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ETHANOL PULPING AS A STAGE IN THE BIO-REFINERY OF
OLIVE TREE PRUNINGS

Ana Requejo, Alejandro Rodriguez, Zoilo Gonzélez, Fatima Vargas, and Luis Jiménez*

Biomaterials from olive tree pruning are an abundant agricultural residue
in various Mediterranean regions. A suggested use of this residue is its
separation in a main fraction (trunks and stems with diameter > 1 cm)
and a residual fraction (leaves and stems with diameter 1 < cm), using
biorefinery procedures. The main fraction is cooked with ethanol, giving
rise to a pulp, which can be used either in paper or in bioethanol
production if before pulping the main fraction is subjected to a
hydrothermal treatment. Pulping with 70% ethanol concentration, 185 °C
for 80 min resulted in a pulp with a yield of 46.30% and a content of
holocellulose, a-cellulose, and lignin of 77.17%, 62.49%, and 21.73%,
respectively. The paper sheets obtained had a breaking length of 1168
m, a burst index of 0.44 kN /g, a tear index of 2.25 mN.mZ/g, and a
brightness of 43.66%. The pulp converted into bioethanol (by
simultaneous hydrolysis and fermentation) achieved a conversion of 70 g
bioethanol/100 g potential bioethanol. The residual fraction of olive tree
prunings was subjected to combustion to produce thermal energy. The
heating value was 18700 kJ/kg, the flame temperature range was 1094
to 2013 °C, and the dew point temperature range of the flue gases was
47 to 53 °C.

Keywords: Biorefinery; Olive Tree Prunings; Pulp, Paper; Bioethanol; Combustion.

Contact information: Chemical Engineering Department, Campus de Rabanales, Building Marie Curie
(C-3), University of Cordoba, 14071 Cérdoba, Spain. * Corresponding author: igqljiall@uco.es

INTRODUCTION

Olive tree prunings are very abundant in the Mediterranean area, particularly
in Spain. These biomaterials come from logging, which occurs every year or every two
years, depending on weather conditions and the soil nature. This felling operation is
necessary for suitable growth and development of trees and optimal production of olives
(Pastor and Humanes 2010). The olive tree prunings are an agricultural waste which must
be removed to avoid contamination of soils, plague invasion, and interference with
agricultural work. Currently, olive tree prunings are removed by burning in the same
cropland or by shredding the prunings and scattering them on the ground. These removal
solutions are costly because they entail a lot of labour, and furthermore they are not free
of problems, such as risk of fires, air pollution, plague proliferation, etc. (Sanchez et al.
2002; Rodriguez et al. 2010). For these reasons, removal of olive tree prunings is
interesting, based on a biorefinery scheme of lignocellulosic materials (Ruiz et al. 2009;
Rodriguez et al. 2010 Ldpez et al. 2010; Spinelli and Picchi 2010; Ballesteros et al. 2011;
Cara et al. 2012), so that agricultural waste becomes an agricultural by-product, obtaining
several products of commercial value, which in turn makes farms more profitable.
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Lignocellulosic materials (hardwoods and softwoods; agricultural, agro-food and
forestry residues; and non-wood plants) have been traditionally used for the production of
cellulosic pulp for paper or other uses or for the production of heat energy (through
combustion) or energy products (via gasification and pyrolysis). The cellulosic pulp
industry (the most current consumer of lignocellulosic resources) now faces the problem
of a scarce supply of conventional raw materials (hardwood and softwood) in several
regions of the world (FAO 2012). Thus, the possibility of using alternative feedstocks at
the same time, such as agricultural residues which do not have the same value as waste
products, is being investigated. Furthermore, this process avoids economic losses for
farmers who have to get rid of such residues.

Traditionally in the production of pulp, only the rich cellulose fraction (wood
from trunks and branches) is used, discarding the use of the residual fraction (mixture of
stems, branches of small size, and leaves), which normally is burned to produce energy.
In addition, the main fraction, which is richer in cellulose, is only used to obtain a-
cellulose, missing two important components: hemicellulose and lignin. An attempt to
achieve an integral exploitation of the natural resources suggests the need to introduce
new production lines to take advantage of all the components of these resources by
fractioning them (Stephen et al. 2010; Hoekman et al. 2011; Romani et al. 2011). Thus,
after the separation operations of the main and residual fractions of lignocellulosic
materials, and other operations of conditioning from these fractions (bark removal,
chipping, removal of foreign materials, etc.), a way to achieve an integral exploitation of
them consists of their processing separately. The main fraction can be subjected to a
hydrothermal treatment to degrade the hemicelluloses to monomers and oligomers that
may have different applications (food additives, medicines, ethanol, xylitol, furfural, etc.)
(Moure et al. 2006; Quing and Wyman 2011; Ballesteros et al. 2011). Subsequently, the
resulting solid fraction of the hydrothermal treatment is subjected to a suitable pulping
with the purpose of separating the cellulose (used for the making pulp for paper or other
uses) from the lignin, which can be used for the production of various products with high
commercial value, such as resins, polyurethanes, acrylates, epoxies, composites, etc.
(Rodriguez et al. 2010). Alternatively, the separated cellulose in the pulping process can
be subjected to a process of simultaneous hydrolysis and fermentation to obtain
bioethanol, which can be used as fuel (Wang and Cheng 2011). Moreover, the residual
fraction of the raw material can be used for energy production by conversion processes of
its energy such as combustion process (Overend and Wright 2008; Lopez et al., 2010;
Spinelli and Picchi, 2010; Saidur et al. 2011; Li et al. 2012).

The consecutive hydrothermal and pulping treatment gives rise to moderate
amounts of monomers and oligomers from the hemicelluloses, as well as pulp for paper
having worse characteristics than those obtained directly from original raw materials
(Sanchez et al. 2011). This suggests the use of olive tree prunings through its separation
in a main fraction and other residual fraction; the main fraction can be pulped with
ethanol to obtain pulp for paper, or it may be subjected to hydrothermal treatment and
subsequently to pulping with ethanol, and can use the result pulp for bioethanol
production, by simultaneous hydrolysis and fermentation. The residual fraction is
subjected to combustion to produce thermal energy.
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EXPERIMENTAL

Raw Material and Characterization Methods

Olive tree (Olea europaea) prunings were collected in Cordoba (South of Spain).
Air-dried olive tree prunings were separated into two fractions: a) a main fraction
consisting of stems above 1 cm diameter, and b) a residual fraction consists of leaves and
stems with a diameter less than 1 cm.

The content in holocellulose, lignin, a-cellulose, ethanol-benzene extractives, and
ashes of the two fractions of olive prunings were determined in accordance with the
following TAPPI standards: T-9 m-54, T-222, T-203 0S-61, T-204, and T-211,
respectively.

The fiber lengths of the raw material were determined by using a projection
microscope Visopan. Elemental analysis was made using the Dumas method with a
Eurovector “EA 3000 in the Spectroscopy Unit at the NIR/MIR Central Service for
Research Support of the University of Cdrdoba (Spain). The calorific values were
determined according to EN/TS 14918:2005 (E) solid biofuels method and UNE 164001
EX standards (UNE Standards, 1990) by using a Parr 6200 Isoper ibol Calorimeter.

Pulping

Main fractions of the olive tree pruning samples were pulped with ethanol-water
in a stainless steel reactor of 2 L (Parr Instruments Company, Moline, Illinois) fitted with
two six-blade turbine impellers. The vessel was heated with an external fabric mantle to
reach the operating temperature. The heating rate to reach the working temperature was
17 °C/min. Time zero was taken to be when the system reached the preset temperature.
After a suitable breakdown of this main fraction of olive tree prunings to get sizes
between 1 and 5 cm in length and width, respectively, and a thickness between 0.5 and 1
cm, these were mixed with ethanol and water, to achieve a liquid/solid ratio (by weight)
of 8:1 (on dry basis, considering the olive tree pruning moisture as water). Concentrations
of ethanol in water between 60% and 80% (w/w) were used. Operational temperatures
ranged from 175 and 195 °C, and the process time ranged from 40 and 120 minutes. At
the end of the treatments, the media were cooled, and the pulped solids were recovered by
filtration and washed (first with ethanol-water and then with distilled water). Pulp
samples were subjected to chemical analysis using the same methods indicated for the
raw material.

Formation and Characterization of Paper Sheets

Paper sheets were obtained with an Enjo-F39-71 former (T205- Sp-95 method,
TAPPI Standards) and analyzed for breaking length, burst index, tear index, and
brightness in accordance with the following methods: T-494, T-403, T-414, and T-525,
respectively.

Hydrothermal-Saccharification-Fermentation process
The production of bioethanol from the main fraction of the olive tree prunings
involves a hydrothermal treatment and a subsequent pulping, followed by subjection of
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the resulting solid fraction (hydrothermed-pulp) to simultaneous saccharification and
fermentation (SSF).

The hydrothermal treatment consisted of mixing the main fraction of olive tree
prunings with water (liquid/solid ratio = 8) and heating to 196 °C for 12 min. A solid
fraction obtained was pulped to 185 °C, using an ethanol concentration of 60% for 60
min. Hydrothermal treatment and pulping were carried out in the reactor described above
(pulping session). SSF was performed under the following conditions: Liquid/solid ratio
= 8 g/g hydrothermed pulp (oven-dry basis); enzyme/solid ratio = 10 FPU/g (oven-dry
basis); and B-glucosidase/cellulose activity ratio = 5 IU/FPU. The commercial enzyme
concentrates employed in this work ("Celluclast 1.5 L" cellulases from Trichoderma
reesei and "Novozym" [-glucosidase from Aspergillus niger) were provided by
Novozymes (Madrid, Spain), and the strain Saccharomyces cerevisiae CECT-1170 was
obtained from the Spanish Collection of Type Cultures, Valencia, Spain.

The SSF was carried out in 250 mL Erlenmeyer flasks placed in an orbital shaker
at 120 rpm (pH = 5). Suspension containing water and hydrothermed-pulp was
autoclaved (121 °C, 15 min), separately from the nutrients and thermostated at 35 °C. The
SSF experiment started with yeast inoculation and enzyme addition. Preparing 100 mL of
media required 10 mL of inocula (leading to an initial yeast cell concentration about 1.0
g/L) and 10 mL of nutrient solution (5 g peptone/L, 3 g yeast extract/L, and 3 g malt
extract/L). A given time, sample was withdrawn from the media and centrifuged (500
rpm, 5 min). Supernatant was assayed for ethanol by HPLC (Requejo et al. 2012a).

RESULTS AND DISCUSSION

Physicochemical Characterization of the Olive Prunings
Table 1 shows the results related to the content of the main components, the
elemental analysis, and the heating values.

Table 1. Elemental Analysis and Components Analysis of Olive Tree Pruning

Parameter Main Fraction Residual Fraction
Carbon, % 50.11 44.18
Hydrogen, % 6.66 6.25
Nitrogen, % 0.19 0.51
Sulphur, % 0.07 0.03
Holocellulose, % 69.23 66.11
a-cellulose, % 40.95 38.48
Lignin, % 19.51 17.53
Extractives, % 9.00 12.49
Ash, % 1.18 3.59
Heating values, KJ/kg 19110 18700

The experimental values are the average of three determinations, whose deviations with respect
to the mean value are under of 5%.

The carbon content of the main fraction of olive tree prunings was higher than
other agricultural residues (from 42.5 to 46.2% for sunflower stalks, cotton stalks, wheat
straw, and vine shoots). The content of carbon for the residual fraction was lower than the
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considered agricultural residues, except in the case of sunflower. The hydrogen content of
both fractions was higher than those of sunflower stalks (5.9%) and similar to those of
other agricultural residues considered (6.1 to 6.4%). The nitrogen content of the main
fraction was less than the mentioned agricultural residues (0.5 to 1.3%). For the residual
fraction, the nitrogen content was similar to that of wheat straw (0.5%) and lower than
those of the other agricultural wastes considered. Finally, the sulfur content was low, as
in the agricultural residues studied (Jimenez et al. 1991).

The holocellulose content of the olive tree prunings was higher than those
agricultural residues considered (60.8 to 64.1%), higher than agro-industrial residues
(60.3 and 64.1% for sunflower seed husk and olive marc), higher than eucalyptus
residues (61.8%), and similar to olive stones (67.6%) and holm oak residues (66.4%).
The a-cellulose content of main fraction of olive tree prunings was higher than those
agricultural residues considered (37.2 to 38.4%), and higher than the residual fraction of
olive tree prunings (38.48%). The lignin contents were similar to those of cotton stalks
(18.3%), eucalyptus residues (17.9%), sunflower seed husk (17.3%), and olive stones
(19.1%); higher than those of wheat straw (14.5%), sunflower stalks (14.1%), olive marc
(13.3%), and holm oak residues (13.9%); and lower than those of vine shoots (21.6%).
Extractable contents were lower than those of the materials considered (13.4 to 17.9%),
except in the case of olive stones (12.2%) which was similar to the residual fraction from
olive tree prunings. The ash content was lower than those of most of the materials
considered (3.7 to 9.5%), and these values were similar to the percentages of olive stones,
holm oak, and eucalyptus residues (1.1 to 2.4%) (Jiménez and Gonzélez, 1991; Jiménez
et al. 1991). Lengths of fiber of the two fractions of the olive tree prunings as well as
other agricultural residues are presented in Table 2. As seen, the average length of the
fibers of the main fraction of the olive tree prunings was lower than those of wheat straw
and sunflower stalks, and greater than the vine shoots, which was higher than that
corresponding to the residual fraction of the olive tree prunings. As shown, the main
fraction had a similar fiber length to the hardwood, as Eucalyptus globulus (1.05 mm).

Table 2. Fiber Lengths of Several Agricultural Residues

Material L, mm | Lyax, MM | Lyin, mm | Asymmetry factors of the distribution curves:
Skewness Kurtosis
Main Olive T. 1.03 1.53 0.70 0.51 0.89
Residual Olive T. | 0.63 0.86 0.35 0.30 0.84
Wheat straw 1.18 2.60 0.60 0.99 1.02
Sunflower stalks 1.37 3.09 0.56 0.89 0.56
Vine shoots 0.80 1.09 0.56 0.31 0.66
L = Average length; Lmax = Maximum length; Lmin = Minimum length
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Energetic Characterization of the Olive Prunings

Heating values of the two factions of the olive prunings (Table 1) were of the
same magnitude as those found in the literature (Jiménez et al. 1991; Jiménez and
Gonzélez 1991; Gonzélez et al. 2011) for different lignocellulosic materials (wheat straw:
18088 kJ/kg, sunflower stalks: 16296 kJ/kg, vine shoots: 17941 kJ/kg, cotton stalks:
17857 kJ/kg, orange tree: 18626 kJ/kg, olive stones: 19967 kJ/kg, olive marc: 21055
kJ/kg, holm oak residues: 20565 kJ/kg, and eucalyptus residues: 20184 kJ/kg).

To determine the flame temperature during the combustion of a material, the
following need to be considered: a) The reagents (raw material and the necessary air), to
the reference temperature (298°C), react giving products of combustion. b) Products
sharply raise its temperature until reaching the final temperature (flame temperature) c)
Regarding the products of reaction and the incombustible material, the temperature will
increase until the flame temperature, depending on the heat generated in the combustion.
On the other hand, there are heat losses from the system, and the combustion usually
takes place with an excess of air. Taking these factors into consideration, an energy
balance on the basis of a kg of combustible material is as follows (Jiménez et al. 1991),

(HV = 52.6H)(1—p) =

f;;g[mcozfpcoz"' Mp20CPH20 T Ms02CPs02T My2CPN2F Mo2CPoz + Mycpy] dT =
f;)s[(5 5/6)(18.04 —447410°5T — 158.08 T )+ 5H (6.97 +34.64 10 *T —
4833107872 + 55/, (6.16 + 13844 107*T - 9.10107°T%) + [5 N/, , +
5(/g+ )0+ 5/16— 9/16)3762 (1 + E)] (6.53 + 14.88 10* T -22.71
107872) +5(C/+H/, 45/ — O/ 1) E (673 +15.05107* T —

17.91 1078 T2)]dT + 10 A 0.25 (T — 298)

where T is flame temperature (°C), HV is the heating values (kJ/kg), p is the heat loss
(parts per unit), mCO,, mH20, MSO2, mN2, mO, and mA are the mol/(kg combustible
material) of CO,, H,0, SO,, N,, Oy, and ash, respectively; cpCO,, cpH,0, cpSO,, cpNy,
cpO,, and cpA (Jiménez et al. 1991) are the molar specific heats of CO,, H,O vapor, SO,,
N2, Oy, and ash, respectively (J/°C.mol). E is the air excess in combustion (parts per unit),
and C, H, S, N, O, and A are the mass percentages of carbon, hydrogen, sulfur, nitrogen,
oxygen, and ashes of combustible material.

The values of flame temperature were found when this equation was solved,
which are presented in Table 3.
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Table 3. Flame Temperature (°C) as a Function of the Heat Losses and the
Excess Air Used in the Combustion from the Olive Tree Pruning

Material Heat losses, % Excess air in the combustion, %
10 20 30 40 50
10 2234 | 2122 | 2023 | 1934 | 1854
20 2040 | 1938 | 1849 | 1768 | 1696
Main fraction 30 1842 | 1752 | 1672 | 1600 | 1536
40 1641 | 1562 | 1492 | 1429 | 1373
50 1436 | 1368 | 1309 | 1255 | 1207
10 2013 | 1910 | 1818 | 1737 | 1664
20 1840 | 1747 | 1664 | 1591 | 1525
Residual fraction 30 1664 | 1581 | 1508 | 1442 | 1384
40 1485 | 1413 | 1349 | 1292 | 1240
50 1303 | 1241 | 1186 | 1138 | 1094

The high values of flame temperature demonstrated the possibility of using these
materials in the production of steam.

For the determination of the dew point, it is necessary to know the mole fraction
of water vapor in the flue gases to find the pressure of the water vapor (in mm of Hg), by
the following equation:

PUHZO = XHZO * 760

Tables of the water vapor pressure were used.

For a fuel whose percentages of carbon, hydrogen, sulfur, oxygen, and nitrogen,
being C, H, S, O, and N, respectively, burned with an excess of air E (parts per unit), the
mole fraction of vapor in the combustion gases (XH,O) is given by (Jiménez et al. 1991):

Xi20 =HI[0.793 (1 + E) C + (2.880 + 2.381 E) H + 0.292 (1 + E) S + 0.071 N — (0.235 +
0.298 E) O]

The calculated values of the dew point temperatures are presented in Table 4. As
noted, these values were low, thus avoiding condensation in chimneys and exhaust fumes,
as well as preventing corrosion that could result from condensation. Anyway, in the event
of such condensation, the phenomenon would not be very serious, given the small sulfur
content of the material considered. This is an additional advantage for which these fuels
can be regarded clean.

Finally, the air/fuel ratio (AFR, kg air/kg fuel) used in the combustion of the olive
tree prunings is given by Jiménez et al. (1991),

AFR=51+E) (C/g + H/y+S/ o — 0/ 4767 28.34%x 107
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where E, C, H, S, and O have the meaning as already indicated earlier.
Table 4 also presents the values of AFR for the olive tree prunings.

Table 4. Dew Point Temperature (°C) of the Flue Gases of Olive Prunings and
Air/Fuel Ratio Used in the Combustion, Depending on the Excess Air Used

Excess air used, Dew point temperature, °C Air/Fuel ratio use in combustion,
% kg/kg
Main Fraction Residual Fraction Main Fraction Residual Fraction

10 50.6 52.6 6.68 5.51
20 49.0 51.1 7.29 6.01
30 47.5 49.7 7.90 6.51
30 46.3 48.4 8.50 7.02
50 45.0 47.2 9.11 7.52

Table 5 compares the heating values, unit cost of the fuel (Requejo et al. 2012b),
and cost of the heat units obtained by combustion of the different fuels. As can be seen,
the units of energy obtained by combustion of olive tree prunings were cheaper than
those obtained from mineral coal and even much cheaper than those obtained from fossil
fuel fluids. Moreover, it should be pointed out that some of the advantages of the studied
lignocellulosic residues are their renewability, the release of very small amounts of sulfur
dioxide in combustion gases, and lower amounts of ash compared to the solid fossil fuel,
so they can be regarded as good competitors with fossil fuels.

Table 5. Comparison of Heating Values and Energy Costs Obtained by
Combustion of Various Fuels

Fuel Heating values, Cost of fuel, | Cost uniteof heat,
kJ/Kg € /1000 kg €/10° kJ
Olive pruning main 19110 60 3.14
Olive pruning residual 18700 60 3.20
Coal 25940 100 3.86
Heating oll 37670 800 21.24

Pulping

The main fraction of olive tree prunings is pulped with ethanol, as indicated in
Experimental. Table 7-1 presents the values of the dependent variables (pulp vyield,
contents of holocellulose, a-cellulose and lignin, and paper sheet properties — breaking
length, burst index, tear index, and brightness-) for three experiments, under the
conditions that are also specified in the table. As noted, the pulp yield and lignin content
decreased with an increase in values of operational variables (temperature, time, and
ethanol concentration), while the contents of holocellulose and a-cellulose increased.
With regard to the stretch properties of the paper sheets, the higher values correspond to
the pulp obtained under median values of the operation variables. This fact may be due to
a degradation of cellulose fibers caused by a high temperature (195 °C) sustained for a
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long time (120 min), as noted by other authors (Gilarranz et al. 1998). The brightness
decreased by increasing the values of the operation variables.

Tables 7-1 to 7-4 show results found by other authors for the pulping of olive tree
prunings through various processes. Comparing experimental results found for the
ethanol pulping, with those provided by Jiménez et al. (2001) (Table 7-1), it is apparent
that values were lower for the pulp yield and the content of a-cellulose and lignin, and
higher for the content of holocellulose. This fact can be explained by the different
operational procedure: in this work, the mixture of the olive tree prunings was performed
by heating with ethanol and water in a reactor at 17 °C/min, while in the data provided by
Jiménez et al. (2001), the heating rate was much lower (4 °C/min), which makes the
combined effect of temperature-time (severity factor) much greater and, therefore, the
delignification more intense.

Results found for the soda pulping (Table 7-1, Jiménez et al. 1999) showed that
for equal values of temperature and time, the yield and content of holocellulose were
lower than those found for the ethanol pulping, and a-cellulose, and lignin contents were
similar in both pulps (ethanol and soda), since the values of a-cellulose and lignin were
similar to the values for the ethanol pulping. This indicates a higher degradation of the
hemicelluloses in the soda pulping process. With regard to the values of the stretch
properties and the brightness, these values were smaller for the soda pulping, except in
the case of the tear index, which was higher in the soda pulping.

At the same values of temperature and time, the pulp yield in the kraft pulping
(Table 7-1, Jimenez et al. 2000a) was higher than in the ethanol pulping when those
values of active alkali, sulfidity, and liquid/solid ratio were low (5, 8, and 4,
respectively); but if the values of these three operational variables were increased, the
yields and lignin content were minor. The contents of holocellulose and a-cellulose of the
ethanol pulp were greater than the corresponding kraft pulp obtained with identical values
of temperature and time and low values of active alkali, sulfidity, and liquid/solid ratio.
But if the values of these last three variables of operation increased, the values of the
holocellulose and a-cellulose content surpassed those obtained with the ethanol process.
The breaking length and burst index values were lower in the case of the ethanol process,
but the brightness was greater. If refining is carried out in the kraft pulp (Lépez et al.
2000), the values of the stretch properties of the paper sheets will increase significantly,
as stated in Table 7-2.

Concerning sulfite pulping (Table 7-2, Jimenez et al. 2000b), similar conclusions
to those for kraft pulping were reached. With respect to the ethanol pulping: lignin and
pulp yield were lower and the holocellulose and a-cellulose were higher for the ethanol
pulp compared to values for sulfite pulp; both pulps were obtained with identical values
of temperature and time, low value of liquid/solid ratio and low concentrations of sulfite
and anthraquinone, respectively. But when values of sulfite and anthraquinone concentra-
tions, as well as the liquid/solid ratio were increased, the opposite occurred. Regarding
the properties of paper sheets, it was observed that the values were higher when pulp was
obtained with sulfite to high concentration and with high values of the concentration of
anthraquinone and liquid/solid ratio.
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Table 7-1. Characterization of Pulps and Paper Sheets Corresponding to Olive Tree Prunings Obtained by
Various Pulping Processes

Process pulping Operational Conditions Yield, | Holocellulose, | a-cellulose, | Lignin, Breaking Burst Tearzl., Brightness,
% % % % Length, m | I, kN/g | mNm‘/g %
Ethanol 175 °C, 40 min, 60% ethanol 59.33 75.12 55.10 23.01 673 0.33 1.78 48.53
185 °C , 80 min, 70% ethanol 46.30 77.17 62.49 21.73 1168 0.44 2.25 43.66
195 °C, 120 min, 80% ethanol 44.02 79.47 64.35 19.66 739 0.30 1.58 42.63
*The experimental values are the average of three determinations, whose deviations with respect to the mean value are under of 5%
Ethanol (Jiménez 175°C, 40 m!n, 60% ethanol 48.58 85.67 41.60 10.63
etal.,, 2001) 185°C, 80 min, 70% ethanol 40.76 89.92 47.69 8.49
' 195 °C, 120 min, 80% ethanol 32.38 94.82 49.14 6.34
Soda (Jiménez | 175 °C, 40 min, 6% soda 48.56 71.38 55.89 23.59 463 0.25 2.04 17.92
etal., 1999) 193 °C, 75 min, 10% soda 37.90 79.70 65.90 18.20 803 0.26 2.17 16.20
185 °C 80 min 5% active alkali,
8% sulfidity, 4 liquid/solid ratio 48.19 73.16 59.50 24.83 1163 0.49 19.24
Kraft (Jiménez et | 185 °C, 80 min, 10% active alkali
al, 2000a) | 16% sulfidity, 6 liquid/solid ratio | 2t 82.68 68.34 19.20 1982 0.82 18.87
185 °C, 80 min, 15% active alkali
24% sulfidity, 8 liquid/solid ratio 37.61 89.34 79.99 8.91 2927 1.65 28.87
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Table 7-2. Continuation

Burst

Process , o 11 o, | Holocellulose, | a-cellulose, RN Breaking Tearl., | Brightness,
pulping Operational Conditions Yield, % % % Lignin, % Length, m k’I\.l,/g mNm?g %
165 °C, 60 min,7.5% active
Kraft (Lépez | alkali, 16% sulfidity, 6 liquid/solid
et al., 2000) | ratio, 3500 number of PFI 2589 1.38 3.97
beating revolution
(o] i 0, i 0,
185 °C, 80 min, 5% sulfite, 0% | ¢ 57 76.79 62.00 22.10 024 | 278 33.81
antraquinone, 4 liquid/solid ratio
Sulfite 185 °C, 80 min, 12.55% sulfite,
Ny 0.05% antraquinone, 6 41.82 82.20 66.35 12.84 0.27 1.42 41.79
(Jiménez et liauid/solid rati
al., 2000b) iquid/soli ra_tlo '
' 185 °C, 80 min, 20% sulfite,
0.1% antraquinone, 8 liquid/solid 42.49 87.61 70.69 10.78 0.63 2.78 52.45

ratio
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Table 7-3. Continuation

Process pulping

Operational Conditions

Yield, %

Holocellulose, %

a-cellulose,
%

Lignin, %

Breaking
Length, m

Burst
I., KN/g

Tear I.,
mNm*/g

Ethanolamine (Jiménez
et al., 2004a and 2008)

175 °C, 40 min, 5%
ethanolamine, 2.5% soda, 4
liquid/solid ratio

45.09

73.49

53.91

23.54

596

0.88

0.54

175 °C, 40 min, 10%
ethanolamine, 5% soda, 5
liquid/solid ratio

45.09

73.79

56.71

22.54

586

1.25

0.60

175 °C, 40 min, 15%
ethanolamine, 7.5% soda, 6
liquid/solid ratio

42.29

82.29

62.11

15.63

403

1.12

0.49

185 °C, 80 min, 5%
ethanolamine, 2.5% soda, 4
liquid/solid ratio

44.23

75.14

55.89

23.61

434

0.78

0.44

185 °C, 80 min, 10%
ethanolamine, 5% soda, 5
liquid/solid ratio

44.23

75.44

58.69

21.61

468

1.03

0.46

185 °C, 80 min, 15%
ethanolamine, 7.5% soda, 6
liquid/solid ratio

41.43

83.94

64.09

13.82

329

0.78

0.33
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. . " . _— Breaking Tear |.
0, 0, - 0 0, !
Process pulping Operational Conditions Yield, % | Holocellulose, % | a-cellulose, % | Lignin, % Length, m mNm?g
175 °C, 40 min, 5% ethylene
glycol, 2.5% soda, 4 liquid/solid 55.81 75.92 54.14 22.68 436 0.28
ratio
175 °C, 40 min, 10% ethylene
glycol, 5% soda, 5 liquid/solid ratio 52.11 75.06 54.64 23.78 449 0.65
175 °C, 40 min, 15% ethylene
0 o :
Ethylene Glycol (Jiménez gr;;)t/i%ol, 7.5% soda, 6 liquid/solid 48.42 74.19 57.34 19.08 526 1.07
et al., 2004b and 2004c) 185 °C, 80 min, 5% ethylene
glycol, 2.5% soda, 4 liquid/solid 57.41 73.72 56.86 23.54 451 0.37
ratio
185 °C, 80 min, 10% ethylene
glycol. 5% soda. 5 liquid/solid ratio 52.11 75.59 57.36 24.64 503 0.72
185 °C, 80 min, 15% ethylene
glycol, 7.5% soda, 6 liquid/solid 46.81 77.45 60.06 19.94 619 1.10
ratio
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For low values of temperature and time (175 °C and 40 min) and for high values
(185 °C and 80 min), the pulp yields were higher for the ethanol pulp, relative to the
ethanolamine-soda pulp (Table 7-3, Jimenez et al. 2004a). The content of holocellulose,
a-cellulose, and lignin for ethanol pulp were intermediate to the ethanolamine-soda pulp,
under different conditions of concentrations of soda and ethanolamine and liquid/solid
ratio. With regard to the properties of the paper sheets, the breaking length and tear index
were always higher for the ethanol pulp, while burst index was always less (Jimenez et al.
2008).

Finally, by comparing the obtained results in this work with those for ethylene
glycol-soda (Table 7-4, Jiménez et al. 2004c), it can be observed that the pulp yield was
higher in the ethanol pulp when the temperature and time were low (175 °C and 40 min).
But if the values of these operational variables were increased (185 °C and 80 min), the
yield of ethanol pulp was lower. The contents of holocellulose, a-cellulose, and lignin
from the ethanol pulp were checked and had intermediate values between those
corresponding to low and high values of the concentrations of ethylene glycol and soda
and liquid/solid ratio in the ethylene glycol-soda pulping; but when the values of
temperature and time were increased, the values of holocellulose, a-cellulose, and lignin
content from ethanol pulp decreased relative to the ethylene glycol-soda pulp. On the
other hand, the values of the breaking length and tear index always were higher for the
ethanol pulp (Jimenez et al. 2004b).

In summary, it can be concluded that the obtained ethanol pulp at a temperature of
185 °C and 80 minutes provided a greater value of the pulp yield than the pulps obtained
through other procedures that operate with low or average concentrations of reagents,
except in the case of the pulp obtained with the ethylene glycol-soda process. A similar
conclusion can be considered for the holocellulose and a-cellulose, which had higher
values than those obtained through different processes considered, operating with low or
average concentrations of reagents; the opposite happened with the content of lignin,
which was lower. Concerning the properties of the paper sheets of ethanol pulp, the value
of the breaking length was exceeded only by the kraft pulp by the corresponding to the
kraft pulp, the value of burst index was only surpassed by the ethanolamine-soda pulp,
and brightness only surpassed by the value of the sulfite pulp obtained under high
concentrations of reagents; the higher tear index value corresponded to the ethanol pulp.

Bioethanol Production

An alternative to the use of olive tree prunings for paper pulp production is the
use of the pulp for bioethanol production. This was obtained by subjecting the pulp to the
process of simultaneous hydrolysis and fermentation. The hydrolysis can be carried out
with commercial enzymes and fermentation with Saccharomyces cerevisiae (Requejo et
al. 2012).

To facilitate the enzymatic hydrolysis of cellulose of pulp, it is desirable to
remove the hemicelluloses before the pulping through a hydrothermal treatment. In this
way, the solid from hydrothermal treatment is enriched in a-cellulose, thus providing its
transformation to bioethanol by simultaneous hydrolysis and fermentation.

Operating as indicated in the Experimental part, the concentration of bioethanol
will grow over time to remain constant when the moment is approximately 72 hours. The
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maximum value entered for the concentration of bioethanol (Bmax) was 28.0 ¢
bioethanol/L (Requejo et al. 2012a). This result is comparable with the literature reported
for bioethanol production from this feedstock and is close to the threshold reported for
economic feasibility (Zhang and Lynd 2010).

The bioethanol conversion (defined as “g bioethanol/100 g potential bioethanol”)
is a key parameter to assess the efficiency of a given process. The bioethanol conversion
(BC) can be calculated as a function of Byax using the equation,

Bmax

BC X 100

—CE _ 92

100 * 162 X T

S +1+Li/100

where Bnax IS the maximum bioethanol concentration achieved in the experiment, CE is
the a-cellulose content of pulp (60.9 g cellulose/100 g oven-dry pulp), 92/162 is the
stoichiometric factor for bioethanol production from cellulose (g bioethanol/g cellulose),
p is the density of liquors (average value, 1005 g/L), L/S is the liquid-to-solid ratio (fixed
at 8 g/g), and Li is the lignin content of pulp (29.2 g lignin/100 g oven-dry HPS). The
bioethanol conversion calculated was 70.1 g bioethanol/100 g potential bioethanol.

This result compared well with the literature and confirmed the efficiency of the
scheme hydrothermal-organosolv pulping for the development of second generation
bioethanol biorefineries (Garrote et al. 2008; Zhang and Lynd 2010).

CONCLUSIONS

The total use of olive tree prunings can be carried out with separation of the
material into two fractions: a main fraction (trunks and stems with diameter > 1 cm) and
another residual (leaves and stems with diameter 1 < cm).

Pulp can be obtained from the main fraction, which can be used for paper or
bioethanol production. Pulping with ethanol to 60%, to 185 °C for 80 min obtains a pulp
with a yield of 46.30% and the contents of holocellulose, a-cellulose, and lignin of
77.17%, 62.49%, and 21.73%, respectively. The paper sheets obtained had a breaking
length of 1168 m, a burst index of the 0.44 kNg, a tear index of 2.25 tear mNm?g, and a
brightness of 43.66%. On the other hand the main fraction may be subjected to a
hydrothermal treatment and to a pulping with ethanol, and the obtained pulp being
subject to a simultaneous hydrolysis and fermentation process to obtain bioethanol with a
conversion of the 70 g bioethanol/100 g potential of bioethanol.

The residual fraction can be used as fuel, with a heating value of 18700 kJ/kg, a
flame temperature of 1094 to 2013 °C and a dew point temperature of combustion gases
of 47 to 53°C.
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