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ABSTRACT

Agricultural crop residues (palm oil empty fruit bunches—EFB) were used as raw material for cellulose,
lignin and hemicelluloses obtaining following sustainable criteria. An organosolv pulping process based
on ethylene glycol-water mixtures, which allowed an easy recycling of solvents as well as the recovery
of generated by-products, was used to induce delignification. Computer simulations using commercial
software (Aspen Plus) were made on the whole process in order to design the solvents recovery stages and
optimise the operation conditions. Laboratory experiments were carried out with the aim of characterizing
raw material, black liquors and released by-products. Considerable high proportion of recycled solvents
(91 wt% ethylene glycol and 88 wt% water) was reached with the proposed scheme. This resulted in 70
and 80 wt% reduction of fresh solvent input for ethylene glycol and water respectively, thus reducing the
environmental impact of the process. EFB organosolv pulp could be considered an acceptable alternative
for producing certain paper qualities with moderate strength requirements while allowing an agricultural

residue from a major economic activity (viz. oil palm production) to be exploited.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The early years of the 21st century are experiencing a con-
siderable increase in public and government concern about the
environmental impact of industrial activities. Policies for the con-
servation of natural resources are becoming more and more
restrictive as also environmental legislation is hardening the con-
trol of emissions and effluents from the mills [1].

Pulp/paper industry traditional processes may no longer ful-
fil current environmental demands and competitiveness. Implied
energy intense and high water demanding operations have a deep
impact on environmental concerns and also represent a consid-
erable operational cost [2]. Effective management of wastewaters
is imperative as well [3,4] in order to remove the great quantity
of pollutants released during the process (suspended solids, heavy
metals, alkali and alkaline earth metals, phenols, cyanide, sulfides,
etc.).

The development of organosolv pulping processes allowed over-
coming some of the aforementioned drawbacks by using mixtures
of water and organic solvents as delignifying agents, which could
be recovered by distillation after the pulping process. Moreover,
as the whole process was sulfur-free, it was possible to recover
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by-products from the black liquors easily in a biorefinery sense.
Several authors have reported in their studies the pulping effec-
tiveness of different organic solvents such as alcohols, glycols, acids,
esters and others, in terms of process yield, pulp quality and opti-
mum operating conditions [5-8]. The great majority of these works
sustained the possibility of using these environmentally friendly
pulping processes for papermaking.

Furthermore, forest preservation is becoming compulsory for
developed countries all around the world and new solutions for
reducing CO, emissions and deforestation rate are needed. At this
point, renewable lignocellulosic feedstock, such as agricultural crop
residues, constitutes a suitable option as raw material for pulp and
cellulose-fiber based products [9-11]. Apart from alleviating the
shortage of natural resources, they already represent the only alter-
native in deficient forest resources areas and contribute to diminish
agriculture residues accumulation [12].

Palm oil (Elaeis guineensis) empty fruit bunches (EFB), a ligno-
cellulosic residue generated during oil extraction process, was used
as raw material for cellulose, lignin and hemicelluloses production.
Huge quantities of these residues are generated and largely unuti-
lized [13]. Only in Malaysia about 15 million tons per year of EFB
are obtained and subsequently burned, creating considerable pol-
lution and economical problems [14]. Several studies support the
possibility of using EFB as raw material in variety of applications,
including power generation [15,16], composites formulation [17,18]
and papermaking [13,19-25]. In the latter case, EFB kraft [13,19],
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soda[20,21], potassium hydroxide [22] and organosolv pulping pro-
cesses have been successfully applied providing good quality pulps.
Among organosolv studies, different organic solvents have been
used; Sun and Tomkinson [23] cited an ethanol-water process with
HCl as catalyst [24], and glycols-water and amines—water mixtures
were reported as well [25].

The complex structure of lignin, with a great variety of functional
groups and over 10 different types of linkages, depends strongly on
the original source and extraction method used [26].

As previously reported elsewhere [27], lignins obtained from
sulphite, kraft or organosolv processes present different physico-
chemical characteristics. Organosolv methods give rise to low
molecular weight (LMW) lignins that are soluble in most com-
mon solvents [28]. Their structure presents relatively high amount
of phenolic hydroxyl groups and oxidized groups (e.g. Hibbert
ketones) that favour their incorporation into polymer formula-
tions and their chemical modification [29]. Hardwood Alcell lignins,
extracted through acidic ethanolysis, have been successfully trans-
formed into filament form suitable for carbon fibres without any
chemical modification [30] and Alcell lignin/poly(vinyl chloride)
composites have been reported to present higher mechanical
properties than kraft or sodium lignosulfonate-based materials
[31].

Within their ability to undergo chemical modification, organo-
solv lignins have been found to be an appropriate raw material for
producing LMW compounds [32] like vanillin, widely used in cos-
metics, simple and hydroxylated aromatics, quinones, aldehydes,
aliphatic acids and many others, for which the economic feasibility
is being studied [33].

Furthermore, oligomers and monomers hydrolysed from the
hemicelluloses as well as the degraded hemicellulosic polymers
could be used as a variety of chemicals for industry [34].

In this work, a complete approach for pulp and paper sus-
tainable production based on EFB and ethylene glycol-water
organosolv process was developed, in which special focus was put
on by-products recovery (lignin and hemicelluloses) and solvents
recycling (ethylene glycol and water). Computer simulation with
Aspen Plus 12.1 [35] was used to define optimal conditions for
valuable chemicals (lignin, hemicelluloses, acetic acid and furfural)
obtaining and solvents recovery from spent liquors. Finally, the
characterization of isolated by-products, obtained pulp and paper
was carried out.

2. Experimental
2.1. EFB characterization

Characterization of original EFB fibres was done according to
standard methods. Moisture content (6.6 wt%) was determined
after drying the samples at 105+3°C for 24 h (TAPPI T264 cm-
97). Chemical composition, given on an oven dry weight basis, was
the following: 2.3 £0.7% ash (TAPPI T211 om-93), 15+ 0.8% aque-
ous NaOH soluble matter (TAPPI T212 om-98), 3.8 + 0.6% hot water
soluble matter (TAPPI 207 om-93), 2.1+0.4% ethanol-benzene
extractives (TAPPI T204 cm-97), 24+0.6% lignin (TAPPI T222
om-98), 60+ 1.7% holocellulose [36] and 37 +1.2% a-cellulose
[37].

2.2. Pulping equipment

Organosolv pulping process was carried out at Cérdoba Uni-
versity (UCO), Spain, in a 15L batch cylindrical reactor with
temperature and pressure control. Contents were stirred by rotat-
ing the reaction vessel via a motor connected through a rotary axle

to the control unit. Experimental conditions used were defined as
follows: ethylene glycol-water (80/20 w/w) mixture was used as
delignifying medium; the experiment was carried out at 180 °C for
150 min, and the liquid/solid ratio was set at 7:1. After cooking, the
pulp was washed, separated from uncooked material by screening
through a sieve of 1 mm mesh and defibred in a Sprout-Waldron
refiner. Black liquors were also collected for subsequent analy-
ses.

Obtained results of pulp and hand sheets were compared
with those resulting from traditional soda pulping process (NaOH
15 wt%, 180 °C, 90 min and liquid/solid ratio of 6:1).

2.3. Black liquors characterization

The composition of obtained black liquors was determined using
several laboratory techniques. In order to determine lignin con-
tent, a precipitation process in which black liquors were diluted
in 1.5 volumes of water and later acidified to pH 2 with 1M HCl
[38] was carried out. Precipitated lignin was allowed to settle over
a 24-h period, centrifuged at 3500 rpm for 12 min, washed with
water twice to remove sugar and other impurities and finally dried
in a vacuum oven at 65 °C and —60 cm Hg. Lignin concentration was
then calculated gravimetrically, and the isolated lignin sample was
stored for subsequent analysis.

After lignin separation, elemental sugars composition of hemi-
celluloses was quantitatively determined from the supernatant
solutions using a Transgenomic CARBOSep CHO682 HPLC column.
Before sampling the filtrates were centrifuged once more, in order
to avoid interferences of lignin in the chromatograms, and taken to
pH 9 with aqueous NaOH to meet column specifications. Experi-
mental conditions included HPLC grade water as the mobile phase,
0.4mL/min flow, oven temperature 60°C and injection volume
20 L.

In another set of experiments, acetic acid and furfural content
were obtained from the lignin-free black liquors samples. The for-
mer was determined by titration with 0.1N NaOH until the titration
end point [39] while the latter was examined by UV spectroscopy
by measuring the absorbance at 510 nm [39].

2.4. By-products characterization

Hemicelluloses were extracted from a lignin-free black liquor
sample by precipitation in 3 volumes of 95% ethanol at pH 6 [40],
with the objective of completing their chemical characterization
by Fourier transform infrared spectroscopy (FTIR). Lignin, obtained
in previous experiments, was also subjected to FTIR analysis. Mea-
surements were performed in a PerkinElmer 16PC instrument by
direct transmittance using KBr pellet technique. Each spectrum was
recorded over 20 scans, in the range from 4000 to 500cm~! with a
resolution of 4 cm~1. KBr was previously oven-dried to avoid inter-
ferences due to the presence of water, and background spectra were
collected before every sampling.

Gel permeation chromatography (GPC) was used to determine
lignin molecular weight (MW) and molecular weight distribution
(MWD). Lignin samples were subjected to acetylation in order to
enhance their solubility in THF, used in this technique as mobile
phase. This reaction, which causes the substitution of hydroxyl
functions by acetyl groups, was carried out by placing lignin in an
acetyl anhydride/acetyl acid mixture (1:1 w/w) containing sodium
acetate as a catalyst (0.5 equivalents per mole of acetyl anhy-
dride). The final lignin concentration in the reactive mixture was
20wt% [41], and the components were allowed to react for 48 h
at room temperature and then 1h under reflux. Resulting prod-
uct, obtained by precipitation in 1wt% HCl ice-cold water, was
filtered, washed with distilled water and dried. Acetylated lignin
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sample was examined through THF-eluted GPC technique, using
a PerkinElmer instrument equipped with an interface (PE Series
900). Three Waters Styragel columns (HR 1, HR 2 and HR 3) rang-
ing from 100 to 5 x 10° and a refractive index detector (Series 200)
were employed, with a flow rate of 1 mL/min. Calibration was made
using polystyrene standards.

Glass transition temperature (Tg) of lignin was determined using
a Mettler DSC20 differential scanning calorimeter linked to a TC
15 TA processor and medium pressure pans. The scan was run at
10°C/min under a nitrogen flow rate of 10 mL/min. Before being
tested, the sample was extensively dried at 60 °C under vacuum for
24 hin order to eliminate the presence of water. Ty was defined as
the mid point of the temperature range at which the change in heat
capacity occurs. Finally, the thermal stability of lignin was stud-
ied in terms of thermogravimetric analysis (TGA). A dynamic scan
from 30 to 800 °C at 10 °C/min was done under helium atmosphere
employing a TGA-92 thermobalance from Setaram.

2.5. Pulp and paper characterization

Chemical composition of the pulp obtained after organosolv
treatment was determined following the same standards used
before for original EFB fibres. Furthermore, the following pulp anal-
yses were carried out at Cérdoba University (UCO), Spain: pulp yield
(gravimetrically), kappa number, viscosity and drainage index (in a
Shopper-Riegler apparatus) in accordance with the respective UNE
standards (57-034, 57-039 and 57-025). Hand sheets were obtained
by using an Enjo-F39.71 sheet former and characterized in terms of
breaking length, stretch, burst index and tear index in accordance
with the respective UNE standards (57-054, 57-028, 57-058 and
57-033).

3. Results
3.1. Black liquor characterization

Black liquors chemical composition is summarized in Table 1.

Black liquor at digester exit presented pH and density values
of 5.8 and 0.945 g/cm3 respectively. Neutral pH liquors opposite to
the alkaline ones obtained by traditional soda process favour the
subsequent treatment of black liquors in order to recover process
by-products. Ash content (11.5 g/L of black liquor, 1.2%) was con-
siderable lower than reported concentrations found in EFB soda
black liquors (2.3-8.2%) [42]. This characteristic allows a better
use of black liquors either for by-products separation or for energy
recovery by burning process.

Table 1
Black liquor composition (g/L of black liquor)
Component g/L
Ethylene glycol 717
Water 180
Furfural 1.07
Acetic acid 2.20
Ash 11.5
Lignin 25.1
Sugars
Xylose 3.20
Glucose 2.72
Galactose 1.89
Arabinose 0.083
Mannose 0.40
Total 8.29

3.2. By-products characterization

3.2.1. Chemical structure

3.2.1.1. Lignin. FTIR absorption spectra of lignin isolated from
the black liquor were recorded in the 400-4000cm~! region
(Fig. 1a). A magnification of 500-2000cm~! region is presented
in Fig. 1b. In lignin spectrum the following structures were iden-
tified: aromatic phenylpropane skeleton vibrations (1600, 1515
and 1425cm™1), aromatic and aliphatic hydroxyl groups (3400,
1030 cm~'), C-H aliphatic bonds (2925, 2850 and 1460 cm~1), aro-
matic methyl group vibrations (1450 cm~') and ether bridges (1220
and 1080 cm~1). Phenolic hydroxyl groups (1365 cm~') and non-
conjugated carbonyl groups (1715cm~1) are consequence of the
acid hydrolysis of lignin provoked by the acetic acid released from
the hemicelluloses of the raw material. In addition to these gen-
eral bands, the spectrum also showed other signals that may be
attributed to syringyl (S) and guaiacyl (G) groups: syringyl ring
breathing with C-0 stretching (1330 cm~1), syringyl-type aromatic
C-H in plane deformations (1118 cm~1), syringyl and guaiacyl ring
breathing with C-O stretching (1218 cm~!) and guaiacyl (1265,
1125, 855 and 810cm™!) units, both characteristic components of
lignin. Results were in good agreement with reported data in pre-
vious studies [27] where different guaiacyl/syringyl proportions
were assigned to non-wood lignins. Some authors [27,43,44] have
reported that a high intensity of 1220cm~! band is related to the
presence of C=0 groups that are formed after lignin oxidation.
The presence in lignin spectrum of a sharp signal at 1650cm™1,
which can be attributed to the oxidation of aromatic rings into
quinonic structures, would support the idea that organosolv treat-
ment causes a certain oxidative degradation of lignin.

3.2.1.2. Hemicelluloses. FTIR spectra of hemicelluloses was
recorded in the 400-4000cm~! region (Fig. 2a), showing gen-
eral bands: 3400cm~! (characteristic of OH group), 2920 and
1470cm~! (C-H stretching of methyl or methylene groups).
Absorption at 1740cm~! was attributed to the acetyl and uronic
ester groups of the hemicellulosic residue as was previously
reported during the fractionation of polysaccharides extracted
from EFB fibres [40]. Absorption at 1640 cm~! was associated with
the carboxylic C=0 stretching of glucuronic acids [45]. A specific
band maximum in 1200-1000cm~"! region was related with ring
vibrations overlapped with stretching vibrations of (C-OH) side
groups and the (C-0-C) glycosidic bond vibration, typical of xylans
[40]. A magnification of 900-1500cm~! region of the spectra is
presented in Fig. 2b. This region, which is not perturbed by water,
is one of the richest in structural information as it arises from
the symmetrical deformations of CH, groups as well as from C-0O
stretching bands [45]. Bands at 1470, 1420, 1380, 1255, 1160, 1080
and 1046 cm~! are indicative of hemicelluloses [40,46]. The sharp
band at 897 cm~! is characteristic of B-glycosidic linkages between
the monosaccharide units, indicating (3-linked hemicelluloses [47].

3.2.2. Lignin molecular weight

MWD of acetylated lignin sample was analysed through THF-
eluted GPC. Fig. 3 shows the GPC chromatogram of EFB lignin.
Weight-average MW (M,,) was found to be 3.2 x 103 g/mol,
number-average MW (M) 1.7 x 103 g/mol and polydispersity
(Mw/[Mp,) presented a value of 1.80.

Lignin chromatogram presented a bimodal curve, showing that
two main lignin fractions present in different amounts and with
different MW were coexisting. This shape has been previously
reported for other organosolv lignin samples, differing from kraft
and soda-anthraquinone lignin chromatograms which usually pre-
sented normal curves with only a small fraction of LMW oligomers
[48,49].
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Fig. 2. FT-IR spectra of EFB hemicelluloses (a: wave number: 400-4000 cm~" and b: magnification of 900-1500 cm™! region).

EFB lignin M,y value (3.2 x 103) was relatively low compared
to those reported for kraft and soda lignins [27]. It was also
in good concordance with other M,,, M, and M,/M,, values
reported for organosolv lignins [27,28,30,49,50], particularly with
those characterizing agricultural residues, such as wheat straw,
were My, values ranging from 3960 to 4340g/mol were found
[51].
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Fig. 3. GPC chromatogram of EFB acetylated lignin sample, showing the M, of the
different fractions.

Lignin MW is closely related to the number of C-C bonds, espe-
cially those involving C5 of the aromatic ring, that are linking
phenylpropanic units in its structure [52]. Guaiacyl-type units are
capable of forming this kind of bonds, but this is not possible in
syringyl-type units as they have both C3 and C5 positions substi-
tuted by methoxy groups. As these C-Cbonds are not cleaved during
the pulping of wood due to their higher stability, lignins mostly
composed by guaiacyl units are expected to show higher MW than
those presenting high contents of syringyl units [27,41]. As it was
previously shown by FTIR, both groups are present in the composi-
tion of the studied lignin but a low MW suggests higher proportion
of syringyl units.

The relatively low polydispersity found indicated the high frac-
tion of LMW presentin lignin samples. Lignins with high fractions of
LMW molecules have been reported to be adequate as an extender
or as a component of phenol-formaldehyde resins because of their
high reactivity, in comparison with lignins with high percentages
of high molecular weight (HMW) molecules [48,49,53,54].

Organosolv lignins could also be used for improving the prop-
erties of the viscous media used for offset inks and paints, in terms
of tack and misting reduction [28], as well as for favouring blend
capability in polymer formulations [30].

3.2.3. Thermal behaviour

3.2.3.1. Differential scanning calorimetry. Glass transition tempera-
ture (Tg) was determined by DSC scans after extensively drying the
sample (60°C, 24 h, vacuum-oven dried) in order to release all the
moisture content.
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Fig. 4. DTG and TG curves of EFB lignin sample obtained from TGA analysis.

Studied lignin presented good thermal processability, as
expected of organosolv lignins, which usually have low inor-
ganic matter contents <0.1%, allowing thermal mobility of lignin
molecules. On the contrary, in kraft lignins the presence of ash
is significant and inorganic portions must be removed to enable
satisfactory thermal processing [29,30].

Lignin T was 135°C, which was slightly higher than
those reported of organosolv underivatized lignin preparations:
ethanol-water wild tamarind: 100°C [27]; Alcell: mixed hard-
woods: 97 °C, wheat straw: 106-122 °C, reed: 97 °C, kenaf: 66-70°C
[26], hardwood: 97 °C [31]. Higher T values were found for kraft
and soda lignins: kraft-pine: 144°C [27], kraft-softwood: 141°C
[31]; soda wheat straw: 160-185°C [26].

3.2.3.2. Thermogravimetric analysis. Thermal decomposition of EFB
organosolv lignin was determined by thermogravimetric analysis
(TGA) under helium atmosphere. DTG (rate of weight loss) and TG
(weight loss of substances in relation to the temperature of thermal
degradation) curves are presented in Fig. 4.

The losses of weight are firstly originated by water, carbon
monoxide, carbon dioxide and other pyrolysis products evapora-
tion [55]. The thermogravimetric curve exhibited that weigh loss
begins at 135 °C, occurring the most extensive mass loss (30-40% of
the original sample) in the temperature range 275-450 °C. DTGmax
appeared at 408 °C. Degradation of the complex structure of lignin
in this temperature region involved fragmentation of inter-unit
linkages between phenolic hydroxyl, carbonyl groups and ben-
zylic hydroxyl, releasing monomeric phenols into the vapour phase
[50,55].

Above 450°C the sample exhibited a gradual mass loss up to
800°C, related with the decomposition or condensation reactions
of aromaticrings[55] resultingin an overall loss of 45-60%. Remain-
ing unvolatilized fraction (56%) was associated with the formation
of highly condensed aromatic structures.

Lignin thermogram was in accordance with other works in the
literature [27,41,50,51,55].

3.3. Pulp and paper characterization

Table 2 shows the mean value and the standard deviation
obtained from three replicate analyses of each parameter for both
ethylene glycol and soda pulping processes.

Ethylene glycol pulp chemical characterization showed
medium-high percentages of holocellulose, «-cellulose and
lignin, high ethanol-benzene extractives and low ash content,
which converted it, a priori, in a suitable pulp for paper making.

Values were in the range of organosolv non-woody pulps [56-59]
as can be seen in Table 3, where chemical composition of different
non-woody pulps was included with the aim of comparison.
Results obtained for soda pulping process revealed the stronger
effect of the traditional pulping process on the fibres, as can be
inferred from the higher holocellulose and a-cellulose percentages
and lower lignin content. Higher ash content was found as well in
soda pulps, which is not desirable.

Pulp and hand sheets characteristics included in Table 2 revealed
the following.

Yield: EFB ethylene glycol pulping process presented medium
yield value (52%) similar to other results previously reported for
ethylene glycol pulping of agricultural residues (cotton stalks and
vine shoots [25,57] and alternative raw materials (leucaena [60] and
tagasaste: C. proliferus [25,59,60]). These references were included
in Table 4 with the aim of comparison. Traditional soda process
(Table 2) provided lower yield (39%) typical of stronger pulping
conditions.

Drainage index for ethylene glycol EFB pulp (10 °SR) was lower
than those for ethylene glycol pulp from leucaena [60], tagasaste
[25,60], vine shoots [25,57] and cotton stalks [25] but similar to EFB
ethanolamine pulps (14-17 °SR) [25], EFB diethylene glycol pulps
(9-10 °SR) [25], EFB diethanolamine pulps (12 °SR) [25] and EFB
soda pulp (13 °SR) (Table 2). Similar values were reported as well
for wheat straw ethanol-acetone pulp [61]. It can be concluded,
thus, that this parameter do not depend on the pulping type and it
is much more related with the raw material, EFB in this case, which
does not provide high swelling capacity and water absorption.

Kappa number (77.9) obtained for EFB ethyleneglycol pulp was
lower than leucaena [60], vine shoots and cotton stalks [25], ethy-
lene glycol pulps (120, 149, 148 respectively) and slightly higher
than tagasaste ethylene glycol pulp (68.1) [25]. The obtained value
is typical of organosolv processes which usually provide pulps with
higher kappa number than soda or kraft processes, as corroborates
the kappa number of EFB soda pulp (21.8) (Table 2). Neverthe-
less, high kappa numbers in organosolv pulps do not necessarily
mean poor bleaching capability as several studies corroborates
where organosolv pulps with higher kappa numbers were easier
to bleach than kraft or soda pulps, leading to higher brightness in
pulps [62,63]. The high Kappa number of organosolv pulps has been
related with the precipitation of the dissolved lignin onto the fibres
in the pulping and washing processes and, since organosolv lignin
presents lower molecular weight and less cross-linked structures
than kraft and soda pulps lignin, it is easier to bleach [63].

Viscosity of analysed pulp (533 mL/g) might be considered a typ-
ical medium-high value for an agricultural waste organosolv pulp,
as other studies corroborates [25] and slightly lower than obtained
result for soda process (610 mL/g), as expected.

Breaking length (1172 m) and stretch (1.18) of ethylene glycol
pulp were low, in the range of unrefined pulp from non-wood mate-
rials [25,57,60]. These parameters were slightly better for the soda
process (Table 2). Nevertheless, both breaking length and stretch
have been reported to improve with the degree of refining [22,64].
The strength of paper sheets is higher if the pulp has been well-
beaten previously as it provokes the straightening-out of both the
long-and-short range crimps and curls that are created in fibres
during pulping, pressing, and drying of the pulp [22,64]. Removal
of these crimps and kinks in the fibres greatly improves the stress
distribution in the sheet.

Finally, the strength-related properties (burst and tear indexes)
of ethylene glycol pulp (0.48kN/g and 0.17mNm?2/g respec-
tively) were typical of non-wood materials organosolv pulps,
slightly lower than soda process pulp properties (0.84 kN/g and
0.21 mN m?/g respectively) and considerably lower than conven-
tional wooden pulps, as expected. Tearing resistance is a function
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Table 2

Characterization of unbleached pulp samples and hand sheets made from them for EFB ethylene glycol and soda processes

Pulp chemical composition (wt%)

Pulp and hand sheet characterization

Ethylene glycol Soda Ethylene glycol Soda
Moisture 71 £0.5 6.9 (0.2) Yield (%) 52 39
Ash 1.8 + 0.03 3.8 (0.06) Drainage index (°SR) 10 13
Hot water solubility 2.5+ 0.08 3.8(0.07) Kappa number 77.9+0.87 21.8+1.08
1% NaOH solubility 26 + 1.51 32 (1.00) Viscosity (mL/g) 533+ 10 610+ 13
Ethanol-benzene extractives 7.1 + 0.09 4.3 (0.04) Breaking length (m) 1172 £ 52 1675 +23
Holocellulose 66 + 0.15 82(0.25) Stretch (%) 1.18 £0.11 1.90+0.21
a-Cellulose 62 + 0.05 67 (0.03) Burst index (kN/g) 0.48 +£0.07 0.84 +0.06
Lignin 25 £ 0.75 18 (0.30) Tear index (mN m?/g) 0.17 £0.09 0.2140.08
Table 3
Chemical characterization of pulp from various agricultural residues

EFB ethylene EFB soda, Sunflower Vine shoots— Vine shoots— Wheat straw- Bagasse-dimethyl
glycol, this study this study stalks—ethanol [56] ethylene glycol [57] ethanol [57] formaldehide [58] formamide [59]

Moisture 7.1 6.9 - - - - -
Ash 1.8 3.8 - 2.0 2.54 - 14
Hot water solubility 2.5 3.8 - 2.76 4.26 - -
1% NaOH solubility 26 32 - - - - -
Ethanol-benzene extractives 7.1 43 - 4.95 4.35 1.81 -
Holocellulose 66 82 69.2 70 67.1 82 95.8
a-Cellulose 62 67 56 37 53.7 40 83.5
Lignin 25 18 19.5 35 31.9 9 -

of both fibre strength and fibre bonding [64]. Fibre length has been
widely considered important in contributing to the tearing strength
of paper. In a weakly bonded sheet, since more fibres pull out than
break in the tear zone, the tearing resistance is controlled more by

Table 4

the number of bonds that break along the length of the fibres. On
the other hand, in a well-bonded sheet, more fibres break than pull
out in the tear zone. Consequently, the tearing resistance is con-
trolled more by fibre breaking than by bond breakage [22]. The low

Properties of the pulp and paper sheets obtained by ethylene glycol pulping of different non-wood raw materials and agricultural residues

Yield (%) Drainage index Kappa number Viscosity (mL/g) Breaking length (m) Stretch (%) Burst index (kN/g) Tear index

(°SR) (mNm?/g)

EFB, this study 52 10 77.9 533 1172 1.18 0.48 0.17
Leucaena [60] 57 41 120.6 383 3481 1.90 1.62 0.26
Tagasaste [60] 57 = = = 4794 3.11 2.76 0.35
Vine shoots [25] 78 74.9 149.6 582 2846 1.64 - -

Cotton stalks [25] 78 68.6 148.8 589 4970 2.58 - -

Tagasaste [25] 91 50.8 68.1 922 - 3.09 - -

Cotton stalks [58] 57 - - - 4401 2.34 2.13 0.26
Vine shoots [57] 39 16 - - 267 1.65 0.73 1.47
Tagasaste [58] 63 = = = 4644 2.87 2.46 0.33
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Table 5

Mass balance (kg/h) for ethylene glycol-water process

Component Black liquor 1 Filtrate Lignin H,Orec Fresh wat H,0 2 4 Solvent Byprod
Ethylene glycol 4,792 4,792 4,792 0 0 0 0 4,792 4,392 400
Water 1,112 11,034 11,034 0 10,484 1,034 9,922 1,596 550 550 0
Lignin 167 167 50.1 116 0 0 0 50.1 0 50
Furfural 25.5 25.5 25.5 0 0 0 0 255 254 0.2
Acetic acid 65.6 65.6 65.6 0 0 0.5 0.1 65.0 65.0 0
Sugars 81.2 81.2 81.2 0 0 0 0 81.2 0 81.2
Others 27.1 27.1 27.1 0 0 0 0 27.1 0 27.1
HCl 0 131 131 0 0 111 20 0 0 0
Total 6,271 16,325 16,208 116 10,616 1,034 10,034 1,616 5,592 5,033 559

tearing strengths of studies EFB pulp were probably related to the
relatively short-fibre material of EFB fibrous strands. However, an
appropriate beaten of the pulp, was reported to cause an enormous
increase in tearing strength over the unbeaten pulp [22,64]. This
tendency may be explained by the shortening effect on fibres in a
refining process compensating for increasing resistance promoted
by fibrillation and hydration [64].

In conclusion, EFB organosolv pulp could be considered an
acceptable alternative for producing certain paper qualities with
moderate strength requirements while allowing an agricultural
residue from a major economic activity (viz. oil palm production)
to be exploited [25,57,58,60]. In any case, refining the pulp can
help improve the final properties of the resulting paper sheets [25].
Furthermore, using mixtures of pulp from wood and non-wood
materials in different ratios to strengthen the pulp could pro-
vide paper sheets with improved physical properties and reduced
refining energy costs relative to pure wood pulp [64]. Mixtures
of recycled paper with oil palm fibre soda pulp were also studied
resulting in an enhancement of strength of recycled fibres due to
increase of inter-fibre bonding as a result of adding active virgin
fibres [65].

3.4. Simulation process of solvent recovery and by-products
isolation step

In this work Aspen Plus 12.1 was used for designing and opti-
mising solvent and by-products recovery processes. On the basis
of experimental results of black liquors composition, solvent and
by-products recovery from these pulping liquors were simulated.
Lignin and cellulose were defined by their chemical structures
and molecular weights whereas the rest of conventional com-
ponents were selected from ASPEN PLUS data bank. ELECTNRTL
model, based on NRTL electrolyte model and Redlich-Kwong state
equation, was used to simulate the thermodynamic properties of
solutions. Distillation columns were designed using the rigorous
RadFrac column module; the inputs for this model were estimated
previously by shortcut model (DSTWU).

Simulation base was 1000 kg/h of dry raw material and solvent
input flow rate was 7000 kg/h which correspond to a liquid/solid

ratio of 7:1. The scheme proposed (Fig. 5) consisted on one lignin
precipitation step and two distillation steps where both ethylene
glycol and water were going to be recovered. Black liquors exiting
the reactor were diluted with acidified water until pH 2 in order to
precipitate and filter a high MW lignin fraction. The ratio between
acidified water and black liquor mass flows was set to 1.5/1 in order
to precipitate the lignin. After lignin separation, supernatant solu-
tions were subjected to a distillation process in order to recycle
solvents and isolate the rest of by-products. Two columns were used
in the distillation step. Filtrate stream was fed into the first distil-
lation column (D) from which two different flows exit: a distillate
stream (H,Orec), mostly composed by water, and residue stream
(stream 4), which was fed into the second distillation column (D1).
Recovered water (H,Orec) was sent to both precipitating unit (H,O
stream) and pulp washing stage (stream 2).

In the second distillation unit, a solvent fraction rich in ethy-
lene glycol was obtained as distillate (solvent stream); this fraction
constituted the solvent recovery stream and was sent back to the
reaction step. Solvent stream ethylene glycol and water concen-
trations were adjusted by mixing them with a fresh stream before
feeding them into the reactor again. Aspen Plus design specification
tool was used to fix the concentrations. Finally, a stream constituted
by the rest of by-products (mainly low MW lignin and sugars) was
obtained as a residue (Byprod stream).

This simulation permitted to establish the most convenient
conditions for the recovery process. The optimized design of the
ethylene glycol-water distillation process included 15 stages for
each distillation column, with the feeding in stage 13 for both
columns, a reflux ratio of 7.3 for the first column and 7.2 for the
second one and a distillate to feed ratio of 0.6 and 0.9 respectively.

Mass balances and compositions of the recovery step streams
are summarised in Tables 5 and 6. From these data it is inferred that
91 wt% of the ethylene glycol exiting the digester was recovered
(4792 kg/h) and recycled into the pulping reactor. Furthermore,
88 wt% water was obtained and recycled in both lignin precipita-
tion and pulp washing stages. It was reached a reduction of fresh
solvents input of 70 wt% for ethylene glycol and 80 wt% for water.

These results were compared with those obtained from other
experiments carried out in the lab, in which black liquors filtrates

Table 6

Mass fractions for ethylene glycol-water process

Component Black liquor 1 Filtrate Lignin H,Orec Fresh wat H,O 2 4 Solvent Byprod
Ethylene glycol 0.760 0.292 0.296 0 0 0 0 0 0.857 0.872 0.717
Water 0.171 0.674 0.680 0 0.988 1 0.988 0.988 0.098 0.109 0
Lignin 0.017 0.010 0.003 1 0 0 0 0 0.009 0 0.089
Furfural 0.003 0.002 0.002 0 0 0 0 0 0.004 0.005 0
Acetic acid 0.010 0.004 0.004 0 0 0 0 0 0.013 0.013 0
Sugars 0.010 0.005 0.005 0 0 0 0 0 0.014 0 0.146
Others 0.029 0.002 0.002 0 0 0 0 0 0.005 0 0.048
HCl 0 0.011 0.008 0 0 0 0.012 0.012 0 0 0
Total 1 1 1 1 1 1 1 1 1 1
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were subjected to batch distillation processes for determining the
effective solvents recovery degree. In such cases, a first distilla-
tion step carried out at 100°C allowed the separation of 86 wt%
water from the ethylene glycol-water filtrate. In the second distilla-
tion process, designed to separate ethylene glycol and by-products,
a stream containing 82 wt% ethylene glycol, furfural, acetic acid
and 14 wt% water was isolated. A residual stream, composed by
lignin, sugars and remaining ethylene glycol (18 wt%), was also
obtained.

In the proposed recovering Scheme 6271 kg/h of black liquors
were treated in order to precipitate lignin. By means of this scheme,
116 kg/h of lignin, which accounted 48 wt% of total raw mate-
rial content and 69 wt% of black liquors content, were obtained.
Low MW lignin was also obtained at the end of the recovering
process within the by-products stream, resulting in 22 wt% the
total lignin content originally present in raw material and 31 wt%
in black liquors. Also 81kg/h of sugars were isolated within by-
products stream, accounting 35 wt% that contained in the original
EFB fibres.

4. Conclusions

The scheme proposed, based on the organosolv pulping of an
agricultural residue provided cellulose, hemicelluloses and lignin,
all of them valuable products, while improving ecological draw-
backs related to traditional pulping processes. Water consumption
was considerably diminished, as 88 wt% of water recycling allowed
the reduction of 80 wt% on fresh water input, avoiding the post-
treatment of huge quantities of wastewater. Solvent recovery,
91 wt% of ethylene glycol exiting the reactor, involved an input
reduction of 70wt%. Moreover, the subsequent applications of
obtained products from renewable resources could contribute to
make organosolv processes economically feasible increasing the
efficiency of the process.
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