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RESUMEN

En este trabajo se estudia la influencia de la concentra-
cion de perborato (2,5 a 5,5%), temperatura (60 a 80 °C) y
tiempo (60 a 180 minutos) sobre las caracteristicas de las
pastas blanqueadas (rendimiento, indice Kappa, viscosi-
dad, blancura y relacion viscosidad/Kappa), el consumo
de reactivos (porcentaje en peso de reactivo consumido
por pasta seca) y propiedades fisicas de las hojas forma-
das (indice de desgarro, indice de estallido, alargamiento
y longitud de ruptura). Se utiliza en este estudio pastas de
olivo obtenidas mediante el proceso etanolamina-sosa-
antraquinona.

Para establecer las ecuaciones que relacionan las carac-
teristicas de las pastas con las variables del proceso se
utiliza un disefio factorial central compuesto centrado en
las caras, lo que permite obtener las condiciones 6ptimas
de operacién. Las ecuaciones obtenidas, que relacionan
las variables dependientes con las de operacion, repro-
ducen los resultados experimentales con errores menores
del 10%.

Las condiciones de operacion mas aconsejables se co-
rresponden con una temperatura baja (80 °C) y con valores
elevados de tiempo (180 min.) y concentracion de perbo-
rato (5,5%). Considerando que en el mejor de los casos se
obtiene una blancura de 63%, operando bajo las condicio-
nes mas enérgicas, se concluye que este proceso no debe
realizarse para blanqueos en una sola etapa.

Palabras clave: Blanqueo; residuos agricolas; olivo; TCF;
perborato de sodio.

SUMMARY

In this work, we studied the influence of the bleacher con-
centration (2.5-5.5%), temperature (60-80 °C) and time
(60-180 min) on the reagent (perborate) consumption by
dry pulp, various properties of the bleached pulp (yield,
kappa number, brightness and viscosity/kappa number
ratio), and some physical properties of paper sheets ob-
tained from it (tear index, burst index, stretch and brea-
king length). The pulp was previously obtained by ethanol-
amine-soda-anthraquinone cooking of olive wood.

A face-centred composite factor design was used to deri-
ve equations relating the pulp properties to the operational

variables with a view to identifying the optimum operating
conditions. The equations thus obtained reproduced the
experimental results with errors less than 10% in all cases.
The most suitable operating conditions were found to be a
low temperature (60 °C), a long time (180 min) and a high
perborate concentration (5,5%). Because the pulp bright-
ness achieved never exceeded 63% -not even under the
most drastic conditions-, the process should not be used
with one-step bleaching sequences.

Key words: Bleaching; agricultural residues; olive; TCF;
sodium perborate.

RESUM

En aquest treball s’estudia la influencia de la concentracio
de perborat (2,5-5,5%), temperatura (60 a 80°C) i temps
(60-180 minuts) sobre les caracteristiques de les pastes
blanquejades (rendiment, index Kappa , viscositat, blan-
cor i relacié viscositat / Kappa), el consum de reactius
(percentatge en pes de reactiu consumit per pasta seca) i
propietats fisiques de les fulles formades (index d’esquin-
¢ament, index d’esclat, allargament i longitud de ruptura).
S'utilitza en aquest estudi pastes d’olivera obtingudes mit-
jancant el procés etanolamina-sosa-antraquinona.

Per establir les equacions que relacionen les caracteristi-
ques de les pastes amb les variables del procés s’utilitza
un disseny factorial central compost centrat en les cares,
el que permet obtenir les condicions optimes d’operacié.
Les equacions obtingudes, que relacionen les variables
dependents amb les d’operacid, reprodueixen els resul-
tats experimentals amb errors menors del 10%.

Les condicions d’operacié més aconsellables es corres-
ponen amb una temperatura baixa (80°C) i amb valors
elevats de temps (180 min.) i concentracié de perborat
(5,5%). Atés que en el millor dels casos s’obté una blancor
del 63%, operant sota les condicions més energiques, es
conclou que aquest procés no ha de realitzar-se per blan-
quejos en una sola etapa.

Paraules clau: Blanqueig, residus agricoles, olivera, TCF,
perborat de sodi
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INTRODUCTION

The sustained increase in the use of wood as a paperma-
king raw material for more than a century has led to its
annual consumption reaching levels similar to those of
petroleum. In fact, paper production has grown in recent
decades gradually (3% of average), specifically from 390
to 400 tonnes in 2008-2012. The increase in production is
mainly due to increment in the Asia-Pacific region (16%)
that counteracts declines in Europe and North America
(10% and 15% respectively) in the same period .

The dramatic increase in the consumption of wood,
which accounts for 90-95% of all raw materials used to
manufacture paper, has resulted in a growing shortage of
raw materials for this purpose and led to massive soil de-
forestation and its associated environmental problems.
This has promoted extensive search for alternative raw
materials in recent years.

Olive pruning residues are highly abundant in Spain -
particularly in the southern region of Andalusia, which
accounts for more than 60% of the 2 million ton pro-
duced in the country each year 2. These residues lack
a specific use, so they are usually burnt on site, which
raises problems such as atmospheric pollution or the risk
of fire.

Previous studies on the characteristics of these residues
(specifically, on their suitability for making cellulose pulp)
have shown that the potential of olive wood for this pur-
pose lies in between that of other agricultural residues
(e.g. wheat straw, sunflower, sorghum and cotton stalks)
and pine and eucalyptus wood °.

The cooking of raw materials for the production of pulp
generates large amounts of highly polluting wastewater
(particularly in conventional sulphite- and sulphate-based
processes). One solution to this problem is using an or-
ganic solvent to separate wood fibres from lignin.

A variety of solvents [particularly alcohols +* and organic
acids of low molecular weight ] have been tested for this
purpose. The resulting acidifying or delignifying effect
damages cellulose fibres to some extent and ultimately
detracts from the quality of the resulting paper. This could
be avoided by using solvents such as ethanolamine in an
alkaline medium. In fact, this reagent has provided pulp
from coniferous and leafy wood 7# and non-wood plant
raw materials 10.11.121314,1516 the properties of which are
on a par with those of kraft pulp and in higher yields. In
addition, ethanolamine has been tested as a additive in
alkaline pulping processes 718,

Pulp bleaching sequences involving chlorine or a chlor-
inated reagent produce highly polluting wastewater. This
has promoted research into alternative, elemental chlor-
ine-free (ECF) and totally chlorine-free (TCF) sequences.
Because the latter remain largely impractical, it might be
interesting to conduct deeper research into the bleach-
ing of cellulose pulp with non-chlorinated reagents such
as sodium perborate 192021,

In fact, sodium perborate has been used as a bleacher
for kraft pulp for more than 20 years and proved more
efficient than hydrogen peroxide in terms of optical and
physical properties of the bleached pulp. Sodium per-
borate has been used with thermomechanical pulp from
coniferous 2> and eucalyptus wood %, and also with re-
cycled pulp 24, Unsurprisingly, its low cost and little tox-
icity have raised much interest in it as a bleacher for

paper pulp 2.

The chemical structure of perborate involves peroxo
bonds between boron atoms in a tetrahedral arrange-
ment. In water, it decomposes into hydrogen peroxide,
and sodium and boron hydroxides 28, Because the actual
bleacher is hydrogen peroxide released by the reagent,
the reaction conditions must be suited to it.

In this work, we developed empirical models to describe
the perborate bleaching of ethanolamine pulp from ol-
ive wood. To this end, we used a faced-centred factor
design to relate pulp properties to the independent vari-
ables of the process with a view to establishing the opti-
mum operating conditions.

MATERIAL AND METHODS

Raw material

The raw material used to obtain cellulosic pulps was oli-
ve prunings from Granada province, Spain. The pulping
solvent used, ethanolamine 99% PS (Solvents, reagents
and intermediates to be used in organic synthesis), were
supplied by PANREAC and the bleaching solvent used,
sodium perborate tetrahydrate, were supplied by MERCK
Characterization of the raw material and cellulose
pulp

The components of the raw material were characterized
in accordance with TAPPI 204 27 (ethanol-benzene ex-
tractables), TAPPI 211 27 (ash), the method of Wise et al.
28 (holocellulose), TAPPI 203 os-61 27 (a-cellulose) and
TAPPI 222 om-98 27 (lignin).

The breaking length, stretch, burst index and tear index
of the paper sheets were determined in accordance with
UNE 57-054, UNE 57-028, UNE 57-033 and UNE 57-058
29, respectively; and the degree of refining, kappa num-
ber, brightness and viscosity of the pulp in accordance
with UNE 57-025, TAPPI 236, UNE 57-062 and UNE 57-
039, respectively. Finally, the amount of unreacted per-
borate was quantified iodometrically.

Pulping process

The raw material was cooked in a 15 L tank wrapped in
a jacket consisting of electrical heating wires. The whole
ensemble, which was heated as required, was connec-
ted via a rotary axle to a control unit including a motor
actuating the reactor and the required instruments for
measurement and control of the pressure and tempera-
ture. The set-up also included a safety valve for the reac-
tor and a conventional vent valve.

The reactor was fed with wood chips about 2 cm in size.
The solid/liquid ratio used was 4:1, and ethanolamine,
soda and anthraquinone were supplied in the amounts
required to obtain a proportion of 70, 1 and 0.5% by dry
pulp, respectively. Then, the mass was cooked at 185 °C
for 30 min.

After cooking, the reactor contents were filtered and the
solid obtained washed with water and then processed
in a defiberizer for uncooked material, a Sprout-Waldron
disc refiner, a fibre-uncooked material separator and wa-
ter, prior to air-drying.

The resulting pulp (yield 43.88%) exhibited a degree of
refining of 23.5 °SR, a kappa number of 38, a viscosity of
796 mL/g, a brightness of 33.60% and a breaking length
of 2067 m.

Bleaching process

The pulp was supplied with the bleaching reagents and
placed in heat-proof transparent bags that were immersed

176

AFINIDAD LXXIll, 575, Julio - Septiembre 2016



in a thermostated bath. All pulp samples had the same
consistency (10%) and pH (10.5), and were supplied with
identical amounts of magnesium sulphate (0.2%) and
DTPA (0.5%). Tests were conducted at different, fixed per-
borate concentrations, using variable bleaching tempera-
tures and times in each.

Experimental design

The face-centred factor design used *° required performing
15 experiments for the three operational variables (viz.
perborate concentration, temperature and time). The

RESULTS AND DISCUSSION

The olive prunings used contained: 10.4% ethanol-
benzene extractables, 61.5% holocellulose, 35.7%
a-cellulose and 19.7% lignin.

Table 2: Experimental values of the depen-
dent variables in the bleaching of pulp ob-
tained with the experimental design used.

values of the independent variables were normalized el Y [ | v [BR[gr[PBR[ Bl Ist| BL
to others from -1 to 1 (Table 1) by using the following (%) (mL/g)| (%) (%) | (MN-m?/g) [ (KN/g)| (%) | (m)
expression: 1(97,34(28,41| 821,6 [57,1/19,00/3,86| 0,87 | 0,99 [1,30| 1466,7
X—X 2 92,69|23,85| 766,4 |62,7(19,00(5,44| 0,81 0,96 [1,17| 1476,1
anzm 1 3 |96,57|28,31| 785,7 |55,2[17,50[2,50| 0,87 | 0,89 |1,16| 1354,2
4 97,49|29,29| 815,5 |58,6(18,505,06| 0,80 | 0,95 |1,23| 1550,5
where X, },Xmaxandemaretheabsolute, mean, maximum 5|98,50|31,04 | 831,3 |54,2(17,75(2,43| 0,86 | 0,93 |1,22| 1511,5
and minimum value, respectively, of the independent 6 |96,73|28,38| 825,9 |59,1/20,00(5,13| 0,83 0,93 |1,37| 1555,6
variable concerned. 7 |97,06|29,41| 807,3 |53,1(19,50(2,50| 0,89 | 0,89 |1,31| 1551,8
8 |98,05(29,94 | 828,0 |55,0(18,25(4,69| 0,79 | 0,87 |1,28| 1406,9
Experimental data were fitted to the following second- 9 (99,08(31,95| 840,0 |52,4(16,50(2,44| 0,83 0,89 (1,21 1362,3
order polynomial model by using the statistical software 10(97,17(26,49| 809,3 |59,2(17,75/3,94| 0,91 1,00 [1,33| 1535,2
BMDP: 11|98,28|28,50| 830,7 |55,6(18,25(3,84| 0,88 | 0,98 |1,42| 1692,1
3 3 3 12|96,17|27,26| 802,0 |58,6(17,00(3,98| 0,83 | 0,95 |1,39| 1562,7
Z=a,+3bX;+> 06X} *Zduxmxm (i<i) 2 13/98,80(30,11] 822,9 [54,6/16,00[3,77| 0,91 | 0,96 |1,28| 1494,8
- - = 14]95,14]26,19] 817,1 [59,6[17,50|5,16| 0,79 | 0,94 |1,29| 1474,4
where Z denotes the response or dependent variable 15(97,89(29,32| 837,1 (54,7|16,00[2,49| 0,93 0,89 |1,04| 1287,8

concerned [viz. yield (YI), kappa number (KN), viscosity
(VI), brightness (BR), degree of refining (SR), proportion of
perborate used by dry weight (PBP), tear index (Tl), burst
index (BI), stretch (ST), breaking length (BL) or viscosity/
kappa number ratio (VKR)]; X is the normalized value of
the independent variable in question (viz. X, X, and X,
for the normalized perborate concentration, temperature
and time, respectively); and a,, b, ¢, and d,./, are unknown
characteristic constants that were calculated from the
experimental results. The polynomial was simplified by
deleting the negligible terms previously identified using the
stepwise method 2°.

Table 1: Absolute and normalized values of
the operational variables used in the bleach-
ing of ethanolamine pulp from olive wood.

E [PB(%)| T(C) | t(min) s | X | X
1 4,0 70 120 0 0|0
2 55 80 180 1 1|1
3 2,5 80 180 -1 1|1
4 5,5 80 60 1 1 |-
5 2,5 80 60 -1 1 |-1
5 5,5 60 180 1 -1 1
7 2,5 60 180 -1 -1 1
8 5,5 60 60 1 -1 -1
9 2,5 60 60 -1 -1
10 4,0 80 120 0 110
11 4,0 60 120 0 -1]0
12 4,0 70 180 0 0 |1
13 4,0 70 60 0 0 |-1
14 5,5 70 120 1 0|0
15 2,5 70 120 -1 0|0
E: experiment number; PB, T y t: absolute values
of perborate concentration (%), temperature (°C)
and bleaching time (min); X5, X, y X;: normalizad
values of perborate concentration, temperature
and bleaching time.

YI: yield; KN: kappa number; VI: viscosity; BR: brightness; SR: de-
gree of refining; PBP: percent weight of perborate used by dry pulp;
TI: tear index; BIl: burst index; ST: stretch and BL: breaking length

Table 2 shows the experimental results for the dependent
variables of the bleaching process, namely: pulp vyield,
kappa number, viscosity, brightness, degree of refining,
weight percent of perborate used by dry pulp, tear index,
burst index, stretch and breaking length.

The influence of the independent variables involved in
the bleaching process (viz. the perborate concentration,
temperature and time) on the properties of the resulting
pulp and paper sheets, and on bleacher consumption,
was determined in a multiple regression analysis of the
three operational variables listed in Table 1 as independent
variables, such variables squared and their binary
interactions, all using the experimental values of the
dependent variables listed in Table 2.

Only those terms with a Snedecor F-value greater than 4
and a Student t-value greater than 2 were considered to be
statistically significant. Also, all 95% confidence intervals
for the coefficients of each variable or constant parameter
in the models excluded zero.

The equations thus obtained to relate the dependent
variables to the pulp and paper properties, and bleacher
consumption, were as follows:

YI=97,13-090 X ,, 0,68 X, 127 X, [3]

KN =27,78-124 X ,, 092 X, 1,513 X, + 117 X2 -0,51 X, X, [4]
VI=8232-49X,,-124X, -150X, -10,7X? -52X,, X, -7,5X, X, [3]
BR=572+25X,, +15X, +1,4X, —09 X +0,4X,, X, +08X,, X, [6]
SR=1714+0,6 X, +0,6 X, +12 X2 -0,57 X, X, [7]

PBP=388+131X,, +0,08X, +0,12.X, =0,09 X2, +0,09 X ,, X, +0,09X,, X, [8]
TI =0,88-0,04 X, —0,04 X2, [9]
BI =0,98+0,02 X ,, +0,02. X, —0,06 X2, +0,01 X, X, [10]
ST =132+0,04 X, —0,05X, 0,14 X2, +0,07 X} +0,04 X, X, [11]
BL=1511,6+39,6 X, ~1359 X2, +96,7 X2 -71,2 X, X, [12]

VKR =29,67+ 111X, +0,54 X, + X, -1,5X? 13]
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where YI denotes yield, KN kappa number, VI viscosity,
BR brightness, SR degree of refining, PBP the percent
weight of perborate used by dry pulp, Tl tear index, BI
burst index, ST stretch, BL breaking length and VKR the
viscosity/kappa number ratio; and X, X, and X, are the
normalized perborate concentration, temperature and
time, respectively.

Table 3 lists the Snedecor F-values and the largest p and
multiple-r obtained from the previous equations. The
estimates provides by such equations reproduced the
experimental results with errors less that 5% for the yield,
kappa number, viscosity, brightness, weight percentage
of perborate used by dry pulp, burstindex, breaking length
and viscosity/kappa number ratio; and with errors of
5-10% for the degree of refining, burst index and stretch.
The values of the operational variables leading to the
best values for the dependent variables were identified
by using non-linear multiple programming 3 as
implemented by More and Toraldo *. Table 4 shows the
optimum values of the dependent variables and those
of the independent variables required to obtain them.
Figures 1 and 2 illustrate the results for the viscosity and
brightness as plots of their variation with temperature
and time at a constant, high perborate concentration.
Because the pulp brightness achieved never exceeded
63%, the process should not be used with one-step
bleaching sequences.

Table 3: Statistical parameters obtained for equations 3-13.

X Statistical parameters
Dependent variable

Snedecor’s F P< R mult.

Y1 (%) 13,84 0,026 0,889
KN 21,91 0,069 0,961

VI (mL/g) 16,23 0,075 0,961
BR (%) 102,77 0,027 0,994
SR 6,24 0,064 0,845
PBP (%) 2542,94 0,0010 0,9997
Tl (MN-m?/g) 9,94 0,033 0,790
BI (KN/g) 13,74 0,068 0,920
ST (%) 7,08 0,079 0,893
BL (m) 9,58 0,045 0,891
VKR 15,15 0,042 0,926

The data of Table 4 and 5, and Figs. 1 and 2 -and similar
others-, allowed us to predict whether specific changes
in the operational conditions would substantially alter
the results for the dependent variables (Table 5). This
allowed the operating conditions required to obtain ac-
ceptable levels of the different dependent variables to
be identified. Table 6 illustrates the most suitable condi-
tions for this purpose. As can be seen, using high levels
of all operational variables can be expected to provide
pulp of maximum brightness. However, such conditions
will detract from other physical properties of the pulp,
which will be 3-20% worse than their respective best
values; also, as expected, the yield will be minimal and
the perborate consumption per gram of pulp maximal.

Perborate Concentration = 1

(77
L /7
T

Brightness, %

05 T ~
00 T 0s

T 05
CMpery ture

Figure 1: Variation of brightness with the tempera-
ture and time at a high perborate concentration.

Perborate Concentration = 1

Viscosity, mL/g

U;
N s

00

e
e e

Figure 2: Variation of viscosity with the tempera-
ture and time at a high perborate concentration.

Table 4: Values of the operational variables
in the bleaching required to obtain the opti-
mum values of the dependent variables.

Optimum Normalized values of the independ-
Dependent value of ent variables leading to optimum
variable dependent variables of dependent variables
variable Xog X, X,
YI (%) 99,98 -1 -1 -1
KN 24,75 1 1 0,86
VI (ml/g) 837,2 1 -1 -0,35
BR (%) 62,9 1 1 1
SR 20,07 1 -1 1
PBP (%) 2,44 3 y 3
Tl (MN-m?/g) 0,89 -0,5
BI (KN/g) 1,00 0,25 1 1
ST (%) 1,48 0,14 -1 1
BL (m) 1682,4 0,14 -1
VKR 31,49 1 1 0,33

Table 5: Relative effects (percent) of each independent
variable on the mean variation of each dependent variable
in the bleaching, resulting from variations in each indepen-

dent variable over the range -1 to +1 (normalized values).

Independent variables
Dependent variable Perborate )
concentration Temperature Time
Y1 (%) 1,80% 1,36% 2,54%
KN 10,02% 10,98% 16,41%
VI (ml/g) 0,07% 3,58% 2,33%
BR (%) 11,76% 6,04% 7,00%
SR 5,98% 9,16% 11,66%
PBP (%) 107,38% 0,82% 2,46%
TI (mN-m?/g) 10,11% 0,00% 0,00%
BI (KN/g) 9,34% 3,99% 0,50%
ST (%) 12,33% 12,74% 5,39%
BL (m) 10,60% 10,76% 8,46%
VKR 7,05% 3,43% 8,47%
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Table 6: Values of the dependent variables for the bleached
pulp and resulting paper sheets (and deviations from the
optimum levels) obtained under the conditions stated.

Operating condi- Operating conditions:
tions: high perborate low temperature (-1), low
concentration (1), perborate concentration
high temperature (1) | (-0,72) and long time (0,95)
Dependent and long time (1)
variable — —
Value Deviation Value of the Deviation from
of the from the the optimum
; dependent
dependent| optimum . value, %
f variable
variable value, %
YI (%) 94,28 5,7 97,25 2,73
KN 24,77 0,09 29,70 20
VI (ml/g) 767,5 8,3 818,6 2,22
BR (%) 62,9 0 54,2 13,9
SR 18,93 5,68 18,98 5,43
PBP (%) 5,48 124,59 2,93 19,97
TI (mMN-m?/g) 0,8 10,11 0,89 0,22
BI (KN/g) 0,97 3,36 0,91 9,57
ST (%) 1,12 19,08 1,38 7,16
BL (m) 1440,8 14,36 1577 6,27
VKR 30,82 2,12 27,93 11,31

If our objective is to obtain pulp with good physical prop-
erties, the values of the operational variables must be:
4, 21% of perborate concentration, 60 °C and 180 min-
utes, getting the optimum values for breaking length and
stretch, also will provide an excellent tear index and burst
index, differing only 1,84 and 4,06% from their optimum
levels.

On the other hand, using a high perborate concentration
(5,5%) at a low temperature (60 °C) for a long time (180
min) will provide an acceptable level for all dependent vari-
ables. Will be obtained the optimum value for degree of
refining (20,07°) and an excellent viscosity (817,7 mg/L)
which depart by only 2,33% from their optimum value. The
remaining variables are less deviate from 12% of their op-
timum values, with the exception of the percent weight of
perborate used by dry pulp.
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