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Microfibrillar cellulose 

Effect of peroxide treatment on energy  
consumption of refining and quality
By K. Kekäläinen, T. Suopajärvi, A. Mathew, K. Oksman, O. Laitinen and J. Niinimäki

Micronised fibrous materials have 
commonly been used as reinforcement 
aids, modifiers or fillers in several 
composite structures including ther
moplastics, pulp and paper products, 
glues, pharmaceuticals, cosmetics, 
packaging and food products, etc.1 
However, even in many of these ap
plications where fibres have tradition
ally been made of glass, carbon or 
minerals, recent interest and develop
ment has focused on cellulose fibres 
because of its lightness and strength 
combined with its beneficial parti
cle aspect ratio. The best technical 
efficiency of cellulose in most of the 
applications can be reached in micro
fibrillar form. 

The easiest way to manufacture 
micronised cellulose for varying applica-
tions is the fibrillation of natural fibres. 
This mechanically treated cellulose mate-
rial is often referred to as microfibrillar 
cellulose (MFC), as its basic constituents 
are the microfibrils separated from the 
plant fibre structure 2. MFC is produced 
by mechanical refining 3, 4 and in some 
cases chemical aids 5-7 are utilised, as 
mechanical treatment alone is often con-
sidered insufficient to separate microfi-
brils, leaving large bundles of unfibrated 
microfibrils in the end products 5. 

Chemical treatment helps the separation 
of microfibrils in several ways. The sepa-
ration of microfibrils can be improved 
by increasing the amount of negatively 
charged groups in the amorphous part 
of the cellulose and hemicelluloses.  
This leads to a repulsive effect and 
subsequent swelling of wet fibres and 
fibre wall, which loosens the hydrogen 
bond network of the fibres, making the 
separation of individual fibrils easier. In 
addition to fibre swelling, the chemical 
weakening of the cellulosic structure by 
partial dissolution or by preventing the 
formation of hydrogen bonds between 
fibres have been used to help microfibril-
lation 5, 8-11. 

Dissolution of the amorphous struc-
tures can be carried out with strong 
acids or oxidising agents. The drawback 
of an acid treatment is a considerable 
decrease in microfibril length, which 
takes place as the acids depolymerise 
the hemicelluloses and the amorphous 
parts of cellulose by acid hydrolysis 10, 12. 
It is known that polysaccharides can be 
oxidised by alkaline hydrogen peroxide 
treatment and MFC can be produced by 
selective oxidation of carboxyl groups  
in cellulose 11, 13, 14. Hydrogen peroxide 
is a common and inexpensive chemical 
used in bleaching applications in the 

pulp and paper industry and the mecha-
nisms of hydrogen peroxide in alkaline 
conditions seem favourable for MFC 
production. Alkaline peroxide treatment 
forms anionic groups in the fibres and 
fibre swelling takes place because the 
counter-ions of these acidic groups draw 
additional water into the cell wall and 
the amount of hydrogen bonds between 
the fibres decreases due to the oxida-
tion of the hydroxyl groups. In perox-
ide treatment, hemicelluloses and the 
amorphous parts of cellulose are also 
dissolved from fibres due to the decom-
position of hydrogen peroxide in alkaline 
conditions 2, 8, 9, 15. 

However, information on the applica-
bility of alkaline hydrogen peroxide in 
MFC production is scarce in the public 
domain. In this research, the effect of 
alkaline hydrogen peroxide treatment on 
MFC production was studied in an inline 
homogeniser (ZRI). The properties of the 
products were analysed by microscopic 
methods.

Materials and methods

Never-dried bleached softwood kraft pulp 
(BSK) from the Stora Enso Oulu mill in 
Finland and never-dried dissolving cel-
lulose (DC) from the Domsjö Fabriker 
AB Örnsköldsvik mill in Sweden were 
used in the experiments. Both celluloses 
were studied with alkaline hydrogen per-
oxide (10 % of total dry pulp at pH 13) 
treatment and with sodium hydroxide (at 
pH 13) treatment as a reference.

Refining experiments were carried out 
with an inline homogeniser (ZRI, from 
Haarla Oy, see Fig. 1). The device con-
sists of a stator, which forms a series of 
concentric rings containing holes, and a 
slot embedded rotating rotor between the 
stator rings. Typically, the gaps between 
the stator and rotor are small, within the 
magnitude of a millimetre. During the 
operation of the ZRI device, a fluid is 
fed to the centre of the stator and forced 

Fig.1: Rotor and stator 

rings of the ZRI device
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to flow outwards through the holes and 
rotating slots. This causes strong viscous 
shear forces onto the fluid. 

The refining was carried out in two parts. 
At first a consistency of 0.5 % (15 g total 
dry pulp) was used to avoid clogging the 
equipment. After 15 minutes the consist-
ency was gradually raised to 1 % (40 g 
total dry pulp) by adding cellulose during 
a 10-minute period. The total refining 
time was 120 minutes. Samples were 
taken after 0, 14, 25, 35, 60, 90 and 120 
minutes of refining. 

Energy consumption determination

The specific energy consumption (SEC) 
in refining was measured in two ways: 
utilising a power meter to measure the 
total electric power intake, and measur-
ing the rise in pulp temperature dur-
ing the experiment. A power meter is 

Fig. 2: Specific energy consumption as a function of refining time.

Fig. 3: Fibre width change as a function of fibre length change during the early refining stage

Fig. 4: Fibre fragment length development versus fibre fragment width development during  

the later stage of refining

a straightforward method for assessing 
electric energy consumption, but requires 
the support of another method in order 

to obtain information on the operating 
efficiency of the refining. Because no 
changes in neither kinetic nor potential 
energy, or in static pressure, took place 
in the experiments, the temperature rise 
of pulp gave a good estimate on energy 
exerted to the pulp. The experimental 
data from the energy calculations by 
temperature rise was compared to the 
input power to calculate the operating 
efficiency of the refiner, which was found 
to be 79 %. Based on this estimate, the 
net energy was calculated and used when 
presenting the results. 

Analyses

The analyses of the celluloses were car-
ried out in three phases: for the early 
refining stage, the later stage of refining 
and for the final product. In the early 
refining stage (at 0.5 % consistency), 
the development of fibre properties 
was measured with a Kajaani FiberLab 
(Metso Automation) fibre analyser. The 
shortest particle diameters analysed were 
200 µm and 3 µm. The fibre properties 
in the later stage of refining and, as refe-
rence, those of a commercial MFC (Dai-
cel Industries Ltd.), were analysed simi-
larly to those in the early refining stage. 
The shortest particle diameters analysed 
with this method were 10 µm and 3 µm. 
The final refining products and the com-
mercial MFC were visualised by FESEM 
(Zeiss Ultra Plus) and by AFM (VEECO 
multimode scanning probe microscope 
with a Nanoscope V controller). FESEM 
images were used to compile a general 
view of the MFC products. The diameter 
measurements were made using Nano-
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scope V software and determined from 
the height of the nanofibres.

Results and discussion

The refining of dissolving cellulose (DC) 
was able to take more energy than the 
refining of bleached kraft pulp (BSK) in 
the early refining stage, as seen in Fig. 2. 
The difference in energy consumption 
evened out during the later stage of 
refining. 
 
BSK cellulose showed clearly higher fibre 
length and width compared to DC at 
the beginning of refining (Fig. 3.). The 
DC fibres shortened more in the early 
refining stage, whereas the fibre width 
development of BSK and DC fibres was 

similar, even if the initial fibre widths 
were different. It seems that alkaline 
peroxide treatment did not have an effect 
on the fibre length or width development 
rates of the celluloses in the early refin-
ing stage.

Fig. 4 illustrates that the length of 
fibre fragments of dissolving celluloses 
remained somewhat constant in the later 
stage of refining, while it was notably 
reduced in the case of BSK. No differ-
ences between BSK and DC fibre frag-
ment width development rates could be 
seen in the later stage of refining. How-
ever, the peroxide treatment had a signif-
icant effect on the decrease in the width 
of the fibre fragments. The fibre fragment 
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width of BSK celluloses reached the 
DC fibre fragment width during refining, 
when comparing alkali-treated BSK and 
DC or alkaline peroxide-treated BSK 
and DC with each other. The fibre frag-
ment width to length ratio of alkaline 
peroxide-treated BSK and DC decreased 
at a higher rate than only alkali-treated 
celluloses.

The particle size of the dissolving cellu-
lose decreased more in the early refining 
stage, whereas the bleached kraft pulp 
was refined more in the later stage of 
refining. This behaviour appears logical, 
as the cellulose network of dissolving 
cellulose is chemically loosened in its 
manufacturing process and hence the 
size reduction of fibres may start immedi-
ately, whereas the fibre structure of kraft 
pulp was first loosened during the early 
refining stage and size reduction started 
somewhat later. Alkaline peroxide treat-
ment had a significant effect on the fibre 
width development compared to the 
development of alkali-treated celluloses, 
especially in the case of BSK, probably 
due to the reactive hemicelluloses. In 
addition to the weakening of the mate-
rial, the accelerated reaction rate of the 
peroxide radical reaction at higher tem-
peratures is also important. 

The fibre fragment properties of the final 
products are summarised in Table 1. An 
MFC from Daicel Industries Ltd was also 
analysed by image analysis. It is appar-
ent that the commercial MFC includes 
shorter and thinner fibre fragments than 
the products obtained from the refining 
experiments presented here. The alkaline 

Fig. 5: Overview of NaOHtreated (A) and H2O2treated (B) BSK products and of NaOHtreated (C) 

and H2O2treated (D) DC products by FESEM (magnification 1000 x)

Fig. 6: Height and amplitude images and size measurements of MFCs obtained from BSK after a) NaOH and b) peroxide treatments and from  

Domsjö DC after c) NaOH and d) peroxide treatments
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peroxide treatment produced shorter, 
thinner and more fibrillated fibre frag-
ments in both cases when compared to 
only alkali-treated celluloses. 

The FESEM images of alkali- and alka-
line peroxide-treated BSK and DC fibres 
are presented in Fig. 5. The alkaline  
peroxide-treated fibre fragments appear 
thinner and more fibrillated compared 
than the alkali-treated fragments. Bund-
les of microfibrils were seen in the 
 peroxide-treated celluloses, but indi-
vidual microfibrils could not be seen 
from the FESEM images because of its 
resolution. 

The impact of alkaline peroxide treat-
ment on the fibrillation efficiency of 
the two types of celluloses, BSK and 
DC, were additionally studied by AFM 
imaging and the results are shown in 
Fig. 6. The AFM images also showed that 
alkaline peroxide treatment resulted in 
similar diameters in the BSK and DC cel-

Fiber property BSK NaOH BSK H2O2 DC NaOH DC H2O2 Daicel MFC

Fiber length (mm) 0.49 0.43 0.30 0.21 0.12

Fiber width (µm) 13.1 9.1 12.8 9.4 6.9

Fibrillation index (%) 8.9 11.7 7.5 9.1 14.2

SEC (MWh/t) 12 15 14 16

Table 1: Fibre fragment properties of the products and total energy consumptions in refining
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luloses and decreased the mean particle 
diameter of the celluloses when com-
pared to only alkali-treated celluloses. 
The study showed that the diameters 
measured from any sample ranged from 
7 to 78 nm, confirming that nanosized 
fibres were obtained from all alkali- and 
alkaline peroxide-treated celluloses in 
the ZRI fibrillation process. 

Conclusions

Bleached kraft pulp has a tendency to 
thin and fibrillate in microfibril grind-
ing whereas dissolving cellulose particles 
tend to be cut into smaller pieces. Alka-
line peroxide treatment damages the 

structure of kraft cellulose, giving rise to 
faster particle size reduction, i. e. cutting 
of fibres, fibrillation of fibre surfaces and 
consequent thinning of fibre walls. Alka-
line peroxide treatment also decreases 
the size of separated kraft pulp particles 
and it is possible to decrease the particle 
diameter of alkaline peroxide-treated BSK 
cellulose to that of dissolving cellulose. 
 
Therefore the alkaline peroxide treat-
ment is an interesting economical option 
for decreasing energy consumption in 
MFC production as well as potentially 
improving some of the MFC material 
properties. ■
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