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A central composite experimental design, in conjunction with the ANFIS Edit Matlab 6.5 software (to
develop a neural fuzzy model), was used in the study of the influence of ethanol and alkaline soda pulp
process variables on the properties of pulps and paper sheets obtained from tagasaste (Chamaecytisus
proliferus L.F. ssp palmensis) trimming residues. A variation range, involving three independent variables at
three different (variation) levels, was established for each process variable (viz. temperature, cooking time
and soda or ethanol concentration). The obtained models reproduced the experimental results of the
dependent variables with errors below 8%. Under optimum experimental conditions, the yield of the ethanol
process is 4% higher than that of the soda process. On the other hand, soda pulp has a higher a-cellulose
content and a lower lignin content than ethanol pulp. The optimum conditions for the soda process involve a
temperature of 180 °C, a cooking time of 60 min and an active alkali concentration of 16%, while those of
the ethanol process are: 185 °C, 90 min and a 60% v/v ethanol concentration. The results obtained
recommend the tagasaste trimmings as an effective raw material for obtaining paper pulp by ethanol and
alkaline soda pulp processes.
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INTRODUCTION

The pulp and paper industry is one of the
most influential economic sectors in
industrialized countries. In recent years, the

obtained from tree species and 1.5% from
other fibre sources (FAO forestry, 2007).
The application of unsustainable forestry

European paper industry has turned over
more than 70 billion euro and employed
more than 250 000 workers in nearly one
thousand companies and more than 1200
factories (CEPI, 2003). The world
production of paper pulp in 2005 reached
188.15 million tons, of which 26% only in
Europe (EU-15) (FAO forestry, 2007). The
production of such pulp amounts in Europe
(EU-15) required more than 34.96 million
tons of raw materials, of which 98.5% were

practices to obtain the wood needed for pulp
and paper manufacturing has a strong
environmental impact, such as deforestation
and soil degradation. Thus, soil degradation
has become an important problem in Europe:
12% of the total European land area has been
affected by water erosion and 4% by wind
erosion.! The interactions between climate
change and soil degradation are believed to
be a primary cause of the frequent droughts,
disastrous floods, and related environmental

Cellulose Chem. Technol., 43 (7-8), 295-306 (2009)



Ascension Alfaro et al.

problems.” The possible solutions involve
agricultural sustainability, namely utilization
of natural resources to enhance progressively
the productive capacity without jeopardizing
future potential. For example, leguminous
species help to the recovery of the already
degraded grounds, as a result of biological
nitrogen fixation, while the symbiosis
between bacteria and plants is the main way
of preserving nitrogen in the biosphere.
Woody legumes can prevent erosion,
increase soil fertility and facilitate the
establishment and growth of other plant
species.™

From this perspective, the use of tagasaste
(Chamaecytisus  proliferus  L.F.  ssp
palmensis) in soil restoration has been
studied in several countries, to assure
protection against wind and erosion control,’
to improve soil salinity® and increase soil
fertility by nitrogen fixation or contribution
of nutrients.”® Tagasaste, a fast-growing
leguminous shrub from the Canary Islands
(Spain), frequently used in agroforestry
systems, can produce protein-rich foliage for
livestock and pods bearing edible seeds, even
in regions in which adverse climatological
conditions might hinder the growth of other
forage species.”'’ Tagasaste can grow in a
wide range of soils, but preferentially in
sandy, well-drained, moderately acidic (pH
5-7) surface soils rich in organic matter. It is
quite resistant to the action of the wind.
Finally, it forms root nodules with rhizobium
bacteria present in the soil."’

Moreover, the use of fast-growing species
for pulp production may offer some
advantages if they could provide a solution
for environmental problems associated with
the industrial use of such vegetable species.'”
These species are also important due to the
shorter time required to activate production, in
comparison with woody plants.

A central composite experimental design
was used in the present investigation, in
conjunction with the ANFIS Edit Matlab 6.5
software, to develop a fuzzy neural model for
studying the influence of ethanol and
alkaline soda pulp process variables on the
properties of pulps (yield, kappa index,
lignin, cellulose) and paper sheets
(brightness)  obtained from  tagasaste
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(Chamaecytisus  proliferus  LF.  spp
palmensis) trimming residues. The only
references on the use of tagasaste wood for
pulp and papermaking are cited.”"
Environmental issues and the need for
economical, small-scale methods led to
sulphur-free delignification methods, such as
the soda semi-chemical and the ethanol-
based organosolv method, regarded as the
most promising alternatives to the existing
sulphur-based chemical pulping methods.'®"

EXPERIMENTAL
Raw material, pulping procedure

Branches and twigs, 0.5-5 cm in diameter,
obtained by trimming tagasaste (Chamaecytisus
proliferus L.F. ssp palmensis) plants from which
leaves and non-wood twigs were removed prior
to grinding in a hammer mill, were used in the
experiments. The material was collected from
several experimental lots in the municipality of
Trigueros (Huelva, Spain).

In a previous step, tagasaste trimmings had
been characterized chemically, and found to
contain 80.3% holocellulose, 40.4% cellulose and
18.5% lignin, on a dry mass basis."

The pulps were obtained in a batch digester
wrapped in an electrically heated jacket with
rotary agitation. The control unit included
temperature and pressure gauges, as well as
appropriate safety devices. The sequence of steps
in the soda pulping process was as follows: after
cooking, the pulp was filtered and washed with
abundant water on a screening tray, defiberized to
1.5% consistency and passed through a Sprout-
Waldrom refiner operating at 0.5% pulp
consistency, on using a disk spacing of 0.1 mm.
The uncooked material was removed by passage
through a Steiner filter of 0.4 mm mesh size,
while  water was  eliminated  through
centrifugation. The ethanol process involved the
same steps, except for washing and
disintegration. Thus, ethanol pulp was washed
with a solution of ethanol at the same
concentration as in the cooking liquor, on a grid
tray, and subsequently disintegrated in an
aqueous solution of ethanol, again at the same
concentration as in the cooking liquor.

Pulp characterization

The two types of pulp thus obtained were
analysed for yield and kappa number, as well as
for lignin and o-cellulose, according to Tappi
standards T236 cm-85, T222 om-98 and T203
om-93, respectively. Pulp samples were
previously prepared in accordance with Tappi



standard T220 sp-96. The resulting paper sheets
were analysed for brightness (Tappi standard
T525 om-92), following conditioning according
to Tappi standard T218 sp-97.

Experimental design for pulping conditions

To relate the independent variables (operating
conditions) to the dependent ones (pulp and paper
properties), using the smallest possible number
experiments, a central composite design was ap-

plied to construct fuzzy neural models in terms of
the independent variables.

First, the starting operating conditions were
selected and their ranges of variation were
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defined. Three independent variables were used
at three different levels (viz. a lower value, a
central one and an upper one, equidistant to one
another) for both the soda process and the ethanol
one. The ensuing empirical model should be able
to predict the response of the pulping process to
changes in the independent variables within the
established limits.”’

Table 1 lists the variables used in soda and
ethanol processes, and their ranges of variation,
selected from literature for various materials.'*"*
The statistical study of the obtained results has
been based on a neural fuzzy modeling
application.

Operation conditions and variation intervals

Operation conditions Soda Ethanol
Temperature (°C) 170-190 170-200
Process time (min) 30-90 45-135
Concentration (%), 12-20 40-80

The integration of fuzzy systems”' and neural
networks® combines the advantages of the two
systems and provides an especially powerful
modeling tool, namely the neural fuzzy system,
which uses neural networks as tools in fuzzy

systems. The generic equation” is adapted to the
variation of pulp properties as a function of the
operational variables of the pulping process, with
the following expression for three operational
variables:

Ye= (C1R1+C2R2+ ....... + C7R7+CgRg)/(R1+R2+ ....... + R7+Rg) (1)

where Ye is the estimated value of the output
variable (dependent variables), R; to Rg — the
fuzzy rules, ¢; to cg — constant terms (single
defuzzifier). The eight fuzzy rules are:

R;:low T, low t and low E;

R1 = Tl'tl'El

R,: low T, low t and high E;
R2 = Tl'tl‘E2

R;: low T, high t and high E;
R7 = Tl‘tz'Ez

Rs: high T, high t and high E;
Rg = Tz‘tz'Ez

where T, and T, t; and t,, and E; and E, stand for
the low and high values of the linear membership
function temperature, time, and soda or ethanol

concentration,  respectively. This  linear
membership function takes the form:
1
X =l-————— - (X=X,,)
(Xhigh - Xlow)
1
X,=———(X-X,,) 2
(Xhigh - Xlow)
where X is the absolute value of temperature,
time or soda/ethanol concentration; X; — the

value of Ty, t; or Eq; X, — the value of T,, t, or E,,
and Xpign and Xj, — the extreme values of the
variable involved.

When the neural fuzzy models obtained by
linear membership functions for the three
operational variables fail to acceptably predict the
experimental results for the dependent variables,
a Gaussian membership function at three levels
(low, medium and high) can be employed for one
of the wvariables, and a linear membership
function at two levels (low and high) — for the
other two. The resulting Eq. (1) thus comprises
12 terms in the numerator and 12 in the
denominator. The Gaussian membership function
will take the form:

X,zexp-f—o.s-:%a ) 3)

where X is the absolute value of the variable
concerned; x, — its minimum, medium, or
maximum value, and L — the width of its
Gaussian distribution.

The constants in Eq. (1) were estimated with
the ANFIS (Adaptative Neural Fuzzy Inference
System) Edit tool in the Matlab 6.5 software suite
(The Mathworks, Inc., Natick, MA).

RESULTS AND DISCUSSION
Table 2 shows the values of the
independent variables used in accordance
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with the proposed experimental design, as
well as the properties of the pulp and paper
sheets obtained by soda and ethanol
processes.

Each experimental datum was the average
of 5 values for pulp chemical properties, and
12 for paper brightness. Deviations from the
respective means never exceeded 5%.

Table 3 shows the maximum and
minimum yield, kappa number, a-cellulose
and lignin contents, and pulp brightness
obtained using the experimental design for
soda and ethanol processes, with the percent
differences between the two given in
brackets.

Generally, the yields were slightly higher
for the soda than for the ethanol process. The
increased delignification ability of soda was
reflected in the small kappa numbers
obtained by using this reagent in the cooking
liquor.

Ethanol pulp contains less a-cellulose and
slightly more lignin than soda pulp;
therefore, the former should exhibit higher
strength and slightly higher brightness than
the latter. However, if the a-cellulose—yield
and lignin—yield pairs are considered (Table
3), the results of the ethanol process are very
close to those of the soda process as to the
amount of pulp obtained and, even better, as
to the lignin ratio.

As evidenced by the variation ranges of
brightness in the paper sheets listed in Table
3, soda pulp led to slightly higher brightness
values.

For the sake of comparison, Table 4
shows the results for the two types of pulp
obtained under the optimum conditions of
both processes. Under such conditions, the
yield of the ethanol process was 4.1% higher
than that of the soda one, possibly because
ethanol is a more selective reagent than soda,
reacting only to a very small extent with
cellulose and hemicelluloses.'”* In this
respect,” ethanol appeared as potentially
acting as a cellulose protector during
delignification of cotton lignocellulosic
fibres cooked with a mixture of water and
ethanol.

Thus, although the ethanol pulp obtained
by the Alcell process has a higher kappa
number than the kraft pulp, the amount of
residual lignin remaining in the former is
similar to that initially present in wood, so
that bleaching to commercial brightness
levels is easier.”’

The kappa number for ethanol pulp was
much higher than that for soda pulp;
however, one should bear in mind that
organosolv pulp is usually easier to bleach.”®

Table 2

Values of independent variables used and pulp properties obtained in ethanol and soda processes

Ethanol process

Experiment  T* : . Sié/f)l)d Ii(;?ep; Ll(go/r:;n Cel(l(l;j;)se Brl%(};;c;less
1 185 90 60 42.9 59.5 6.90 71.8 224
2 185 90 80 40.2 59.8 7.70 72.9 20.8
3 185 90 40 43.0 57.1 7.50 77.0 23.5
4 185 135 60 41.7 57.0 6.00 76.7 23.0
5 185 45 60 38.8 63.9 7.80 68.6 22.9
6 200 90 60 42.7 47.4 5.10 80.0 233
7 170 90 60 44.5 68.0 8.70 65.1 23.1
8 200 135 80 43.9 45.0 5.90 75.0 18.5
9 200 135 40 31.6 55.9 6.00 64.1 24.3
10 200 45 80 43.5 62.9 5.90 68.9 17.7
11 170 135 80 39.8 71.7 7.10 55.6 21.2
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12 170 45 40 48.3 72.4 12.6 60.4 22.6
13 170 45 80 45.6 69.5 11.5 49.4 22.5
14 170 135 40 44.9 65.6 9.80 71.4 22.2
15 200 45 40 37.0 44.2 6.20 68.7 24.8
Soda process
Experiment  T* : . S?;)l)d Iiii?é); ng/zl)m Cel(l;j;)se Brlf,zil/‘ir)less
1 180 60 16 41.2 26.5 5.50 82.4 30.3
2 180 60 20 37.0 17.8 3.80 82.5 32.7
3 180 60 12 42.6 47.5 9.50 75.4 21.3
4 180 90 16 41.7 21.1 3.20 83.3 31.1
5 180 30 16 46.1 35.1 5.70 83.1 30.1
6 190 60 16 42.5 25.7 5.10 83.1 31.0
7 170 60 16 42.5 39.5 6.40 81.4 27.7
8 190 90 20 353 15.6 2.00 83.2 323
9 190 90 12 443 39.0 7.50 78.1 23.3
10 190 30 20 44.2 16.5 4.10 84.8 32.0
11 170 90 20 42.3 274 4.10 86.0 32.2
12 170 30 12 51.1 58.0 9.70 81.6 20.4
13 170 30 20 42.8 49.4 7.90 84.1 29.0
14 170 90 12 454 44.9 9.80 75.0 22.0
15 190 30 12 42.6 49.6 7.00 75.2 25.0

T* — temperature, °C; t — time, min; ¢ — ethanol (% v/v) or soda (%) concentration

Table 3
Maximum and minimum yield, kappa number, a-cellulose and lignin contents, and pulp brightness
obtained using the experimental design for soda and ethanol processes

Parameters Soda Ethanol

Yield (%) 35.3-51.1 (44.8%) 31.6-48.3 (52.9%)

Kappa index 15.6-58.0 (272%) 44.2-72.4 (63.8%)

Lignin (%) 2.00-9.80 (390%) 5.10-12.6 (147%)

Cellulose (%) 75.0-86.0 (14.7%) 49.4-80.0 (61.9%)

Brightness (%) 20.4-32.7 (60.3%) 17.7-24.8 (40.1%)
Table 4

Chemical characteristics of pulp and brightness of paper sheets
obtained under optimum conditions in soda and ethanol pulping processes

Soda Ethanol
Experimental conditions
Temperature (°C) 180 185
Time (min) 60 90
Concentration (%) 16 60
Results
Yield (%) 41.2 429
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Kappa index
Lignin (%)
Cellulose (%)
Brightness (%)

26.5
5.50
82.4
30.3

59.5
6.90
71.8
22.4

Likewise, organosolv pulp is of medium
quality relative to the pulp obtained by
conventional processes, but has the
advantage of an easier bleaching, which can
make it more competitive than the
conventionally produced pulp.”®

Based on these results, the tagasaste pulp
and paper obtained by the soda method
within the studied operational ranges shows
better properties than the pulp obtained by
the ethanol process. However, the potential
advantages of the organosolv processes and
the ability to refine the pulp for substantially
improving the physical properties of the
paper sheets, make the ethanol process an
effective option for pulping tagasaste
trimmings.

The properties of tagasaste pulp are
similar to those of the pulps from some types
of leafy plants, e.g. various acacia and
eucalyptus species,” alders and short, fast-
growing trees such as Sterculia villosa®
subjected to the soda process. The useful
yields for leafy wood range from 42 to 59%,
and the kappa number from 24 to 40; the
corresponding optimum values for tagasaste
pulp are 41.2 and 26.5%.

A comparison of the results on tagasaste,
obtained by the proposed mathematical
models, with those reported for Eucalyptus
globulus pulped under conditions similar to
those of the ethanol process,’'* reveals that
tagasaste provides slightly lower yields and
kappa numbers falling into the reported

ranges. Table 5 lists the values for
parameters c; in the fuzzy neural equations
obtained wusing Gaussian membership

functions at three different levels (low,
medium and high) for temperature, and
linear membership functions at two levels
(low and high) for the other two variables,
thus permitting to predict the kappa number
and yield of the soda and ethanol processes,
respectively.

Table 6 shows the c; values obtained from
the equations of the fuzzy neural model with
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Gaussian membership functions at three
levels (low, medium and high) for the cook-
ing time, and linear membership functions at
two levels (low and high) for the other two
variables, which permits to predict the yield
of the soda process, and the kappa number
and a-cellulose content of the pulp provided
by the ethanol process.

Table 7 shows the c; values obtained
using the fuzzy neural model with Gaussian
membership functions at three levels (low,
medium and high) for the cooking time, and
linear membership functions at two levels
(low and high) for the other two variables, to
predict the lignin and a-cellulose contents in
soda pulp, the brightness of soda paper, and
the lignin content in ethanol pulp and the
brightness of ethanol paper. The mean errors
of the estimates provided by the fuzzy neural
models used were all below 8%. Therefore,
the proposed models are effective for
accurately predicting the results of tagasaste
pulping with either soda or ethanol. A
comparison of the errors obtained (Figs. 1
and 2) reveals that those for the soda process
exceed those for the ethanol one, particularly
as to yield (6.52) and lignin content (7.17%).

The proposed fuzzy neural model
provides a physical interpretation of the
constants (parameters) of the system, as they
represent the average value of a property (a
dependent variable) under the conditions
defined by a particular fuzzy neural rule.
Thus, a low temperature, time and ethanol
concentration leads to an average yield of
48.53% (rule 1 in Table 5), which coincides
with the parameter value in the equation.
Therefore, fuzzy neural models allow
assessing the influence of each operational
variable on the specific properties. The
equations for each dependent variable were
plotted as a function of temperature, reagent
concentration and cooking time (the
dependent variables for both processes).

In each case, the most significant
common independent variable (e.g., the coo-



king time for pulp yield, kappa number for
the lignin content, and reagent concentration
for the a-cellulose content) was kept
constant.

Figure 3 shows the contour surface for
pulp yield in soda and ethanol processes as a
function of temperature and concentration of
the delignifying agent for a medium time
within the studied range (viz. 60 and 80 min

for the soda and ethanol process,
respectively).

As one may observe, the ethanol process
provides higher yields under extreme

conditions [viz., low temperature (170 °C)]
and reagent concentration (40%), or a high
value of both (200 °C and 80%). The yield of
soda pulp increases by the use of low
concentrations (ca. 12%) of the active alkali.

The slopes of the plot given in Figure 3
reveal that changes in the operating
conditions are much more influential on the
ethanol process than on the soda one. As
evidenced by the graphs for kappa number
and lignin content (Figs. 4 and 5), both
related to bleaching power, the kappa
number of the ethanol pulp obtained at

Table 5

Wood

medium cooking time values exceeds that of
soda pulp obtained under similar conditions
within the operational ranges. The lowest
kappa number and lowest lignin content for
soda pulp are obtained at a temperature close
to 180 °C and an active alkali concentration
of 16-20%. The best results for both
parameters in the ethanol process are
obtained at a higher temperature (195 °C).

At medium reagent concentrations, which
constitute the optimum choices for both
processes (viz. 16% active alkali and 60%
ethanol, respectively), soda pulp contains
more a-cellulose than ethanol pulp. The
curves in Figure 6 show that the cooking
time and temperature have a marked
influence on the ethanol process, which
gives the optimum results at a long cooking
time (90-135 min) and high temperature
(above 185 °C). On the other hand, the a-
cellulose content in the soda pulp obtained at
medium concentrations of active alkali
varies slightly with the cooking temperature
and time, attaining 80.5-81.5% under the
conditions described in Figure 6.

Values of parameters ¢; in the fuzzy neural equations obtained using Gaussian membership functions at
three different levels (low, medium and high) for the temperature and linear membership functions at two
levels (low and high) for time and reactive concentration

Operational variables

Dependent variables of pulps

Rule

Temperature Time Concentration  Kappa index Yield
°O) (min) (%) Soda Ethanol

1 low low low 57.47 48.53
2 low low high 50.08 45.88
3 low high low 44.40 44.69
4 low high high 27.50 39.48
5 medium low low 51.64 40.95
6 medium low high 20.24 37.30
7 medium high low 37.30 44.61
8 medium high high 5.960 41.18
9 high low low 48.73 37.34
10 high low high 15.09 44.47
11 high high low 38.36 31.37
12 high high high 15.13 44.66
Mean error (%) 6.52 1.74
L 4.25 6.37
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Table 6
Values of parameters c; in the fuzzy neural equations as obtained using Gaussian membership functions at
three different levels (low, medium and high) for the time and linear membership functions at two levels
(low and high) for temperature and reactive concentration

Operational variables Dependent variables of pulps
. . Kappa
Rule [Temperature (°C) Time (min) Conc(e;ot )r ation géﬂg iné)epx (;1111211(2)816
Ethanol
1 low low low 51.58 73.22 61.44
2 low low high 43.13 69.98 50.09
3 low medium low 43.31 67.4 69.44
4 low medium high 37.45 69.94 64.06
5 low high low 453 65.10 73.86
6 low high high 42.37 71.42 57.40
7 high low low 42.52 44.57 69.37
8 high low high 44.570 64.27 69.76
9 high medium low 43.69 46.27 83.75
10 high medium high 38.09 49.12 80.87
11 high high low 44.11 56.12 65.21
12 high high high 34.89 44.35 76.97
g can errr 117 112 335
L 12.74 19.11 19.11
Table 7

Values of parameters ¢; in the fuzzy neural equations obtained using Gaussian membership functions at
three different levels (low, medium and high) for the reactive concentration and linear membership functions
at two levels (low and high) for time and temperature

Operational variables Dependent variables of pulps
Rule Temperature ~ Time  Concentration  Lignin  Cellulose Brightness Lignin  Brightness
°O) (min) (%) Soda Soda Soda Ethanol  Ethanol
1 low low low 10.4 81.0 19.5 12.6 22.80
2 low low medium 6.90 81.6 27.9 9.54 23.09
3 low low high 7.81 83.6 29.2 11.7 22.86
4 low high low 10.3 73.9 21.1 9.71 22.37
5 low high medium 4.14 81.7 29.2 7.51 23.19
6 low high high 3.96 85.6 32.5 7.11 21.47
7 high low low 7.27 74.0 24.2 5.99 25.12
8 high low medium 5.73 83.5 31.6 5.79 23.36
9 high low high 3.88 84.3 322 593 17.74
10 high high low 7.90 77.1 223 5.87 24.57
11 high high medium 3.10 84.0 324 4.22 23.59
12 high high high 1.81 82.5 324 6.04 18.58
é\frz?n% 7.17 0.80 1.78 1.82 1.32
L 1.70 1.70 1.70 8.49 8.49
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Figure 1: Comparison of the experimental values and those provided by the fuzzy neural model for the soda
and ethanol pulping of tagasaste trimmings
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Figure 2: Comparison of the experimental values and those provided by the fuzzy neural model for the soda
and ethanol pulping of tagasaste trimmings
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Figure 6: a-cellulose as a function of temperature and time at average reactive concentration values

CONCLUSIONS

The results obtained show that the soda
process provides tagasaste pulp and paper
sheets with better properties than the ethanol
one. However, the potential advantages of
the organosolv processes and the ability to
refine the pulp for substantially improving
the physical properties of the resulting paper
sheets make the ethanol process an effective
choice for pulping tagasaste trimmings.

The optimum conditions for the soda
process are as follows: temperature — 180 °C,
cooking time — 60 min and active alkali
concentration — 16%, while those for the
ethanol process are: 185 °C, 90 min and an
ethanol concentration — 60% v/v.

Under optimum conditions, the ethanol
process provides a 4% higher yield, a 25%
higher lignin content and a 12.9% lower a-
cellulose content than the soda one.
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Whichever the pulping process used, the
agroforestry residues obtained from tagasaste
trimmings appear as an effective alternative
to the traditional woody raw materials used
for pulp and paper production.
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