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The exact mechanism behind the disintegration of chemical pulp fiber into 
cellulose nanofibers is poorly understood. In this study, samples were 
subjected to various homogenization cycles, indicating that the 
mechanism is a stepwise process. In the earlier stages of the mechanical 
process, a large amount of macrofibrils were created as the larger 
structures disappeared. Upon mechanical treatment these macrofibrils 
disappeared despite the increasing yield of cellulose nanofibers. The 
proposed model expands the understanding of the disintegration pathway 
and may provide additional insight as to how wood cells are converted into 
microfibrils.  
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INTRODUCTION 
 

Cellulose, the most common biopolymer on earth (Klemm et al. 2005; Wilson 

et al. 2012; Brinchi et al. 2013), consists of β-glucopyranoside units connected with 1,4 

β-glucosidic bonds (Meshitsuka and Isogai 1995). Cellulose is synthesized in 

eukaryotic organisms from the Plantae and Animalia kingdoms (Zhao and Li 2014) and 

in certain prokaryotic bacteria (Trovatti 2013). In vascular plants, cellulose is 

synthesized through hexameric rosette-shaped cellulose synthase complexes (CSC) 

located in the plasma membrane (Hill et al. 2014; Li et al. 2014). These rosettes contain 

three unique cellulose synthase (CesA) isomers, which are required in 1:1:1 

stoichiometry for CSC assembly (Hill et al. 2014). Each elementary fibril is comprised 

of 18, 24, or 36 cellulose chains with a lateral dimension of 3 to 5 nm in wood (Meier 

1962; Ohad and Danon 1964; Heyn 1969; Blackwell and Kolpak 1975; Doblin et al. 

2002; Somerville 2006; Fernandes et al. 2011; Hill et al. 2014). The exact mechanism 

behind the process of cellulose crystallization into elementary fibrils is unknown and 

widely debated (Mølhøj et al. 2002; Somerville 2006). However, the crystallization 

route is likely flawed due to the twisted nature of the cellulose chains (Conley et al. 

2016), which generate less ordered and more reactive regions along the elementary 

fibril (Blackwell and Kolpak 1975; Pääkkö et al. 2007). Elementary fibrils agglomerate 

into microfibrils to reduce the free energy of the surfaces (Peterlin and Ingram 1970), 

the lateral dimensions of which can range from 10 to 35 nm (Mühlenthaler 1949; Meier 

1962; Frey-Wyssling and Mühlethaler 1963; Heyn 1969). An illustration of the pathway 

at the molecular level and through the ultrastructure to the macroscopic scale was 

shown in Moser et al. (2015).  
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Fig. 1. Two hypothetical models for the disintegration process of chemical pulp fibers into 
cellulose nanofibers. In the peeling model, cellulose nanofibers are peeling from the fiber 
surfaces creating cellulose nanofibers and a fiber residue until the material is completely 
converted into nanofibers, i.e., released microfibrils. In the stepwise disintegration model, the 
fiber is delaminated and broken into fiber fragments, exposing the fiber surface. Further 
treatment creates macrofibrils and smaller fiber fragments. These components are eventually 
disintegrated into nanofibrils. 

 

The plant cell wall is comprised of a primary cell wall and a secondary cell wall. 

The secondary cell wall consists of three sublayers: S1, S2, and S3. The S2 layer 

accounts for 80% of the total thickness at 1.6 µm (Bergander and Salmén 2002). The 

hierarchical levels between the cell walls and the microfibrils are not well understood. 

There are signs of the presence of fibrillar components in the cell wall with diameters 

of approximately 1 µm that are referred to as macrofibrils (Meier 1962; Chinga-

Carrasco 2011). Fibrillar secondary fines of similar dimensions are present in 

mechanical pulp and refined chemical pulps, either in free form or on fiber surfaces 

(Mayr et al. 2017).  

The manufacturing of cellulose nanofibers (CNF) is a mechanical process that 

relies on the acceleration of fibers through narrow chambers, slits in homogenizers, or 

by refining in specialty “ultra-fine” friction grinders. The goal is to come as close to 

achieving fully liberated elementary fibrils as possible. Depending on pretreatment 

methods and energy input, the quality of CNF varies significantly (Moser et al. 2015).  

Most CNF contains a variety of structures, such as elementary fibrils, microfibrils, and 

fiber fragments.  

The hierarchic levels in chemical pulp fibers may play an important role in the 

CNF disintegration process. Principally, there are two “extreme” models for how 

cellulose nanofibers are manufactured from chemical pulp. In the peeling model, 

microfibril bundles are peeled from the fiber surfaces until the fiber is completely 

disintegrated. In the stepwise disintegration model, the fibers are delaminated, cut, and 

disintegrated into small fiber fragments and macrofibrils before forming microfibrils. 

A diagram of both models can be seen in Fig. 1. The purpose of this work is to 

investigate which of these two models best describes the homogenization process and 

whether macrofibrils have a role as intermediates during the disintegration of fibers to 

cellulose nanofibers by means of a high-pressure homogenizer. 

 
 
EXPERIMENTAL 
 

Materials 
Bleached softwood kraft pulp (SCA Östrand, Timrå, Sweden) with 14% 

hemicellulose and less than 0.1% lignin was PFI milled for 10000 revolutions. After 

refining, the pulp was subjected to enzymatic pretreatment using monocomponent 

endoglucanase Fibercare® (Novozyme, Kalundborg, Denmark). The fibers were 

treated with endoglucanase, 25 ECU (Endocellulase Units) per gram fibers, at a 
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temperature of 55 ºC for 1 h after which the enzymes were denatured by submersing 

the pulp in 100 ºC water for 15 min. 

Delamination was facilitated by a high-pressure homogenizer (M110-EH; 

Microfluidics Corp., Westwood, MA, USA) connected with two different series of 

chambers, 400/200 µm and 200/100 µm. The pretreated pulp was subjected to one pass 

at 900 bar in the 400/200-µm chambers followed by passes at 1550 to 1650 bar in the 

200/100-µm chambers up to 10 times. The energy consumption varied between 2.3 to 

34 MWh/t. 
 

Methods 
Characterization 

Image analysis on light optical microscopy images (Fig. 2) was manually 

carried out by two persons that worked independently, and had no knowledge of the 

sample history, and the photos were given random notations. The frequency of fibers 

with a specific size was measured for five images taken on a 5 µL, 1 g/L CNF sample. 

The measurement ranges were 15 to 30 µm in width for fiber fragments and 0.5 to 2 

µm in width for macrofibrils. 

The CNF yield was measured via centrifugation according to Moser et al. 

(2015). Filtration of the various CNF qualities was carried out using a Britt Dynamic 

Drainage Jar (BDDJ) setup (Paper Research Materials, Seattle, WA, USA). Additional 

mesh wires with sizes of 30, 60, and 100 µm were used. The CNF samples were filtered 

on the 100-µm mesh, followed by the 60-µm mesh, and lastly using the 30-µm mesh. 

Each wire was dried and weighed to determine the gravimetric yield of each fraction. 

 

 
Fig. 2. Light optical microscopy (LOM) images used for image analysis. (a) CNF sample after 
the initial pass through the homogenizer (2.5 MWh/t); large fiber fragments are visible and 
highlighted with black arrows, (b) macrofibrils occurring at 9 MWh/t highlighted by red arrows, 
and (c) few macrofibrils visible after an energy input of 27 MWh/t. 

 

 
RESULTS AND DISCUSSION 
 

Chemical pulps where homogenized to different degrees by using varying 

numbers of cycles. The pulps were examined by two methods. The first examination 

method was sequential filtration, which used a BDDJ system in combination with 

centrifugation and the second method was manual image analysis of light microscopy 

images. The other examination was independently conducted by two individuals 

without knowledge of the individual samples. The individual samples were given 

neutral names to avoid bias.  
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Fig. 3. Image analysis of light optical microscopy pictures showing the disappearance of 
larger particles and the disintegration of macrofibrils. Image analysis was performed as a 
blind test for 10 CNF samples homogenized to different degrees. The CNF yield and specific 
surface area (SSA) values were added as reference values (Moser et al. 2016). All values 
have been normalized with the highest value in its own series. An AFM image is shown with 
green border to highlight what types of nanofibers are referred to as yield CNF.  

 
Microscopy analysis of the homogenization series (Fig.3) showed that as the 

energy input increased, the larger fibers and fragments rapidly disappeared. When the 

larger fibers disappeared, smaller macrofibrils appeared. These macrofibrils had widths 

of approximately 0.5 to 2 µm and lengths of up to several hundred micrometers, making 

them some of the smallest fibrous particles visible using optical microscopy. Pure CNF 

yield linearly increased throughout the homogenization process. However, there was a 

hierarchical gap between the measured macrofibrils and pure CNF that corresponds to 

a portion of the pellet after centrifugation and cannot be detected. Larger particles 

disappeared around 9 MWh/t, corresponding with the results in Fig. 3. The microscopy 

analysis was verified by filtration of the same samples using a BDDJ system and 

varying membrane sizes (Fig. 4). The amount of intermediate sized fibers increased, as 

is illustrated by the higher retention values on the 30-µm membrane for the samples 

homogenized with 5.4 MWh/t compared to at 2.5 MWh/t (Fig. 4). 

During centrifugation (Fig. 4), a pellet accounting for 47 to 89% of the total 

mass was formed that contained various fibrous structures in between that of the 

microfibrils and the macrofibrils. These structures could not be efficiently measured 

within the scope of this work. 

The results from Fig. 3 indicated that fibrous compounds, with diameters of 1 

to 2 µm and aspect ratios above 100, were common during the homogenization process 

as intermediates. These had dimensions similar to fibrillar fines in mechanical pulp, and 

corresponded to a hierarchic level in the plant cell wall between that of the cell wall 

layer and the microfibrils – a macrofibril (Meier 1962). Both experiments indicated that 

intermediate-sized particles were rapidly created and disintegrated throughout the 

homogenization process. Furthermore, SSA rapidly increased during the earlier stages 

of the homogenization process before a large amount of cellulose nanofibers had been 

created (Moser et al. 2016). Thus, the stepwise disintegration model seemed to describe 
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the cellulose nanofibers manufacturing process by homogenization better than the 

peeling model. However, the stepwise disintegration model also created microfibrils 

early in the process.  

 

 
Fig. 4. Britt Jar filtration using various membrane sizes 30-100 µm. The fraction regarded as 

yield is the centrifugal supernatant and the remaining material “unknown” gathered as a pellet 

is the unaccounted-for fraction.  

 
 
Fig. 5. Possible process for obtaining an assortment of products from chemical pulps. The 
pulp (1) is initially subjected to a relatively mild disintegration process (2), producing 
nanofibers, macrofibrils, and fiber fragments. This material is then separated (3) into cellulose 
nanofibers, macrofibrils, and fiber fragments that can be used in various applications. 

 

In refining there is a distinction between internal and external fibrillation. 

Internal fibrillation is a result of compressive refining whereas external fibrillation is 

due to abrasion (Wang et al. 2007). The early expansion of surface area during the 

delamination process (Fig. 3) without full fiber separation resembles the phenomena of 

internal fibrillation (Moser et al. 2016). The proposed mechanism for delamination 

within the homogenizer is an interfacial acceleration that tears the fibers apart. This is 

consistent with an extreme form of abrasion that acts from the end of the cell and cuts 

in the longitudinal direction. The combination of these effects is what provides fiber 

delamination during homogenization. The fact that macrofibrils were seen during 

refining and in the mechanical pulp as the smallest documented fines (Meyer and Misch 

1  2             3 
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1937) strengthens the argument that these are naturally occurring hierarchical structures 

appearing before the microfibrils and subsequently elementary fibrils. 

These results indicated that it is possible to separate mildly homogenized 

chemical pulp into different fractions such as nanofibers and macrofibrils (Fig. 5). Pure 

macrofibrils exhibited interesting properties for use in various technical applications. 

For example, fibrous fines in mechanical pulp are regarded as valuable to the strength 

properties of the papers (Fischer et al. 2017). 

 

 

CONCLUSIONS 
 

The delamination pathway from pulp fibers to cellulose nanofibers is a stepwise 

process in which the fibers separate into various hierarchical levels before becoming 

microfibrils at the nanometer scale. The occurrence of macrofibrils, with widths in the 

range of 0.5 to 2 µm, was evident in the earlier stages of the delamination process.  
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