesis are explained in detail in Papers I–V. The 
research environments and background data are presented in the “Research environment”
chapter. The raw materials and analyzing methods used in this thesis are described in the 
“Experimental procedure” section, which gives background information for the results 
presented in the “Results and discussion” chapter.

3.1 The research environment

Paper I describes how acid hydrolysis process parameters affect the properties of MCC. 
The experimental procedure proceeded at laboratory scale and process parameter values 
were chosen on the basis of a novel method (Dahl et al. 2011a).

Paper II comprises the material balance and economic feasibility calculations for two 
MCC manufacturing plants. The work was carried out on a theoretical level. The material 
balances and economic feasibility was calculated in two cases: 1) a stand-alone MCC 
manufacturing plant and 2) a MCC plant integrated to a chemical pulp mill. 

Comparative GWP assessment of Paper III was done for eight different MCC 
manufacturing cases, including two commercial ones and six cases based on a novel 
method (Dahl et al. 2011a). The work was done on a theoretical level.

Paper IV presents a new product, lignin-containing MCC, and characterizes it in a physical, 
chemical, thermogravimetric, and molecular level. Its properties were compared to 
conventional MCCs’ characteristics. The work was done in a laboratory environment.

Paper V presents how MCC works as a base material for MFC. The work was done on a
laboratory scale and MFCs were produced by using fluidizing technology.

3.2 Experimental procedure

Paper I
The effect of mild H2SO4 hydrolysis parameters on the property of MCC was investigated. 
Hydrolysis experiments were carried out in an air bath digester consisting six tube-like
metal reactors each with a volume of 2.5 dm3. Never-dried bleached softwood kraft pulp 
was used as a raw material for MCC. The varied hydrolysis parameters were: time (0–1440
min), consistency (10–25%), H2SO4 dosage (0.5–1.5%, calculated for oven-dry cellulose 
weight), and temperature (120°C, 140°C, and 160°C). The hydrolysis time means the time 
in the actual hydrolysis temperature. Because the used reactor was batch type, the actual 
hydrolysis time was always preceded by pre-heating to 50°C (10–15 min) and heat-up time 
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to hydrolysis temperature at a speed 1°C/min. Hydrolyses were terminated by cooling 
reactors in cold water. After cooling, the solid residue and hydrolysis liquid were separated 
by filtration. Hydrolyzed cellulose material was washed three times with deionized water
using dilution thickening washing with dilution factor of 10.

The raw material and produced MCCs were analyzed for intrinsic viscosity
(cupriethylenediamine dissolution), DP (intrinsic viscosity), and brightness. In addition,
the produced MCCs were analyzed for yield (gravimetrical determination), particle size
(laser diffraction), and crystallinity (XRD). More detailed information of the analyzing 
procedures are found in Paper I.

Paper II
Material balances and techno-economic analysis of two modeled MCC processes—a stand-
alone microcrystalline cellulose process (sMCC) and a microcrystalline cellulose process 
integrated into a chemical pulp mill (iMCC)—were studied. The default values for balance 
and economical calculations are shown in Table 3 and 4.

Table 3. The default values for balance calculations (Paper II).

Unit sMCC case iMCC case 
MCC production, CMp BDt/yr 30,000 30,000
MCC yield, CMy % 90 90
Pulp consistency, Ccons % 90 30
H2SO4 dosage, CA% % 1.5 1.5
H2SO4 water, CAw t/yr 680 680
Hydrolysis consistency, CHyd % 30 30
Wash water amount, CWwa t/yr 15,000 15,000
MCC dry matter after dewatering,  CDw % 50 50
MCC dry matter after drying, CDr % 90 90
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Table 4. The default values used for the investment and operational costs calculation 
(Paper II).

Unit sMCC case iMCC case

The price of the purchased pulp, CPpp euros/ADt 630 605

Heat unit cost, CHuc euros/MWh 50.0* 30.0
Power unit cost , CPuc euros/MWh 90.0** 30.0

Operator unit cost, COuc euros/operator/yr 60,000 60,000

The number of operators, CNo 25.0 20.0

MCC mill cost, CMmc mill. euros 25.0 25.0

Power plant cost, CPpc mill. euros 1.5 0.0

Maintenance costs constant, CMcc % of project costs 4.0 4.0
Fixed cost (without depreciation) constant, CFcc % of project costs 15.0 15.0

Capital cost (annuity), constant CCcc % of project costs 13.0 13.0

Selling price, CSp euros /ADt 1,600 1,600
H2SO4 unit price, CAp euros/ton 40.0 40.0

*(Tilastokeskus 2013a)
** (Tilastokeskus 2013b; Tulli 2013)

The raw material in the model processes is considered to be bleached softwood kraft pulp 
and the hydrolyzing agent to be H2SO4, because kraft pulp mill already encompasses sulfur 
containing streams and with careful balance handling acid waste stream can be integrated 
to the mill recovery cycle. The size of the theoretical MCC plants (30,000 ton/yr.) were 
chosen according to current applicable markets (Ciechanska et al. 2010). Other process 
values were chosen on the basis of the experiments in Paper I. The flow charts of both 
cases are shown in Fig. 8.

Fig. 8. Flow charts of the stand-alone (a) and integrated (b) microcrystalline cellulose
plants (Paper II).

The main equipment for the hydrolysis line are a bale shredding unit (only in sMCC), a
continuous hydrolysis reactor, a decanter centrifuge, and a flash dryer. Pulp in dry bale
form and utilities (steam, electricity) are used in sMCC and imported to the plant site. In 
iMCC pulp is hydrolyzed in 30% consistency and utilities are provided from an integrated 
chemical pulp mill.

a b
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The economic analysis is based on the cost–benefit analysis and it is defined by return on
investment (ROI) and the added value of purchased pulp. The process type causes some 
difference in investment and operational costs between the processes. Because it needs its 
own power boiler unit, sMCC has a higher investment cost. Raw material and utilities are 
cheaper for iMCC because these are provided by the integrated pulp mill.

Paper III
The comparative GWP assessment was made for eight different MCC manufacturing 
systems (Table 5) that varied according to raw material and the usage of the dissolved 
carbohydrate stream from the hydrolysis process.

Table 5. Cases for global warming potential assessment (Paper III).

Case Product type Process type Raw material Dissolved carbohydrate utilization
1.1 AaltoCell™ Non-integrated BSKa

1.2 AaltoCell™ Non-integrated BSKa Methane production and burning in a
boiler

2.1 Commercial 
MCC Non-integrated SDPb

2.2 Commercial 
MCC Non-integrated BSKa

3.1 AaltoCell™
Integrated to 
chemical pulp 
mill

BSKa Burned in a chemical pulp mill recovery 
boiler

3.2 AaltoCell™
Integrated into a
chemical pulp 
mill

BSKa Methane production and burning in a
chemical pulp mill recovery boiler

4.1 AaltoCell™
Integrated into a
chemical pulp 
mill

UNBSKc Burned in a chemical pulp mill recovery 
boiler

4.2 AaltoCell™
Integrated into a
chemical pulp 
mill

UNBSKc Methane production and burning in a
chemical pulp mill recovery boiler

a Bleached softwood kraft pulp
b Softwood dissolving pulp
c Unbleached softwood kraft pulp

The commercial MCC line was defined according to patent literature (Table 2) because 
actual plant data were not available. The MCC manufacturing lines from Paper II worked 
as a base for the other six cases.

The functional unit in all systems was 30,000 BDt/yr of end product (MCC). GWP was 
used as a measure of the environmental burden contributing to global warming and it was
defined as the carbon dioxide equivalent (CO2-Equiv.). The calculations were performed 
using GaBi 6 Product Sustainability Software and GaBi Software CML 2001 (Apr. 2013).
GWP 100 years was chosen as the calculation method and processes were taken from the 
Ecoinvent database. The material inputs for all systems are shown in Table 6.
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Paper IV
In this study a new product, lignin-containing MCC, was presented. The used MCCs—
denoted as DP300, DP450, and BrownMCC (lignin containing MCC)—were manufactured 
with the same reactor equipment and procedure as in Paper I. The raw material for lignin-
containing MCC was softwood kraft pulp after the chemical pulping line digester stage,
and other MCCs were manufactured from bleached softwood kraft pulp. The commercial
MCC product Avicel PH-101 was used as a reference material. The used reaction 
conditions were 160°C temperature, a 1.5% dosage (calculated for oven-dry cellulose 
weights) of H2SO4, a consistency of 10%, and an overall hydrolyzing time of 110 min for 
DP450 and 140 min for DP300 and BrownMCC.

Products were analyzed for particle size (using laser diffraction), specific surface area 
(using BET theory), visuality (using photography), micrometer-level appearance (using
SEM), chemical surface analysis (using XPS), carbohydrate composition (using high-
performance anion-exchange chromatography [HPAEC]), lignin sensitive characterization 
(using ultraviolet Raman [UV Raman] spectroscopy), thermogravimetric analysis (TGA), 
molecular size distribution (using gel permeation chromatography [GPC]), crystallinity 
(XRD), and DP (using intrinsic viscosity). More detailed information of the analyzing 
procedures is found in Paper IV.

Paper V
The aim of Paper V was to test how MCC works as a raw material for MFC. The used 
materials were denoted as DP390 and DP390dry. MCC was used in both undried form 
(DP390) and dried form (DP390dry) and it was manufactured according to a novel method 
(Dahl et al. 2011a). The dry product was produced using a spray dryer. The commercial
MCC product Avicel PH-101 and enzymatic mechanical pre-treated softwood sulfite pulp
(denoted as Ref.) were used as a reference raw materials. MFCs were produced with 
fluidizer equipment (Microfluidizer M-110P, Microfluidics Corp.) using 2000 bar 
processing pressure. Used fluidization consistencies are shown in Table 7.

Table 7. The consistencies of cellulose raw materials in fluidization.

Sample Fluidization consistencies (%)
Ref. 1.5
Avicel 1.5 3.0 4.5 6.0 7.5
DP390 1.5 3.0 4.5
DP390dry 1.5 3.0 4.5 6.0 7.5

The raw materials were analyzed for particle size (using laser diffraction), fiber length 
(using an optical image analyzer), specific surface area (using BET), micrometer-level 
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appearance (using SEM), carbohydrate composition (using HPAEC), molecular size 
distribution (using GPC), crystallinity (using XRD), and DP (using intrinsic viscosity).

The produced MFCs were analyzed for specific surface area (using BET), micrometer-level 
appearance (using SEM), crystallinity (using XRD), DP (using intrinsic viscosity), hard-
to-remove water (using TGA), the water retention value (WRV, using the centrifugation 
method), transmittance (using a UV spectrophotometer), fibril thickness (using atomic 
force microscopy [AFM]), and for rheological properties. More detailed information of the 
analyzing procedures is found in Paper V.
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4 Results and discussion

The most notable results of this thesis are presented in this chapter. More detailed results 
can be found in Papers I–V.

4.1 Mild acid hydrolysis

Papers I and IV show that MCC can be manufactured from BSK and UNBSK pulps using 
mild acid hydrolysis. The MCC that originates from UNBSK has a brown color due to the 
lignin portion while BSK-based MCCs have the same white color as the commercial 
product (Fig. 9). 

Fig. 9. The physical appearance of commercial cotton-based microcrystalline cellulose 
(Avicel), bleached softwood kraft based product (DP300 and DP450), and unbleached 
softwood kraft based product (BrownMCC) (Paper IV).

The severity of acid hydrolysis in MCC manufacturing has an essential effect on product
properties like chemical composition, thermal degradation, particle size, DP, crystallinity,
and brightness. The DP of the cellulose raw material drops down very fast in the beginning
of hydrolysis, after which it start to level-off to a certain LODP depending on the severity 
of hydrolysis. In the end, DP has a plateau value. This was observed in hydrolysis 
experiments (Fig. 10) the results of which were in good agreement with Battista’s (1950)
early hydrolyzing study.
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Fig. 10. The degree of polymerization as a function of hydrolysis time (heat-up time + 
time in hydrolysis temperature). Consistency 10% ( ) and 25% ( ); temperature 
140 °C and H2SO4 dosage 0.5% (Paper I).

In Paper IV DP450 and DP300 MCC samples were produced at 160°C using a 1.5% 
dosage (calculated for oven-dry cellulose weights) of H2SO4 in a consistency of 10%. The 
overall hydrolyzing time (heat-up time + time in hydrolysis temperature) varied being 110 
min for DP450 and 140 min for DP300, resulting MCCs with DP and particle sizes of 
451.2/51.5 m and 273.3/16.2 m, respectively. Hence, a more prolonged hydrolysis 

process produces shorter polymer chains and smaller particles. The difference of the

products was also seen in their chemical composition, as shown in Table 8. DP300 that

went through more intensive hydrolysis had a somewhat smaller hemicellulose content than 
DP450. It was interesting to notice that there was also a very low amount of hemicelluloses
in the lignin-containing BrownMCC. This product was made from UNBSK, which usually
contains 20–25% hemicelluloses, so mild acid hydrolysis effectively removed this portion.
The relative amount was even lower than in commercial Avicel that originates from cotton 
raw material and is known to be high in cellulose content (Sczostak 2009).
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Table 8. The chemical composition of the microcrystalline cellulose samples (Paper IV).

Component (%)
Samples

Avicel DP300 DP450 BrownMCC
Carbohydrates 99.5 99.5 99.4 89.1
Arabinose n/a n/a n/a n/a
Rhamnose n/a n/a n/a n/a
Galactose n/a n/a n/a n/a
Glucose 97.2 95.0 87.3 87.7
Xylose 1.9 2.0 6.4 0.6
Mannose 0.4 2.5 5.7 0.8
Extractives 0.1 0.1 0.1 0.6
Total lignin 0.4 0.5 0.5 10.3
Acid-soluble lignin 0.3 0.3 0.4 0.3

Acid-insoluble lignin 0.1 0.1 0.1 10.0

The MCC’s DP correlates well with particle size: the lower the DP, the smaller the size (as 
shown in Fig. 11). This enables process controlling on an industrial scale (Paper II) by
using online measurements and the production of products with certain properties.

Fig. 11. The Degree of polymerization as a function of average particle size (Paper I).

The chemical composition of MCC (Table 8) had an effect on its thermal stability 
properties, as illustrated in Fig. 12. The TGA curves of DP300 and DP450 showed a similar 
form, differing somewhat from the Avicel sample, while the curve of the lignin-containing 
BrownMCC was different, showing lower thermal resistance properties for this product.
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Fig. 12. Thermal degradation (TGA) curve of Avicel ( ), DP300 ( ), DP450 ( ), and 
BrownMCC ( ) (Paper IV).

BrownMCC started to decompose at around 220°C, this continued until reaching 310°C
when degradation increased again and leveled out at approximately 400°C. The lower 
decomposition point of BrownMCC, when compared to other samples (Fig. 12), probably 
originated from lignin. This was supported by the finding of Bartkowiak and Zakrzewski 
(2004) and Tejado et al. (2007) who studied kraft lignin originating from pine, and noted
degradation starting at around 200°C.

Avicel thermal degradation started at around 315°C, quickly increased to 400°C after 
leveling out. The TGA curve’s form was sharp without gradual degradation phases. DP300 
and DP450 decomposition started at around 240°C and continued slowly up to 350°C and 
340°C, respectively. Degradation speeds up at 415°C for DP450 and to 425°C for DP300.
MCCs that contained some hemicelluloses (DP300: 4.5% and DP450: 12.1%) had a
rounder TGA curve form than commercial Avicel. Werner et al. (2014) and Yang et al. 
(2007) measured the TGAs of different hemicellulose fractions finding degradation 
temperatures of 200 °C 250°C. This fact matches well with the curve forms of Fig. 12.

The experimental results of how MCC particle size changes in prolonged hydrolysis is 
shown in Fig. 13. The more material being hydrolyzed, the more it reduced MCC’s size. 
At P-factor around 300, size starts to level off and more severe hydrolysis didn’t give any 
notable effect. This was in line with the hydrolyzing theory discussed in Chapter 2.2. After 
certain point, reaction rate of hydrolysis decreases and levels-off reaching plateau value.



39

Fig. 13. Average particle size as a function of the P-factor (Paper I).

It is also notable that in Paper I experiments found out that MCC product started to darken 
if hydrolysis prolonged. Although the darkening of MCC was several tens of units, the 
product was easy to bleach using single-stage bleaching and with the typical bleaching 
agents used in pulp industry, such as ClO2, H2O2, or ePaa. According to unpublished 
results, a brightness increase from level 60 to 82–85 was gained by using only 2 min
bleaching time with 1% chemical dosage at 7% consistency at 70°C and with the typical 
optimal pHs given in literature (Gullichsen and Fogelholm 1999a).

4.2 The integration of MCC production into the chemical pulp 
mill

4.2.1 The MCC process type affects balance values

Based on Paper II, the results of both process options (sMCC and iMCC) are technically 
and economically feasible to implement. Depending on the process type, some technical 
and economical differences occur.

The mass and energy balances of the sMCC and iMCC cases are shown in Fig. 14. Water 
usage was different between the cases because raw material was fed to the plant site in a
different form. While sMCC used dry pulp bales, iMCC got its raw material straight from 
the pulp mill in processing consistency without any need for dilution before hydrolysis. In 
iMCC’s case a liquid stream from the hydrolysis reactor was fed back to the pulp mill 
where it was evaporated and burned in the recovery boiler. The burning of filtrate affects 
energy balances, lowering the energy need 0.7 GJ/BDt MCC in the iMCC case. The sMCC 
plant had its own power boiler that used natural gas while iMCC took its heat from a
chemical pulp mill recovery system. A small difference in electricity consumption (20
kWh/BDt MCC) was caused by the bale shredding unit that was needed in the sMCC case.
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Fig. 14. The mass and energy balances of a) the sMCC case and b) the iMCC case
(Paper II).

4.2.2 Cross-recovery with chemical pulp mill

A modern kraft pulp mill is a closed system where sodium and sulfur balances are 
controlled. When changing process systems, for example, by integrating the MCC process 
into the mill system, careful balance calculation is needed. In Paper II, a typical Nordic 
small-sized softwood kraft pulp mill with a capacity of 230,000 ADt of pulp was taken as 
an example for MCC process integration. The mill constitutes a tall oil production with 
capacity of 0.04 tontall oil/ADt of pulp. The tall oil plant consumed 200 kgH2SO4/tontall oil

and optionally, when CO2 was used to pre-acidulate tall oil, only 100 kgH2SO4/tontalloil.
The sulfur losses of the pulp mill were 3.0 kgS/ADt of pulp. These are typical values for a
modern softwood kraft mill (Gullichsen and Fogelholm 1999b). In MCC production a
H2SO4 dosage of 1.5% was used, which corresponded to 5.0 kgS/ADt of chemical pulp 
and 5.6 kgS/tons of MCC with a 90% yield.

The low amount of acid usage in MCC manufacturing allowed cross-recovery with the
chemical pulp mill. This cross-recovery enabled MCC plant integration with a capacity of 
16,429 tonMCC/yr to a chemical pulp mill without adjusting the sulfur balance. Optionally,
if CO2 pre-acidulation was used in a tall oil plant, the possible MCC production capacity 
was 69,821 tonMCC/yr without adjusting pulp mill sulfur balances.

a

b
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To avoid balance problems in the chemical pulp mill and due to fact that each mill could
own specific process systems, balance calculations always have to be done before 
integrating MCC production. For example, hardwood mills yield no extractives such as tall 
oil, and larger cross-recovery rate can be applied and a larger MCC plant can be 
implemented. The raw material base, tall oil production in a pulp mill, CO2 acidulation in 
tall oil plant, a flu gas scrubber, etc. are systems that change the balances and aspects
relating to MCC process integration.

4.2.3 The economic feasibility of the integration of MCC production to the 
chemical pulp mill

Both process options sMCC and iMCC were economically feasible, as illustrated in Fig. 
15 and 16. In the iMCC case, it gives 13.6% and 14.0% units of higher ROI and added 
value of purchased pulp respectively when compared to sMCC. In sensitivity analyses raw 
material, product, energy, and chemical prices varied in the range of ±30% from default 
values, meaning the values from Paper II, Tables 1 through to 6. The raw material pulp 
and MCC product price had the biggest effect on ROI and added value while MCC process 
energy and chemical prices had a negligible influence on economic profitability within the 
utilizer range of -30% to +30%. In normal business economics, when the ROI reached or 
exceeded the limit 15%, the company's operations are highly profitable. According to 
results in Paper II such values can be attained when the selling price of the MCC decreases 
more than 25.3%, which equates to 1200 €/ADt in the sMCC case, and 31.7%, which 
equates to 1092 €/BDt in the iMCC scenario. However, according to the best knowledge 
of the author, such low prices for MCC have never been seen on this market.

Fig. 15. ROI as a function of changes in (a) the sMCC case and (b) the iMCC case. The 
lines are the price of purchased pulp ( ), the product selling price ( ), the power unit 
price ( ), and the chemical costs ( ). Default values (x-axis value 0%) are taken from 
Paper II, Tables 1 through to 6 (Paper II).
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Fig. 16. The added value of purchased pulp as a function of changes in (a) the sMCC 
case and (b) the iMCC case. The lines indicate the price of purchased pulp ( ), the 
product selling price ( ), the power unit price ( ), and the chemical costs ( ).
Default values (x-axis value 0%) are taken from Paper II, Tables 1 through 6 (Paper II).

4.3 LCA assessments for MCC and AaltoCell™

The GWP results for all the studied cases (Table 5) are shown in Table 9. According to
GWP data, nonintegrated AaltoCell™ cases (1.1 and 1.2) had a lower GWP effect than the 
commercial nonintegrated MCC cases (2.1 and 2.2). Furthermore, in Cases 1.1 and 1.2 the 
GWP effect was slightly lower than the AaltoCell™ plant integrated into a chemical pulp 
mill (Cases 3.1 and 3.2). However the lowest GWP effect was with the AaltoCell™ process 
integrated into chemical pulp mill using unbleached pulp (cases 4.1 and 4.2) as a raw 
material for MCC production.

The relative shares of different components are shown in Fig. 17. The biggest impact on
GWP values were caused by pulp (37.2–87.1%), heat (7.2–39.0%), ammonia (0–18.2%),
and electricity (3.0–14.6%). GWP values regarding heat energy were the lowest in Case 1 
when compare to the others and water usage creates the largest GWP impact in the Case 2. 
Pulp has by far the biggest impact on GWP, but it was also the raw material for the process. 
If pulp’s influence is excluded then heat, energy, and ammonia are shown to have the 
highest effect (Case 2).

Because of the high usage of acid in hydrolysis in Case 2, a high amount of ammonia was 
needed to neutralize process filtrate. This prohibits the utilization of filtrate in anaerobic 
digestion because of high salt concentration differing from other cases where digestion was 
used and the produced methane was utilized inside the process for energy production.
Neutralization with ammonia alone means a 15.7–18.2% GWP impact, while in other cases,
where the AaltoCell™ process works with low acid amount and hydrolysates were led to 
anaerobic digestion, the neutralization impact on GWP using CaO was only a few 
percentage decimals (0.3–0.8%).

Cases 1, 3, and 4 had an option to produce methane from carbohydrate-rich process 
hydrolysates instead of burning these streams in a boiler. This option lowered the heat 
demand of the MCC process and thus also declined the GWP (Table 9). In Cases 1, 3, and 
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4, where anaerobic digestion was an option, the joint effect meant 3.0%, 2.3%, and 6.5% 
lower GWP, respectively.
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Fig. 17. The relative global warming potential shares of each component of the case 
studies (Paper III).

4.4 MCC as a raw material for MFC

In Paper V, the objective was to test how MCC works as raw material for MFC production.

4.4.1 MFC raw materials properties

As seen from Table 10 and Fig. 18, more particle-like MCC raw materials differ clearly
on a molecular and physical level when compared to Ref., which was chemical pulp 
originated from an enzymatic mechanical pretreatment procedure (a known pre-treatment 
technique in MFC manufacturing) that creates structural changes disassembling the fiber 
into various size levels. MCC material had much shorter polymer chain length and the 
physical size was one decade smaller than Ref. SEM micrographs (Fig. 18) revealed a
physical architecture of samples showing block-like oblong structures in the case of MCC 
and lots of different-sized forms—from bigger fibers to small fibril-like structures—in the 
case of Ref. Due to these structural facts, MCC and Ref. had different aspect ratios that 
affected MFC production, creating an anisotropic phenomenon affecting process 
runnability between the samples. This was seen in Table 7, where the more heterogeneous
material Ref., having a higher aspect ratio, was capable of processing with only 1.5% 
consistency, while the more homogeneous, block-like MCC material with lower anisotropy 
enabled material processing at higher consistencies without any runnability problems.

Dried MCCs—Avicel and DP390dry (Fig. 18 b and d)—seem had a much smoother surface 
than undried DP390. On the surface of these, were outward-pointing, small, hairy fibrils
giving a laniferous structural impression. It was also notable that undried Ref. material had 
a more porous/open structure, having three times larger surface area than undried MCC 
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material. The effect of drying MCC was seen well between DP390 and DP390dry: both
BET surface area and particle size decreased (Table 10). The above-mentioned results are 
related to drying and connected to surface pore closing, the collapse of surface fibrils, and 
hornification theory (Diniz et al. 2004; Laivins and Scallan 1993; Stone and Scallan 1965).

Table 10. The raw materials’ molecular and structural characteristics (Paper V).

Sample DPa Mwb Average particle 
size CIc Crystallite 

size BETd

(kg mol-1) (μm) (nm)
(m2 g-

1)
Ref. 1311.7 ±36.2 459.1 ±12.4 800 ±70.0 0.70 3.5 40.2
Avicel 264.3 ±6.7 62.4 ±0.5 58.4 ±0.3 0.79 4.0 0.9
DP390 392.4 ±0.5 156.8 ±1.2 64.6 ±0.3 0.77 4.0 13.1
DP390dry 389.5 ±1.7 158.8 ±1.5 26.3 ±0.1 0.80 3.9 1.0

aDegree of polymerization
bMolecular weight
cCrystalline index
dBrunauer-Emmet-Teller

Fig. 18. SEM micrographs of the raw materials: a) Ref., b) Avicel, c) DP390, and d) 
DP390dry (Paper V).

4.4.2 MFC properties

After the fluidization process the raw materials’ physical nature was totally changed (Fig. 
19). All the particle-like MCC materials were converted to fibril-form MFC, showing no 
thicker fibrils or fibers. Ref. looked almost the same, having a few thicker fibril fragments. 
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At a higher 7.5% consistency, fibril structures showed somewhat more curly forms. Based 
on SEM micrographs, no essential difference was seen between MCC-based MFCs, not 
even at a different processing consistency.

Fig. 19. SEM micrographs of microfibrillated celluloses. Samples a–d were processed at 
1.5% consistency, e and f at 7.5% consistency and a represents Ref., b and e Avicel, c 
DP390, and d and f DP390dry (Paper V).

The experimental results of the produced MFCs are shown in Table 11. The biggest change 
between the raw materials (Table 10) and the produced MFCs was seen in the BET results. 
Especially, in the case of MCC, the increase in surface area was of several magnitudes. The 
enzymatic mechanical pre-treated base undried fiber material (Ref.) gave only a 1.2 times 
increase in BET surface area while MFC made from undried MCC (DP390) resulted in a
6.1 times increase. For dry MCC materials, Avicel and DP390dry, surface area increase 
was 73.4 and 83.1 times greater respectively. By inspecting SEM micrographs of Ref. (Fig. 
18a and 19a) and comparing these to BET values, it is slightly surprising how little BET 
increased while the physical texture is totally changed.
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Spray-dried MCC resulted in MFCs having 4% higher BET value than the undried one, so 
the drying process did not seem to prevent fibrillation, more likely it slightly increased, 
albeit it is known to cause hornification, the closure of structure, and the formation of strong 
hydrogen bonds to cellulose structure (Stone and Scallan 1965; Lindström and Carlsson 
1982). In addition, higher feed consistencies with dried MCCs produced higher BET values. 
This might be connected to greater degree of inter-particulate and inter-fibril stress/strain 
generated by the higher consistency (Hartler 1995; Page et al. 1983).

Table 11. The microfibrillated cellulose properties after fluidization pass 5 (Paper V).

Sample
DPa

CIb Crystallite 
size

BETc Fibril 
thickness

(m2 g-1)

1.5% 4.5% 7.5% (nm) 1.5% 4.5% 7.5% (nm)
Ref. 893.6 ±22.3 0.65 3.1 49.7 8.2 ±1.6
Avicel 261.5 ±1.7 255.1 ±6.2 253.1 ±3.8 0.75 3.6 66.1 107.7 4.2 ±0.3
DP390 387.7 ±12.0 390.4 ±4.9 0.68 3.8 79.9 94.1 1.8 ±0.4

DP390dry 388.2 ±3.5 385.3 ±3.8 375.0 ±6.8 0.69 3.4 83.1 113.5 3.9 ±0.9
aDegree of polymerization
bMolecular weight
cBrunauer-Emmet-Teller

Because MCC materials are manufactured by using acid hydrolysis and as cellulose is 
hydrolyzed to a LODP value, the fluidization process no longer affected the DP level 
(Table 10 and 11) but processing changed it one third in the case of Ref., which was 
enzymatic mechanical pre-treated chemical pulp. The same cellulose fiber DP decreasing
phenomenon, occurring during mechanical processing, was found in several studies 
(Iwamoto 2007; Qing et al. 2013; Wang et al. 2012).

Fluidization seems to have some effect to CI of cellulose and crystallite size (Table 10 and 
11). CI reduction was 12–14% for MCC manufactured from softwood kraft pulp (DP390 
and DP390dry) and 5% for cotton-based MCC, Avicel. For Ref. the CI reduction amount 
between MCC samples was 7%. According to the fluidizer manufacturer, high shear rates 
up to 10,000,000 s-1 can be gained in the collision chamber where two cellulose suspension 
flows violently collide with each other. This describes how considerably strong the 
mechanical forces are that cellulose can be subjected to, breaking the dense crystalline 
cellulose structure (Microfluidizer 2015).

The results of the MFCs’ flow point values as a function of the hard-to-remove water 
content are shown in Fig. 20. This means there is a joint effect of inner (hard-to-remove 
water) and external (flow point) fibrillation. As expected, the more cellulose material is 
fluidized, the more it is transformed into stiffer MFC gel. For the Ref. this change was less 
obvious than for the MCC samples but it gave higher final flow point values after passing 
a value of 5. This was probably due to initially higher aspect ratio with long fibrous 
structures that remained after fibrillation to some extent. The drying history of samples 
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seemed to have some effect on gel strength. Both undried materials, Ref. and DP390, gave 
higher flow point values than dried ones. There was some flow point increase at the higher
7.5% consistency (Fig. 20b) but relatively, the increase was much higher at the lower 1.5% 
consistency (Fig. 20a). Hard-to-remove water development followed flow point increase. 
This was probably due to the creation of new surface (Table 10 and 11).

Fig. 20. The different microfibrillated cellulose flow points, determined at damping factor 
tan ( ) = 1 and expressed as log (G’ = G”), as a function of their hard-to-remove water
content at different feed consistencies: a) 1.5% and b) 7.5%. Markers – Ref.: , Avicel: 

, DP390: and DP390dry: . The values inside markers refer to the number of passes 
through the fluidizer.

The results of the MFC suspension’s light transmittance values as a function of WRV are 
shown in Fig. 21. The more MFC was processed, the more it was capable of retaining water,
but at a higher consistency this was less obvious. This capability is caused by additional 
passes through the fluidizer and the destruction of solid cellulose structures, transforming 
it into a fibril network form (Spence 2011; Kangas et al. 2014). The relative increase of 
both WRV and transmittance was lower at a higher consistency. Cotton-based MCC Avicel 
resulted in the highest WRV value but lowest transmittance. MFC precursor material’s
drying history seemed to have an effect on the product properties. Undried MCC (DP390) 
did not increase WRV to the same level as other samples but it gave very good 
transmittance values. All these results showed how the processing circumstances in 
fluidizing and precursor material have an essential effect on the MFC final product’s
properties.

,,
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Fig. 21. The microfibrillated cellulose suspension’s (0.1 w-%) light transmittance,
expressed as a function of WRV at different feed consistencies: a) 1.5% and b) 7.5% 
consistency. Markers – Ref.: , Avicel: , DP390: and DP390dry: . The values inside 
markers refer to the number of passes through the fluidizer.

,,
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5 Conclusions

5.1 The significance of this work

This thesis provides a novel MCC manufacturing method, which can be integrated to an 
existing chemical pulp mill, and evaluates the final product and the technological-,
environmental- and economical process aspects.

The results proved that changing the reaction conditions allows controlling of the properties 
of the final product and that MCC can be manufactured under conditions implementable 
on an industrial pulp mill scale. More importantly, the results obtained indicated that the 
implementation of a stand-alone type plant unit and a MCC plant integrated in a pulp mill 
are not only technically feasible, but also profitable. Moreover, when integrated into a pulp 
mill, the novel MCC process was found to be even more profitable, as the mill provides an 
energy self-sufficient platform already including certain equipment and process utilities, 
thus reducing investment costs.  

A new, lignin-containing, MCC product was developed and its properties have been 
evaluated. Although  some of its thermogravimetric characteristics were found to be poorer 
than those of the commercial MCC product used as a reference, the main properties have 
proved to be similar. The suitability of MCC as raw material for microfibrillated cellulose 
(MFC) manufacturing has been tested. MCC was found to be an appropriate raw material 
for the production of MFC and, importantly, the drying procedure had no adverse effects 
on the fibrillation process or the quality of the final product.

When examining the new production method from an environmental perspective, it was 
found that the burden caused by the new method is less severe to the environment than the 
currently existing methods, in the GWP terms.   

Further research should focus on testing industrial scale process equipment and developing 
new applications for MCC; answering the large production capacity needs. The new lignin-
containing MCC requires more research on its usability.

To get back to the research challenge and thesis objectives presented in the introduction in
Chapter 1, the following final conclusions can be stated:

The research work conducted in this thesis showed how the novel MCC production 
process can manufacture different kinds of products, and process integration is 
economically and technically feasible to implement in a chemical pulp mill, taking into
account the environmental aspects. The new products and applications that were tested 
offer the possibility to utilize the industrial-scale production potential enabled by a 
chemical pulp mill.

The novel method presented could offer an option for chemical pulp mills that are seeking 
more value-added products than normal chemical pulp by taking into account the economic 
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and environmental aspects. At the moment there is one chemical pulp mill project going 
on where the novel method (AaltoCell™) presented is used as a part of the mill construction:
the mill is Boreal Bioref Oy Kemijärvi biorefinery (Boreal Bioref Oy 2016).

5.2 Future applications for MCC

This chapter speculates about new future applications for MCC that the novel method 
(Paper I and II) enables.

The global production volume of MCC is relatively small—120,000 ton per year—when 
compared to global chemical pulp production, which is over 1000 times bigger industry 
sector if both unbleached and bleached chemical pulps are accounted for (FAO 2015; Sens 
2016). During the last 60 years, no large industrial-scale volume applications for MCC 
have been found. The production capacity of the first MCC plant was estimated to be 6,800
tons per year (Chemicals 1962). This means that the capacity growth rate has been only 
some few percent annually. 

Paper IV presents a new product, lignin-containing MCC, which could open up new 
applications for MCC where a small particle-size product with high lignin content is desired. 
Paper V shows how MCC works as a raw material for a nanocellulose product. These 
research works could generate a need for large industrial-scale MCC production by using 
the novel method (Papers I and II).

5.2.1 MCC usage as an animal feed additive

According to the FAO, world cereal production in 2014 was 2,516.8 million tons. The food 
sector used 42.9% (1,080.2 million tons) of this and 35.4% (889.8 million tons) was used 
in the feed sector (FAO 2016). Due to the growth of the human population the FAO 
estimates that the world has to raise its food production by 60–70% by the year 2050 (FAO 
2012). The International Feed Industry Federation estimates that animal protein production 
will grow by at least three times by 2050 (de Athayde 2012). Approximately ten million 
hectares of arable land will be lost due to erosion per year (Pimentel 2006). Sooner or later 
we will have to choose whether to produce cereal for animals or humans and therefore, the 
pivotal question arises: Do we have any alternative energy sources that can replace cereal 
biomass in a sustainable manner? These facts mean that new dietary source solutions have 
to be found to meet the future challenges in animal farming and growth. 

The animal feed industry is a huge industry area globally, which means great markets and 
consumption amounts for products. Table 12 summaries the year 2015’s global animal 
feed market consumption numbers.
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Table 12. The global animal feed consumption statistics in 2015 (Alltech 2015), numbers 
in million tons.

Pig Ruminant Poultry Aqua Pets Horse Others

Dairy Beef Calf Other Layers Broilers Turkeys Other

255.7 111.8 67.2 5.4 11.8 130.3 280.6 14.3 13.8 41.1 21.7 11.4 9.0

When counting together the numbers in Table 12, it makes 964 million tons of animal feed 
per year. MCC is usually made from products of the pulp and paper industry that produces 
136 million tons per year globally (FAO 2015). When comparing the whole animal feed 
industry sector size to the pulp and paper sector, the former is 8.5 times bigger. The market 
potential for large volume applications is evident, even in the case where MCC is used only 
as a feed additive of only a few percent volume.

The MCC manufacturing process refines biomass from heterogeneous material to a 
homogeneous form with only one component: cellulose. This could serve as a pure energy 
source for ruminants, which can digest cellulose (Weimer 1996). In powdery form, a 
particle like MCC is easy to formulate by mixing it with other feed material components 
and producing feed material pellets rather than some millimeter long and 20–40 μm thick 
pulp fibers, which easily form fiber bundles. In another case, by producing new kinds of 
MCC qualities where the amount of lignin on the surface of a particle is high (Paper IV), 
the special properties of this component could be utilized. For monogastric animals, which 
cannot digest cellulose, lignin’s antibacterial properties could prevent the growth of 
bacteria that give negative effects to animal health (Zemek et al. 1979; Jung and Vogel
1986; Espinoza-Acosta 2016; Jung and Fahey 1983). However, to prove all the functional 
properties mentioned, extensive scientific testing procedures are needed.

The novel method presented in this thesis enables mass production of MCC by integrating 
it to chemical pulp mill’s material, heat, and energy systems in a sustainable way (Paper 
II and III). The chemical pulp mill, used as a production platform, could somehow reply 
to the large volume needs of animal feeds or feed additives (Table 12). 

5.2.2 MCC as a raw material for MFC and other destructed cellulose components

Destructed cellulose structures like MFC or other cellulose nanofibril products have gained 
scientific and commercial interest since the beginning of the 1980s when Turbak et al. 
(1983) produced cellulose fibril material with a high water retention value and viscosity by 
using a homogenizer device (Charreau et al. 2013; Lavoine et al. 2012). According to 
Miller (2016), at the moment there are several commercial, pre-commercial, and pilot-scale 
production facilities around the world for different kind of fibril products. FiberLean 
Technologies Company have the biggest facilities in the US and UK, respectively 
producing 20 and 5 tons of destructed cellulose products per day. 
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Fibril celluloses provide similar rheology modifier properties like colloidal MCC, but 
without any hydrocolloid component, which brings some economic benefits from a 
material point of view. Another important property is strength. Considerable strength 
improvements have been gained by adding MFC to paper, composite structures, or other 
structures (Eriksen et al. 2008; Henkriksson et al. 2008; Lu et al. 2008; Taipale et al. 2010).

Many known types of fibril cellulose production equipment, homogenizers, fluidizers, and 
Masuko grinders are based on the processing of cellulose in water suspension through a 
small-sized hole/gap/channel that brings it under extremely high shear and destructive 
forces (Davoudpour et al. 2015; Nechyporchuk et al. 2016). In this kind of process, physical 
phenomena like material structural anisotropy/isotropy, impact on how well the process 
works. Materials that have a high aspect ratio (the length–thickness ratio), like cellulose 
pulp fibers, easily form flocks and fiber bundles during processing causing clogging 
problems. This further resists flow and creates high internal viscosity for material 
suspension, making the pumping of material more difficult and preventing usage of high 
processing concentrations, unlike MCC that clearly (as a particle-like form) has a more 
isotropic nature and lower inter-particle action. Thus MCC, as a particle-like material, 
offers the possibility to produce fibril cellulose products in relatively high concentrations 
(Paper V) compared to fiber-like raw materials whose concentrations are typically lower 
(Nechyporchuk et al. 2016). 

The novel method presented in this thesis enables the usage of MCC in this application 
area, offering cost-efficient production by integrating manufacturing process into a 
chemical pulp mill and taking account of environmental impacts (Paper II and III).

2.7.3. Lignin-containing MCC used in composite applications

The total production volume of plastic composites in the European Union is 2,400,000 tons. 
The wood-plastic composite portion is 260,000 tons and the natural fiber part is 92,000 
tons. So, the total volume of bio-composites is 352,000 tons, which is 14.7% of the total 
composite volume (Carus et al. 2015).

Conventional MCC is used in several polyolefin composite studies as a filler component 
(Ashori and Nourbakhsh 2010; Iyer and Torkelson 2015; Kiziltas et al. 2011, 2014; 
Ummartyotin and Pechyen 2016). New lignin-containing MCC product (Paper IV) could 
be one potential composite filler material having good processability and mixing properties 
due to its natural microscale particle size, like conventional MCC, but also owning a high 
amount of hydrophobic lignin component. Lignin is known to have plasticizing properties 
and, due to this, when mixed with polyolefin material a strongly bonded matrix is created 
(An et al. 2015; Irvine 1984).
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2.7.4 MCC in regenerate cellulose fiber applications

The textile fiber application field is mainly covered by two processes: the viscose process 
and Lyocell technology. The size of the whole wood-based cellulose fiber application field 
is about 6.1 million tons per year, of which the viscose technology part is 4.8 million tons 
per year (78%: The Fiber Year 2015). So far the old viscose process, invented at the turn 
of century (between the 19th and 20th century), has produced the majority of textile fibers, 
albeit using the hazardous CS2 chemical to derivatize cellulose to xanthate before 
dissolution and regeneration. During recent decades some promising methods of producing 
textile fibers have been under investigation and even commercialized, such as Lyocell in 
the early 1990s. Neste Company developed the cellulose carbamate process in the early 
1980s and the VTT Technical Research Center of Finland started to develop it further in 
the early 2000s, but so far it has not seen industrial-scale production (Huttunen et al. 1982; 
Valta and Sivonen 2002). Lately, one of the most promising processes in the development 
is IONCELL, developed by researchers at Aalto University and the University of Helsinki 
(Michud et al. 2014; Michud 2016). IONCELL is based on ionic liquids, which are known 
to dissolve cellulose (Swatloski et al. 2002). 

Because the manufacturing process of MCC is based on cellulose hydrolysis, which means 
the depolymerization of the cellulose molecular chain, it produces products having a lower 
DP compared to the dissolving pulps that are normally used in textile fiber manufacturing. 
A higher DP means more entanglement in filament structure and withstanding external 
forces than when there is a low DP. This can be compensated for by using higher cellulose 
concentrations (Kim and Jang 2013; Zhu et al. 2016). Zhu et al. (2016) used low-molecular-
weight cellulose, MCC, in their ionic liquid process and produced moderately high tensile 
strength: 305 MPa. However, they did not exceed the high values of Michud et al. (2016): 
694 MPa. Anyway, this shows that high cellulose content and low DP MCC can be used as 
raw material in regenerated cellulose applications, giving strength with comparable 
properties. The novel method presented in this thesis (Paper I and II) creates possibilities 
in this application field, giving good process economy and an environmentally friendly 
(Paper III) process for manufacturing MCC.

5.3 Future research recommendations

Even though the described work presents notable results concerning the novel MCC 
production process, further work is needed. From a process point of view, the effect of 
hydrolysate recycling inside the process system must be defined. Is there any effect on the
final product’s properties or does it somehow change process runnability or other technical 
aspects? The recycling of process streams could considerable minimize the volume of 
effluents and increase the concentration of dissolved carbohydrates in streams considerably,
which would further boost energy production. This means more dissolved solids to burn in 
the recovery boiler or more carbohydrates for anaerobic digestion, producing more 
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methane. The effect could also be the total opposite. The recycling of process water could 
decompose the carbohydrate compounds in the acid process environment and some 
undesirable compounds could be formed, which would prevent anaerobic digestion.
Because all the practical tests were done on a laboratory scale, piloting is necessary to 
verify the runnability with industrial-scale equipment. For applications requiring high 
brightness of the end cellulosic product the comprehensive bleaching tests are to be carried 
out.

The new MCC applications listed in “Future applications for MCC” need to be tested.
According to unpublished results, in two tests, each using 500 broiler chickens, lignin-
containing MCC showed a positive effect on animal growth without affecting mortality.
The feed conversion ratio (how many kilos an animal must eat to grow 1 kilo) was lowered 
to 8% and 12% in the tests but more comprehensive studies are needed where the following
factors must be defined:

- What is optimum lignin amount in products?
- Does some chemical modification boost the positive effects?
- What is the effect of the raw material base: softwood/hardwood?

In composite applications, an interesting aspect could be to test lignin-containing MCC, 
but to also combine this with destructed cellulose products or somehow open/break
particles and see how this affects the results.

To summarize, both the process and applications development require future work. Process 
development has to focus on up-scaling and defining the critical point that could cause 
problems at the industrial scale. Application tests must first concentrate on the fundamental 
questions and further studies should continue closely with product distributors in order to 
boost the commercialization of products.
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