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Variation in the pore structure and the crystalline of old corrugated container cellulose fibre during
slushing was investigated using low-temperature nitrogen adsorption, Fourier transform infrared spec-
troscopy and fractal geometry. With increasing slushing time, the fibre bundles decrease gradually, and
become single fibre finally, meanwhile some fibres are cut off. The Brunauer-Emmett-Teller surface area
of the fibres increased to 18% after 20 min comparing with 5 min, and the Barrett-Joyner-Halendar (BJH)
pore volume of the fibres increased to 31% after 15 min and then to 17.5% after 20 min comparing with

Key W‘.)rdS: 5min, but the BJH average pore size of the fibres changed little. The fractal dimensions, the crystallinity
Slushing . . L.

Pore structure and the hydrogen bonding strength of the fibre cellulose increased first and then decreased with increas-
Crystallinity ing slushing time. No new chemical group appeared during slushing. With increasing slushing time, the
Cellulose water retention value (WRV) of the fibres increased. The increase of WRV was due to the change of the
Hydrogen bond fractal dimension and crystallinity of the fibres.

Fractal © 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

With the increase of protecting the forest resources and the
ecological environment, waste paper papermaking becomes an
important development tendency in the world. Waste paper, as a
papermaking raw material, is an important renewable resource,
which not only may alleviate the shortage raw material of the
papermaking and save the energy consumption, but also reduces
the serious environmental pollution. In 2006, the waste paper
recovery reached 196 million tons, and this year the waste paper
recovery will reach 230 million tons in the world (Kuang, 2009).

Comparing with virgin plant fibre pulping, waste paper pulping
could save 3m3 landfill, 240kg soda ash, 75% pollutant emis-
sions, and 40-50% energy consumption (Lu & Gao, 2009). With the
increase of recycle times, the physical property of waste paper cel-
lulose fibre decreases fast. In general, due to the decay of plant fibre
quality, waste paper only reuses 3-4 times. The main reasons caus-
ing these decay is that fibre cell structure happened irreversible
changes called the decay of fibre in recycling process. Latest stud-
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ies from home and abroad indicate it can slowdown delay of fibre
by means of chemical and physical methods, such as optimizing the
process, adding agents, and so on. Therefore, it is important that the
structure changes of plant fibre in recycling process are studied.

At present old corrugated container (OCC) is one of the main
recycled paper, about 40% of the total waste paper. Therefore, the
study focuses on OCC.

Waste paper fibres, namely recycled fibres, are porous materials.
Pores exist already in native wood fibres but are also created during
the pulping and bleaching processes when lignin and semicellu-
lose are removed from the wood cell wall (Maloney & Paulapuro,
1999; Topgaard & Soderman, 2002). Pore size and pore size dis-
tributions in the fibre walls are also influenced by mechanical and
chemical treatments such as beating, drying, pressing and the use of
wet strength agents (Higgkvist, Li, & Odberg, 1998). The cell wall
pore structure plays a significant role in determining fibre prop-
erties, such as the capacity for fibre swelling and flexibility, the
strength of paper etc (Andreasson, Forsstrom, & Wagberg, 2003;
Maloney & Paulapuro, 1999). The characterization of pore size and
pore size distribution is important for the understanding of fibre
properties. Different methods can be used to characterize the cell
wall pores. The most frequently used method is the solute exclu-
sion technique (Bottger, Thi, & Krause, 1983; Stone & Scallan, 1967).
Other techniques, such as inverse size exclusion chromatography
(Aggerbrandt & Samuelsson, 1964; Berthold & Salmén, 1997), the
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NMR relaxation method (Haggkvist et al., 1998; Li & Eriksson, 1994;
Maloney, Li, Weise, & Paulapuro, 1997) and low-temperature nitro-
gen adsorption (Chen, Wan, & Ma, 2009; Mancosky, Lucia, & Deng,
2004; Yu, Chen, Men, & Hwang, 2009) are also available.

However, pore geometry is not easily described. Pore size, shape,
surface area and connectivity all exhibit varying levels of complex-
ity. Simplification of structure has traditionally been used to enable
these geometric problems to be described in “Euclidean” terms, but
the inadequacies of this approach are well known. There is strong
interest surrounding the possibility of better describing these nat-
ural geometric structures. One of the new conceptual instruments
at the disposition of researchers is “Fractal Geometry”, which was
developed during the last century but which is especially linked
to its recognition and formalization in the 1970s by Mandelbrot
(Atzeni, Pia, Sanna, & Spanu, 2008).

Fractal geometry allows the characterization of objects in terms
of their self-similar (scale invariant) properties, i.e. parts of the
object are similar to the whole after rescaling (Mandelbrot, 1982).
Fractal techniques have been used in diverse engineering applica-
tions that involve physical phenomena in disordered structures and
over multiple scales (Pitchumani & Ramakrishnan, 1999).

There are a lot of studies concerning pore structure related to
fractal geometry (Avnir, Farin, & Pfeifer, 1983; Avnir, Farin, & Pfeifer,
1984; Farin & Avnir, 1988; Farin & Avnir, 1989; Pfeifer & Avnir,
1983). Most surfaces are fractal in nature within a limited size
scale, i.e. they are characteristically self-similar upon the variation
of measuring resolution. Fractal dimensions, D, that is the parame-
ter which currently represents the geometric fractal structure, were
found to be in the complete range 2 <D< 3: low D values indicate
regularity and smoothness, intermediate D values indicate irregu-
lar surfaces and D values close to 3 indicate highly irregular surface
(Dobrescu, Berger, Papa, & lonescu, 2003). As for the fractal analy-
sis of porous pulp fibres, there is little. It is therefore necessary to
develop a new fractal model for porous pulp fibres.

In this study, low-temperature nitrogen adsorption measure-
ments were performed to investigate possible differences in the
pore size and its distribution of OCC cellulose fibre samples during
slushing. Using the fractal geometry, the fractal dimensions of OCC
fibre samples were calculated to elaborate on the pore structure of
fibre sample surfaces. In addition, Fourier transform infrared spec-
troscopy (FTIR) was performed to investigate possible differences
of the crystallinity and hydrogen bond of the fibre cellulose. The
relation of the fractal dimensions, the cellulose crystallinity and
water retention value (WRV) was also discussed.

2. Materials and methods
2.1. Materials

OCC was collected from domestic marketing.
2.2. Slushing

OCC was torn into small slip with 25 mm x 25 mm, then dipped
into water for 24 h. These OCC was broken to pieces in a pulper
(Hydraulic Pulper, ZQS-9, Shaanxi University of Science and Tech-
nology Machinery Works, China). The concentration, time and
rotation speed were 10%, 50°C, and 300 r/min, respectively. Then
shift OCC pulp into a meshwork, washing, wresting, tearing up,
equipoising water. Shift the pulp into plastic bag in store.

2.3. WRV measurements
The pulp was immersed in deionized water for 24 h, and then

centrifuged at 3000 r/min for 15 min at room temperature. Finally,
the samples were drying to constant weight at 105 °C. Weighing

up the masses of the wet pulp and the over dry pulp, WRV was
calculated as follows:

Mo —my % 100%
my

WRYV =
where mg was the wet pulp mass, and m; was the over dry pulp
mass.

2.4. Fluorescence microscope observation

When the slushing time was 5, 10, 20 min, the pulp fibre was
shifted out, and then a fluorescence microscope (ECLIPSE 90i, Nikon
Co., Japan) was used to observe the surface morphology change of
the fibre.

2.5. Low-temperature nitrogen adsorption isotherm
measurements

The wet fibre dehydration is a process particularly important
for the pore structure of fibres, which contain a large proportion
of water. Several methods have been proposed in the technology
fibre dehydration, among them, vacuum freeze-drying is one of
the most advanced dehydration methods, providing a dry produc-
tion, with porous structure and little or no shrinkage (Galle, 2001;
Pachulski & Ulrich, 2007; Tsami, Krokida, & Drouzas, 1999; Wang
etal., 2007). All samples were freeze dried at —81.8 °C and 760 torr
for 8 h using a vacuum freeze drier (4KBTXL-75, Virtis Co., USA) to
remove residual water from fibres. The low-temperature nitrogen
adsorption measurements were carried out using an ASAP 2020 M
micropore analyzer (Micromeritics Co., USA). High-purity N, was
used as adsorbate and the absorption-desorption of high-purity
N, was determined at 77K with a liquid nitrogen trap using a
static volumetric method. The manufacturer’s software provides
values for the Brunauer-Emmett-Teller (BET) surface area, sizes
of macropores, mesopores and micropores, total pore volume and
average pore size of porous materials by applying the BET equa-
tion, Barret-Joyner-Halenda (BHJ) mode, Horvath-Kawazoe (H-K)
mode, DFT (Density functional theory) and T-plot to the adsorption
data (Passe-Coutrin, Altenor, Cossement, Jean-Marius, & Gaspard,
2008; Sing, 2001).

2.6. Determination of infrared crystallinity index

Powdered fibre and pre-ground and dried off KBr were sifted
by sieve with mesh number 200. Between 3.5 and 4.0 mg fibre
and 350 mg KBr, were put onto agate mortars, mixed well and
porphyrize. The mixture was poured into a tabletting mould after
drying at 60 °C for 4 h, to obtain completely transparent tabletting.
The infrared spectra of samples were determined by vector-33 type
Fourier transform infrared spectrophotometer (FTIR). The infrared
crystallinity index (N.O’KI) was determined by the ratio of the bands
at 1372 and 2900 cm~1.

N.OKI = 1372 100%
900

where 137, is the 1372 cm~! band intensity, corresponding to CH
bending vibration; and Iqqg is 2900 cm~! band intensity, corre-
sponding to CH and CH, bending vibration.

3. Results and discussion
3.1. Fluorescence microscope
From Fig. 1a, it is obtained that when the slushing time is 5 min,

there are many bulky fibre bundles and a few single fibers; while
the slushing time is 10 min, as shown in Fig. 1b, there are less fibre
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Fig. 1. Fluorescence micrograph of OCC fibre at different slushing times. (a) 5 min;
(b) 10 min; (¢) 20 min.

bundles and the fibre bundle volume is smaller, meanwhile the
number of single fibre adds. From Fig. 1c, it is obtained that when
the slushing time reaches up to 20 min, the pulp is decomposed
into single fibres, and some fibres are cut off.

3.2. Low-temperature nitrogen adsorption isotherm results

The characterization of BET surface area, pore volume, pore
size and pore size distributions is important for understanding
fibre properties such as swelling ability and flexibility (Maloney &
Paulapuro, 1999). In this study, low-temperature nitrogen adsorp-
tion method was used to investigate possible differences in the pore
size and pore size distribution of fibre samples during slushing. The
results of the low-temperature nitrogen adsorption measurements
are given in Tables 1 and 2.

Table 1 shows that along with the increase of slushing time,
the BET surface area of the fibres increased. The BET surface area
of the fibre increased to 18% after 20 min comparing with 5 min.

Table 1
Pore data of OCC fibre at different slushing time.

Slushing BET surface BJH adsorption BJH adsorption
time (min) area(m?g') cumulative volume average pore
of pores (cm? g~!) size (nm)
5 11.23 0.0200 5.6
10 12.10 0.0215 5.5
15 12.70 0.0262 5.7
20 13.29 0.0235 5.4

This is mainly because that the fibres were continuously wetted,
and the wetted fibres produced strong friction and kneading effect
in slushing process, so that the bonds between the waste paper
fibres were keyed off, the impurities and thermal melting materials
stripped off from the fibres (Cho, Ryu, & Song, 2009; Zhan, 1999;
Zhang, Han, & Liu, 2005), this led to the increase of the BET surface
area of the fibres. On the other hand, along with the increase of
slushing time, the fibres could be torn, broken, and made the fibre
surface producing fine fibrosis (Wu & Chen, 2006), this also resulted
the increase of the surface area of the fibres.

Table 1 also shows that along with the increase of slushing time,
the BJH Adsorption cumulative volume of pores first increased to
31% after 15 min comparing with 5min, and then decreased to
17.5% after 20 min comparing with 5 min. The BJH adsorption aver-
age pore diameter changed little. This may be mainly due to changes
in pore size distribution caused.

The pore size distributions of the OCC fibres were shown in
Table 2.

From Tables 1 and 2, it could be seen that the pore size dis-
tribution in the OCC fibres was between 1.9 and 300nm, and
there were mainly mesopores and macropores, but there were a
small amount of micropores. When the slushing time was 5 min,
the volumes of the micropores, mesopores and macropores were
0.000736, 0.014724 and 0.004531 cm?3 g1, respectively. When the
slushing time was 15 min, the BJH adsorption cumulative volume of
pores and the percentage of mesopores reached maximum, and the
percentages of misopores and macropores reached the minimum.
When the slushing time was 20 min, the BJH adsorption cumula-
tive volume of pores and the percentage of mesopores decreased,
and the percentages of misopores and macropores increased. These
were mainly because that slushing process mainly produced miso-
pores and mesopores, meanwhile misopores could integrate to
form mesopore, and mesopores could integrate to form masopore.

3.3. Fractal characteristics of the pore in OCC fibres

Fractal Geometry describes a figure whose segments are similar
to theirinteger (Liu, 2006). The radical characteristics of a fractal fig-
ure are self-comparability and scale-invariance. Self-comparability
means that certain configurations or processes are always sim-
ilar to each other at all scales or times. In other words, its part
and whole properties are similar. The physical essence of this self-
comparability is scale-invariance. It is this scale-invariance that
means the observer can zoom in on any part in a fractal figure, and
the enlarged figure will be similar to the source. So when zooming
in or out of a fractal figure, its morphology, complexity and irregu-
larity do not change. Fractals are grouped into regular fractals and
irregular fractals. Regular fractals have strict self-comparability,
whereas irregular fractals have only statistical self-comparability.
The fractal dimension, D, is the parameter which represents the
characteristic of a fractal structure.

Self-comparability can be described in mathematically as fol-
lows,

F(x) expresses certain law. To all A >0, if,

F(Ax) = APF(x) (1)
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Table 2
Pore size distribution of OCC fibre at different slushing time.

Pore size range (nm)

BJH adsorption incremental pore volume (cm3g-1)

5min 10 min 15 min 20min

314.2-201.2 0.001521 0.001525 0.001705 0.001530
201.2-96.2 0.001784 0.001796 0.002111 0.001814
96.2-77.1 0.001226 0.001233 0.001291 0.001241
77.1-40.0 0.001941 0.001972 0.002318 0.002014
40.0-27.1 0.001064 0.001096 0.001354 0.001140
27.1-20.6 0.000787 0.000820 0.000930 0.000865
20.6-16.6 0.000536 0.000571 0.000704 0.000617
16.6-13.9 0.000354 0.000390 0.000594 0.000437
13.9-11.7 0.000437 0.000482 0.000634 0.000540
11.7-10.5 0.000249 0.000279 0.000403 0.000319
10.5-8.4 0.000439 0.000518 0.000907 0.000623
8.4-7.0 0.000535 0.000617 0.000806 0.000726
7.0-6.0 0.000381 0.000466 0.000851 0.000579
6.0-5.2 0.000382 0.000471 0.000803 0.000588
5.2-4.1 0.001202 0.001388 0.001766 0.001636
4.1-3.0 0.001994 0.002942 0.003157 0.002688
3.0-2.0 0.004423 0.004805 0.005221 0.005316
2.0-1.9 0.000736 0.000771 0.000622 0.000818

this law is called self-comparability, where D is a constant, namely
fractal dimension.

As regards a practical fractal figure, its self-comparability is not
strict, and in general, it belongs to irregular fractal. It also is of self-
comparability in some range.

Katz and Thompson (1985) analyzed the geometric structure
of pore materials. Their study showed that both the pore spaces
and surfaces were fractal, and that their fractal dimensions were
equal. The fractal dimension could be applied to forecast the void
fraction of a pore material. Friesen et al, also showed that a pore
material was fractal if its pore size was in the range of 1 nm to
1 wm, and the roughness and complexity of the fractal dimension
of a pore material could be quantified (Coppens & Froment, 1995;
Friesen & Mikula, 1987; Leon, 1998). If the fractal dimension of a
pore material is between 2 and 3, the larger the value of D is, the
more complex the pore structure is.

The majority of actual figures, do not exhibit strict self-
comparability, and are hence irregular fractals. Such figures may,
however, exhibit self-comparability in certain ranges. Yu (2003)
had also given a criterion which decided whether a porous material
was fractal, namely,

(Jmn)” o @)

)Vmax

where Ay, and Amax were the minimum and maximum values
of the pore size of a porous material; Dy was the fractal dimen-
sion of the material. Meanwhile, Dy was between 2 and 3 to three
dimensional space.

From a fractal geometry based interpretation of the pore struc-
ture of a fibre, the pore size, r, and the number of pores, N(>r), of
size greater r, has the following relation:

N(>r1)= malxf(r) dr = kor™P (3)

r

where rmax i the largest pore size in a cellulose fibre, f{(r)is the pore
size function, kg is a constant, and D is the fractal dimension of a
cellulose fibre.

Eq. (2) may be written as

_dN(>1)

= kyr—1-D (4)

fr)

where k; is a constant, and equals —Dkg.

The cumulative pore volume, V(<r), which pore radius is less
thanr, is
,
V(<r)= f(ryer® dr (5)
Tmin
where c is a constant.
From Egs. (4) and (5), the cumulative volume V(<r) of pores sized
less than r, can be derived:
3-D _ ,.3-D
V(<r)=ky(r’=" —r ") (6)
where k5 is a constant, and equals ck;/(3 — D).
In the same way, the overall pore volume of a cellulose fibre is
V = ka(rhag = Ton) (7)
S is the cumulative volume fraction with pore size less than r,
and S can be given by
3-D _ 3-D
S— V(r) _ r ~ Thin (8)

~ ,.3-D 3-D
v Tmax = 'in

Considering rmin < 'max, EQ. (8) can be rewritten as

5= (rr;x)%D ©)

INnS=(3-D) Inr+K (10)

where K is a constant, and equals —(3 — D)In rmax.

As for pulp fibre, it is a porous material, with a pore size between
1 and 500 nm, and 1y, /rmax is very small, approximately equals
to 0.01, therefore we can approximatively regard (rmin/Tmax)?f as
0. We can determine the relation between the pore volume and
the pore size of pulp fibre by means of certain method, calculate
InS, and then draw out the curve of InS versus Inr. If the curve is
linear, the slope of the curve is 3 — D, and D is between 2 and 3, this
indicates the pore structure of pulp fibre meets scale-invariance, so
we can regard the pore structure of pulp fibre as a fractal, and D is
the fractal dimension of pulp fibre.

According to Table 2, S is worked out; the curves of InS versus
Inr are shown in Figs. 2-5.

From Figs. 2-5, it is obtained that the curves of In S versus Inrare
linear in some range, namely bc segment (the pore size is approx-
imately 5-350nm) in the figures. Therefore, we can regard a OCC
fibre as a fractal figure in this range. In the smaller pore size range,
namely ab segment (the pore size is smaller than 5nm) in the fig-
ures, there is biggish negative deviation. This is mainly because that
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Fig. 3. InSversus Inr (slushing time 10 min).

the micropore analyzer actual survey’s lower limit approximately
is 1.9nm, so the fine pore is unable to be measured correctly. On
the other hand there possibly still is some moisture in the cellulose
fibre.

According to Figs. 2-5 and Eq. (10), the fractal dimensions D of
the fibres can be calculated, as shown in Table 3.

The fractal dimension quantificationally represents the surface
morphology of a pore material. The fractal dimension, D, of a porous
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Fig. 5. InS versus Inr (slushing time 20 min).

surface is between 2 and 3. The smaller D is, the less irregular the
surface is, vice versa.

As shown in Table 3, along with the increase of slushing time,
D of the OCC fibres increased significantly. When the slushing time
was 15min, D of the OCC fibres increased to maximum, followed
by the down.

Pores exist already in native wood fibres but are also created
during the slushing process because of friction and kneading effect,
meanwhile misopores could integrate to form mesopores, and
mesopores could integrate to form masopores. So the pore sizes
and the pore size distributions in the fibre walls are influenced
by slushing. In the first slushing process, the pore size became
more irregular because the fibres could be torn, broken, and many
new misopores and mesopores appeared, so D increased. But along
with the slushing time added, misopores could integrate to form
mesopores and mesopores could integrate to form masopores, this
resulted the pore size distribution became more regular, thus the
fractal dimension decreases.

3.4. Effect of slushing on the chemical bond in the fibre surface

Plant fibre is mainly composed of cellulose, hemicellulose and
lignin, and cellulose is the main component, forming the skele-
ton of plant fibre. Cellulose is a polysaccharide which is made of
many D-pyran glucoses connected by 1,4-3 glycoside bond. The
studies of natural cellulose supramolecular structure have shown
that cellulose is made up of crystalline zone and non-crystalline
zone in an interlaced form. Most hydroxyl groups of glucose is at
free stage in non-crystalline zone, and many hydroxyl groups of
glucose form hydrogen bonds each other in crystalline zone, these
hydrogen bonds lead the formation of a dense crystal structure of
cellulose. Because the amount of hydrogen bonds in cellulose crys-
talline zone is huge, the hydrogen bonds could determine many
characteristics of cellulose, such as crystalline, water absorption,
accessibility and chemical activity and so on (Nishiyama, Langan, &
Chanzy, 2002; Qian, Ding, Nimlos, Johnson, & Himmel, 2005).

Fig. 6 showed that FTIR curves were analogous, and this indi-
cated that no new functional groups came up being after slushing
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Fig. 4. InS versus Inr (slushing time 15 min).

Table 3
WRYV, N.O’KI and D of OCC fibre at different slushing time.
Slushing time (min) WRV (%) N.O’KI (%) D
5 105 105 2.786
10 108 109 2.796
15 112 108 2.811
20 117 106 2.807
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Fig. 6. FTIR spectra of OCC fibre at different slushing time.

process. The absorption peak of the hydrogen bond stretching
vibration frequency was at 3372 cm~!. When the slushing time was
from 5min up to 10 min, the absorption peak slightly increased,
which suggested that there was the increase of the hydrogen bond
strength after slishing. When the slushing time was up to 15 min,
the absorption peak markedly decreased, which suggested that
there was a drop of the hydrogen bond strength.

3.5. The relation of the fractal dimension, the crystallinity and
WRYV of OCC fibre

The fractal dimension and crystallinity of a pulp fibre have
important impact on WRV. The relationship between D, N.O’KI and
WRYV is shown in Table 3. The crystallinity of cellulose is, to some
extent, a reflection of the physical and chemical performances of
cellulose. In general, with the increase of crystallinity, fibre’ tensile
strength, hardness, relative density and dimensional stability are
improved, but its softness, chemical activity are reduced. There-
fore, the measurements of the cellulose’ crystallinity are important
to understand the cellulose’ nature.

As shown in Table 3, along with the increase of slushing time,
N.OKI of cellulose first increased slightly, and then reduced. This
was mainly due that slushing mainly acted on the amorphous area
in first, and then on the crystalline zone. This led that N.O’KI of
cellulose begun to fall after 15 min.

From Table 3, it can be seen that slushing had important impact
on WRV. Along with the increase of slushing time, WRV increased.
This was due that WRV was decided by the fractal dimension and
the crystallinity of OCC fibre. When the slushing time was less than
10 min, the increase of WRV was mainly due to the increase of the
fractal dimension. When the slushing time was more than 15 min,
the increase of WRV was mainly due to the decrease of the OCC
fibre crystallinity.

4. Conclusions

Along with the increase of slushing time, the fibre bundles
decrease gradually, and become single fibre finally, meanwhile
some fibres are cut off.

Along with the increase of slushing time, the BET surface area
of OCC fibre significantly increased. The cumulative pore volume
increased first and then decreased, while the average pore size
change was very small.

Fractal geometry analysis of the results showed that the fractal
dimensions increased in first, and then decreased along with the
increase of slushing time.

FTIR analysis of the results showed that no new functional
group was generated after slushing process, and the hydrogen bond
strength increased first and then decreased along with the increase
of slushing time.

The crystallinity of cellulose first increased slightly, and then
reduced along with the increase of slushing time.

WRYV increased along with the increase of slushing time. The
increase of WRV was mainly due to the decrease of the crystallinity
and the increase of the fractal dimension of the OCC fibre.
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