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Biomass wastes (almond shell and olive tree pruning) were used in this work as raw materials for the
extraction of high purity lignin by different delignification methods. A pretreatment stage was carried
out to remove the major hemicelluloses content in the solid feedstocks. Afterward, two sulfur-free pulp-
ing processes (soda and organosolv) were applied to extract the largest fraction of lignin. The extracted
lignin contained in the liquors was isolated using selective precipitation methods to design a tailor-made
technique for obtaining high-purity lignin (in all cases more 90% of purity was reached). Soda process
allowed the extraction of more lignin (around 40%-47%) than organosolv process (lower than 20%) re-
gardless of the lignocellulosic source employed.

Once the different lignin samples were isolated and characterized, they were depolymerized for the
obtaining of small phenolic compounds. Three main streams were produced after the reaction: phenolic
enriched oil, residual lignin and coke. After the purification of these fractions, their quantifications and
characterization were conducted.

The most abundant product of the reaction was residual lignin generated by the undesirable repoly-
merization of the initial lignin with yields around 30%-45%. The yield of the stream enriched in phenolic
oil was higher than 20%. Coke, the lowest added-value product, presented a yield lower than 12% in all
the cases. Lignin from organosolv presented higher phenolic oil yields, mainly due to their lower molec-

ular size. This parameter was, thus, considered a key factor to obtain higher yields.
© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

Lignocellulosic biomass is attracting more and more interest
due to its potential as renewable carbon source for chemicals, ma-
terials and energy production for the partial substitution of fossil

Abbreviations: A, almond shell; O, olive tree pruning; AS, almond shell soda
lignins; AO, almond shell organosolv lignins; OS, olive tree pruning soda lignins;
00, olive tree pruning organosolv lignins; AS pH =6, almond shell-soda lignin pre-
cipitated at pH =6; AS pH =4, almond shell-soda lignin precipitated at pH =4; As
pH=2, almond shell-soda lignin precipitated at pH=2; AO 1vol, almond shell-
Organosolv lignin precipitated adding 1 volume of water; AO 2 vol, almond shell-
Organosolv lignin precipitated adding 2 volumes of water; AO 4 vol, almond shell-
Organosolv lignin precipitated adding 4 volumes of water; AS pH=6, olive tree
pruning-soda lignin precipitated at pH = 6; AS pH =4, olive tree pruning-soda lignin
precipitated at pH=4; AS pH=2, olive tree pruning-soda lignin precipitated at
pH=2; 00 1vol, olive tree pruning-Organosolv lignin precipitated adding 1 volume
of water; OO 2 vol, olive tree pruning-Organosolv lignin precipitated adding 2 vol-
umes of water; 00 4 vol, olive tree pruning-Organosolv lignin precipitated adding 4
volumes of water; AIL, acid insoluble lignin; ASL, acid soluble lignin.
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resources [1]. Biomass is mainly composed by three macromolecu-
lar components, cellulose, hemicellulose and lignin, whose quanti-
ties within plants depend on the species, age, harvest season, etc.
[2]. Among these compounds, lignin has traditionally been con-
sidered as a byproduct obtained during the cellulose extraction
process, being burnt for energy recovery purposes [3]. Lignin is a
three-dimensional amorphous polymer made up by the combina-
tion of three different phenylpropane monomer units: guaiacyl al-
cohol (G), p-coumaryl alcohol (H) and syringyl alcohol (S), linked
mainly by (8-0-4) aryl ether bonds in a randomized way [4]. De-
pending on the source of the raw material, the ratio between these
monomers may vary significantly. G and S monomer units ap-
pear in different quantities in the composition of hardwood species
lignins, although S units tend to be the most plentiful. In softwood
species, G units are the most abundant ones while, in herbaceous
lignin, G, H and S units are usually present [5].

The availability of lignin in the biosphere exceeds 300 billion
tons and increases by about 20 billion tons every year [6]. Never-
theless, although lignin is produced worldwide in amounts close
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to 70 million tones, only 1%-2% is used as precursor for chemicals
and materials production [7].

Currently, most of the efforts in biorefinery industries are fo-
cused on the sugar platform (cellulose and hemicellulose) for
chemicals and biofuels production, such as bioethanol, xylitol, suc-
cinic acid, and many others. However, the development of lignin
platform is also essential for the economic sustainability of this in-
dustry [8]. In this sense, raising the portfolio of biorefineries would
improve their feasibility to be considered as an actual alternative
to partially replace petro-chemical industries in the future [9].

Lignin can be extracted from lignocellulosic biomass by sev-
eral methods. Traditionally, the processes widely used in the indus-
try for lignin separation have been the sulfate (Kraft) process and
the sulfite process. However, the lignin obtained by these meth-
ods presents several impediments for its valorization in high value-
added applications, such as no uniform structure, unique chemical
reactivity, and the presence of various organic and inorganic impu-
rities [10].

Among the sulfur-free delignification methods, soda and
organosolv pulping processes are the most relevant methods. Soda
process is an alkaline treatment that leads to mitigate some envi-
ronmental problems caused by the sulfur used in the Kraft and sul-
fite cooking liquors. In addition, soda lignin could be successfully
used for the production of phenolic resin, the synthesis of poly-
mers and the obtaining of low-molecular weight substances [11].
Organosolv processes are based on the use of mixtures of organic
solvents and water as cooking liquor. The low viscosity of these
solvents favors the penetration into the chips causing the solu-
bilization of lignin and, as a consequence, its structure is barely
modified, reaching high homogeneity in comparison with the rest
of the lignin samples; boosting its further valorization process [12].
Furthermore, the organosolv process enables the solvent recovery
after the lignin extraction by distillation, fulfilling the green chem-
istry principles. The most common solvents used for this purpose
are ethanol, acetic acid and formic acid [13].

Lignin samples from alkaline processes (Kraft or soda) are com-
monly isolated by precipitation with the acidification of the liquor,
filtration and washing, being the LignoBoost® process the most
current useful method for this purpose [14]. However, the com-
mercial precipitated lignin presents high heterogeneity that hin-
ders its further transformation. Hence, more selective technologies
for lignin isolation have been proposed to enhance the purity of
final lignin [15]. In this sense, selective precipitation could play an
important role for the obtaining of lignin with certain parameters,
such as purity or molecular weight distribution, which would fa-
cilitate its further valorization. On the other hand, the isolation of
the organosolv lignin is carried out by the addition of an antisol-
vent that reduces the solubility of the lignin in the liquor. The most
common method is based on the addition of water due to the high
hydrophobicity of the organosolv lignin samples, besides the sim-
plicity and low-cost of this method [16].

The great potential of lignin is based on its possibilities to
be used in multiple applications. The fractionation of the lignin
structure into small molecules, using advanced techniques such as
pyrolysis or hydrogenation, is necessary for chemicals as well as
for energy and fuels production [17,18]. Nevertheless, these meth-
ods are energy demanding. Depolymerization of lignin based on
its thermochemical decomposition enables the production of low
molecular weight compounds, like vanillin, simple and hydroxy-
lated aromatics, aldehydes, aliphatic acids, and many others [19].
Different mechanisms have been tested for carrying out this pro-
cess, mainly divided in supercritical or subcritical conditions [20].
Among subcritical conditions, one of the commonly used method
is base catalyzed depolymerization (BCD), which has been widely
studied for the phenolic monomers obtaining, based on the het-
erolytically cleavage of the most common lignin linkage, the (8-

0-4) ether bond, which represents around 60% of the lignin link-
ages [21]. This cleavage is conducted by means of the formation
of a sodium phenolate derivative and a carbenium ion-like transi-
tion state, which is instantly neutralized by a hydroxide ion. The
sodium cations catalyze the reaction by forming cation adducts
with lignin and hence, polarizing the ether bond. This step in-
creases the negative partial charge of the oxygen and, conse-
quently, the energy necessary for heterolytic bond cleavage is re-
duced [22]. As a result, phenolic monomers-rich oil is obtained in
a quantity of not higher than 20%-23%, regardless at which condi-
tions lignin is exposed. This value is limited by the repolymeriza-
tion reactions that occur during the process, when highly reactive
phenolic and catechol derivative monomers undergo polymeriza-
tion reactions instead of staying as monomeric products, generat-
ing residual lignin and coke as undesirable products [23]. This re-
action is happening due to a delocalization of the charge in pheno-
late ions present in the alkaline media. The phenolate ion also ex-
ists as carbanion with negative charge in ortho or para position of
the phenolic hydroxyl groups as a reason of resonance stabilization
[24]. Therefore, the interaction of the carbanion species to other
phenolic compounds with ketone groups will induce facile forma-
tion of carbon-carbon bonds between these compounds, leading to
repolymerization of lignin.

Almond shells (A) as well as olive tree pruning (O) were the
chosen raw materials to work with due to their abundance, avail-
ability as well as their high lignin content. A pretreatment stage
of autohydrolysis was conducted for the hemicellulose content re-
moval to avoid lignin contamination. For the delignification stage,
two sulfur-free methods were applied and compared: soda and
organosolv ones. The black liquors obtained after the delignifica-
tion stage were subjected to a selective precipitation following the
same principle of reducing the solubility of lignin in the liquor, al-
though the procedure varied from soda to organosolv liquors, as
it will be depicted below. Therefore, different lignin samples were
obtained and classified in terms of their source, pulping o deligni-
fication process and precipitation level, being assessed by its pro-
duction yield as well as its physico-chemical properties.

Afterward, all the lignin samples were intended to their depoly-
merization by BCD reaction to generate lignin monomers and small
phenolic compounds that could be valorized as chemical building
blocks. As a result, three main products were obtained: an oil en-
riched in small phenolic compounds; residual lignin from the un-
desirable repolymerization of lignin; and coke, formed as decom-
position product provoked by the harsh conditions at which the
reaction was conducted. Moreover, downstream stages were ap-
plied to separate all these reaction products. Finally, the obtained
products were characterized and compared with the different ini-
tial lignins.

2. Experimental
2.1. Feedstocks

Almond shells (A), obtained from Prunus amygdalus tree, were
provided by a local farmer and olive tree pruning (O), from Olea
europaea species, which were kindly supplied by local farmers.

Both materials were conditioned and grounded to obtain size
particles between 0.25 cm and 0.40 cm.

2.2. Lignin extraction and isolation

2.2.1. Autohydrolysis pretreatment

Both raw materials were firstly pretreated by means of autohy-
drolysis process, an environmental friendly procedure which uses
water as unique reagent at high temperature and pressure. This
process tends to remove a high percentage of the hemicelluloses
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present in the original composition, fact that could reduce the
sugar impurities in the further lignin samples. Autohydrolysis was
carried out in a 4L batch reactor (EL0723 Iberfluid) equipped with
a pressure and temperature PC-controller. The reaction conditions
were optimized in previous studies [25], being 180 °C, 30 min and
solid:liquid ratio of 1:8 the most favorable conditions for dissolving
the highest quantity of hemicellulosic sugars. After the autohydrol-
ysis step, liquid fractions were filtered and separated from solid
fractions, which were chemically characterized prior to be sent to
the delignification stage. The yield of this stage was gravimetrically
determined.

2.2.2. Delignification processes: organosolv and soda pulping

Solid fractions derived from autohydrolysis process, were sub-
jected to the delignification process. Organosolv and alkaline treat-
ments were compared using the same reactor that the one which
was used for the autohydrolysis processes.

The organosolv process was accomplished at optimal conditions
of 200°C, 90 min; using a mixture ethanol:water of 70:30 (v/v)
as solvent reagent, and a solid:liquid ratio of 1:6; conditions op-
timized by Toledano et al. [26]. On the other hand, the applied
conditions in the soda process were selected from the work of Ur-
ruzola et al. [27] as follows: NaOH 7.5 wt.% was used as solvent at
121 °C, during 90 min with a solid:liquid ratio of 1:6.

After finishing the pulping processes, the obtained solid frac-
tions were washed until neutral pH and then chemically character-
ized, whereas the black liquors were intended to the lignin precip-
itation.

2.2.3. Selective lignin precipitation

Lignin from black liquor was isolated using a precipitation pro-
cess at different levels.

Organosolv lignin was isolated in three fractions adding differ-
ent amounts of acidified water (HCl 37 wt.% to reach pH 2) to de-
crease the solubility of lignin in the black liquor. Specifically, ratios
of 1 volume, 2 volumes, and 4 volumes of acidified water were
added to one volume of the black liquor. Instead of this, soda lignin
was precipitated by dropping the pH level of the black liquor by
means of the addition of sulfuric acid (96 wt.%). Three fractions of
different pH levels (6, 4 and 2) were obtained. Hence, 12 different
lignin samples were used as raw material for the depolymerization
reaction study, whose compositions were chemically characterized
as it is described below.

2.3. Lignin depolymerization

2.3.1. Base catalyzed depolymerization reaction

The depolymerization reaction was conducted in a batch reac-
tor (5500 Parr reactor) with a 4848 Reactor controller. The volume
of the reactor vessel is 100 mL. The reaction conditions were fixed,
according to the previous study conducted by Erdocia et al. [28], at
300 °C during 80 min, reaching pressures around 90 bar, under con-
stant stirring. The solid-liquid ratio was 1:20 (wt/wt). The catalyst
(NaOH) concentration was set at 4 wt.%.

2.3.2. Downstream processes for product separation

After finishing the depolymerization process, the reaction mix-
ture was treated to separate the different products, following the
method described by Toledano et al. [29], graphically depicted
in Fig. 1. In the first stage, the mixture was acidified with HCl
(37 wt.%) dropping the pH=2 to precipitate the residual lignin
formed during the reaction as undesirable reaction product. The
solid phase (residual lignin and coke) was separated from the mix-
ture by filtration using MN 640w filters and washed with acidi-
fied water (pH 2 with HCI as the acidic agent) to remove resid-
ual liquid. After that, the separation of residual lignin from the

coke was carried out washing the solid content of the filters with
tetrahydrofuran (THF), stirring the dissolution for 3 h, and filtrat-
ing again later. The non-solubilized solid (coke) remained in the
filter, whereas the residual lignin goes throughout the filter due to
its solubility in the THF, solvent which is finally evaporated under
vacuum to recover the residual lignin.

On the other side, liquid phase produced after the filtration of
residual lignin and coke was subjected to a liquid-liquid extraction
to separate the phenolic-enriched oil from the aqueous phase us-
ing ethyl acetate as organic solvent. Residual aqueous phase was
completely removed from the organic phase by an extraction pro-
cess with sodium sulfate anhydrous. After a filtration step for the
solid separation, the organic solvent was removed by evaporation,
remaining the phenolic oil in a liquid phase. The yield of each
product was calculated gravimetrically referring to the initial lignin
weight introduced in the reactor.

2.4. Analytical methods

The chemical characterization of the feedstocks (A and O)
was carried out following TAPPI standard methods [30] in terms
of moisture (TAPPI T264-97), ash (TAPPI T211 cm-93), ethanol-
toluene extractives (TAPPI T204 ¢cm-97), Klason lignin (TAPPI T222
c¢m-98), holocelluloses [31], cellulose [32] and hemicelluloses,
which were determined as the difference between holocellulose
and cellulose contents. After the autohydrolysis and pulping pro-
cesses, the solid fractions were also characterized by the same
methods.

The purity of the precipitated lignin was assessed by the mea-
surement of the acid insoluble lignin (AIL) content as well as acid
soluble lignin (ASL) content; following the TAPPI UM250 um-83
standard.

High performance liquid chromatography (HPLC) was used to
determine the presence of impurities in form of monomeric sug-
ars in the isolated lignin samples, using a Jasco LC-Net II/ADC
equipped with a Rezex ROA-Organic Acid H* (8%) column, photodi-
ode array detector and refractive index detector. Samples were an-
alyzed with a 0.005N H,S0,4 dissolution with 100% deionized and
degassed HPLC water at 30°C, 0.35 mL/min flow and 40 pL as in-
jection volume. For calibration, high purity standards of arabinose,
xylose, and glucose were used.

Additionally, TGA/SDTA RSI analyzer of Mettler Toledo was used
as thermogravimetric analysis (TGA) to determine the ash con-
tents. Around 6-7 mg of lignin samples were heated from 25 up to
800°C at a rate of 10°C/min using air atmosphere with constant
flow.

The precipitated lignin samples, as well as the residual lignin
samples obtained after the depolymerisation reaction were sub-
jected to gel permeation chromatography (GPC) to evaluate the av-
erage molecular weight (M) of solutes and the polydispersity in-
dex (Myw/Mp) using a Jasco instrument unit equipped with an inter-
face (LC-Netll/ADC) and a refractive index detector (RI-2031Plus).
Two PolarGel-M columns (300mm x 7.5mm) and PolarGel-M
guard (50mm x 7.5mm) were employed. The flow rate was
0.7 mL/min at 40°C and N,N-dimethylformamide (DMF) was used
as mobile phase. The analyses were carried out at 40 °C. Calibra-
tion was made using polystyrene standards (Sigma-Aldrich) rang-
ing from 70,000 to 266 g/mol.

The composition of the phenolic oil was determined based
on its monomeric phenolic compounds. The oil was dissolved
in ethyl acetate (HPLC grade) in a metric flask. The solu-
tion was injected in a GC (7890A)-MS (5975C inert MSD with
Triple-Axis Detector) Agilent unit equipped with a capillary col-
umn HP-5MS ((5%-Phenyl)-methylpolysiloxane, 30 m x 0.25 mm).
The temperature profile was defined as follows: starting at
50°C, then raised to 120°C at 10°C/min, kept 5 min, raised to
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Fig. 1. Schematic process of the lignin depolymerization and separation of the reaction products.

280°C at 10°C/min, kept 8 min, raised to 300°C at 10°C/min
and kept 2min. Helium was used as carrier gas. Calibration
was done using pure compounds (Sigma-Aldrich) phenol, o-
cresol, m-cresol, p-cresol, guaiacol, catechol, 3-methylcatechol, 4-
methylcatechol, 4-ethylcatechol, 3-methoxycatechol, syringol, 4-
hydroxybenzaldehyde, acetovanillone, veratrol, 4-hydroxybenzoic
acid, 4-hydroxy-3-methoxyphenylacetone, vanillin, vanillic acid, sy-
ringaldehyde, 3,5-dimethoxy-4-hydroxyacetophenone, syringic acid
and ferulic acid.

3. Results and discussions
3.1. Characterization of solid fractions

The chemical macrocomponents of A and O (cellulose, hemicel-
luloses, lignin, ashes and extractives) were quantified before and
after each stage to assess the selectivity of these methods over the
chemical structure of both feedstocks. The results are presented in
the Fig. 2.

Initially, in the comparison of the raw materials used in this
study, the most remarkable issue is the high content of lignin in A
(~50%) while the O presented less than 25%; i.e. more than double

quantity of lignin is available for A than O. On the contrary, cellu-
lose, hemicellulose and extractives content are significantly bigger
in percentage in O than in A. Hence, it could be established that A
is really interesting to be valorized based on its high lignin content,
whereas O could be more attractive in its carbohydrate platform.
In any case, both materials were subjected to the whole process to
obtain and depolymerize lignin.

In the autohydrolysis pretreatment, the hemicellulose content
was reduced for both materials (54% and 71% for A and O respec-
tively), increasing the lignin percentage in the feedstock which was
sent to the delignification stage, especially significant for O (70.8%),
whereas for A this amount was notably lower (4.52% of increase),
which is caused mainly for the initial composition of the raw ma-
terials, since A presented lower hemicelluloses content, therefore,
much less amount could be removed, and consequently less in-
crease of lignin percentage. In spite of this lower increment, the
total amount of lignin per gram of material continues to be higher
for A after the pretreatment, concretely 53.2% against 38.1% of
the O.

Both pulping processes (organosolv and soda) extracted mainly
lignin from the different feedstocks as it was expected. However,
depending on the feedstock the selectivity of the pulping process
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Fig. 2. Chemical characterization of solid fractions after each stage (% on an oven-dry weight basis).

Table 1. Lignin extraction and isolation yield, chemical composition of each purified lignin, and average molecular weight (M,,) and molecular weight distribution (M, /M,).

AlL: acid insoluble lignin. ASL: acid soluble lignin.

Lignin Yield (%) AIL (%) ASL (%) Sugars (%) Ash (%) M,, (g/mol) Myw/My
AS pH=2 39.31 85.76 £2.72 2.64+£0.57 111+011 7.55 27.32 12.33
AS pH=4 41.02 91.20+5.34 2.08 £0.69 1.54+0.64 7.37 22.74 11.39
AS pH=6 3743 94.22 +4.51 2124049 1.92+0.16 9.28 33.19 15.48
AO 1 vol 11.59 98.83+1.03 0.90 +£0.54 0.23+£0.01 3.71 5713 2.98
AO 2 vol 17.18 99.75+1.76 0.64+£0.09 0.27 £0.07 3.27 4381 3.03
AO 4 vol 19.93 96.12 +£3.70 1.094+0.27 0.25+0.02 244 4166 3.18
OS pH=2 41.31 88.04+1.21 2.59+0.11 0.18 £ 0.06 421 20.41 12.01
OS pH=4 44.04 93.12 £4.60 2.28+£0.37 0.20+£0.09 4.95 16.28 1043
OS pH=6 46.92 92.23+241 1.90+0.30 0.17 +£0.03 8.76 18.15 11.53
00 1 vol 8.49 99.55+0.83 0.73+0.15 0.19+0.08 3.30 6530 3.94
00 2 vol 1116 94.70 £2.30 1.20+£0.13 0.19+£0.04 1.96 5164 3.89
00 4 vol 8.96 95.24+0.90 116+0.20 0.20+£0.05 331 4725 3.89

to extract lignin varied. In case of A, soda pulping was more ef-
fective with a reduction of 18.4% whereas for organosolv process
the reduction in the solid material was only 10.8%. On the other
hand, O feedstock, presented higher level of lignin content in the
final solid after each pulping process (14.6% for soda and 31.2% for
organosolv), this involves a higher selectivity of lignin extraction
methods used in this work for O feedstock, without disrupting the
most important content of cellulose and hemicellulose; even when
the lignin content was lower and the carbohydrates content higher.
After the pulping stage, the isolation of lignin was carried out,
determining the yield of the processes to extract lignin from the
materials introduced in the pulping processes, neglecting autohy-
drolysis pretreatment for this calculation. All the lignin samples
were also physico-chemically characterized to establish the better
pathway to produce lignin with more interesting quality proper-
ties. These values, precipitation yield and physic-chemical proper-
ties of the different lignin samples are summarized in Table 1.
Lignin extraction yields show that the highest quantities of
lignin were obtained with soda treatment (up to 47% for OS
pH = 6). Therefore, in spite of soda process was less selective to the
lignin extraction, in terms of total volume extracted was higher.
On the contrary, the organosolv method showed low yields of
lignin extraction and isolation (between 8% and 20%), exhibiting
a poorer performance for extract as much lignin as possible. The
higher yields from soda process can be explained by the fact that

the dissolution of lignin fragments is facilitated by the action of
NaOH, which ionizes aliphatic hydroxyls groups as well as phenolic
groups, contributing to the solubility of lignin fragments [33]. The
modification of the feedstock does not remark any clear trend. For
instance, the same raw material (O) presented the highest isola-
tion yields in soda process in comparison with the rest of samples,
but also the lowest yields were obtained from O as lignocellulosic
source after organosolv pulping in this case. This involves that the
feedstock is not the determining variable to extract more lignin.
The purity of the lignin was measured considering the sum
of AIL and ASL. The values for all obtained samples showed a
minimum purity of 88%, a really high value, demonstrating the
importance of the pretreatment stage which was the main differ-
ence in comparison with previous studies [34,35], lignin samples
and, in general, the lignin amount precipitated with less vol-
umes since in this pretreatment one of the main component that
could be considered as impurity in the lignin samples (the sugar
content) was notably reduced leading to a lignin samples with
absolutely low sugar impurities. The best results were obtained
for organosolv of acidified water presented almost a 100% of
purity. The isolated lignin samples from the soda liquors presented
lower purity contents, with values between 88% and 95%, being
higher the content i for samples extracted with greater pH level
of precipitation, since with more addition of acid more species
(mainly inorganic salts) could have precipitated contaminating the
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precipitated lignin samples. Despite of the lower purity of the soda
lignin samples, the purity of these samples is certainly high, fact
that makes the soda process an attractive method to extract lignin
with high performance keeping a quite elevated level of purity of
the final lignin samples.

The lignin impurities present in the samples were mainly com-
posed by sugars and ashes. The small impurities of hemicellulosic
monomers were more noticeable in lignin samples obtained from
A than in the ones obtained from O. On the other hand, soda
lignin samples presented the highest amounts of total sugars con-
tent, since the organosolv process is more selective for lignin ex-
traction as it was showed below, interacting in less degree with
sugars from hemicelluloses. The lowest sugar concentration results
were achieved with the lowest pH level of precipitation due to the
linkages between lignin and attached sugars could be damaged at
these acid conditions. This fact justifies the use of the pretreat-
ment stage, as the major monomer sugar presented in the pre-
cipitated lignin samples came from the hemicelluloses. Hence, the
fewer amounts of hemicelluloses in the feedstock, the less sugar
impurities over the lignin were obtained.

Respect to the ash content, as it was expected, less content was
found in the lignin samples obtained from the organosolv process,
whereas the soda treatment produced samples with more impuri-
ties based on the inorganic chemicals used in the white liquor as
well as in the precipitation method. Lignin obtained after organo-
solv treatment presented similar results at different conditions and
for both raw materials (between 1.96% and 3.71%). In the soda pro-
cess, the lignin samples obtained at pH=6 presented the highest
quantity of ashes (9.28% and 8.76%).

Regarding the molecular weights and molecular weight distri-
butions, the lignin samples obtained from AO and OO, presented
very low M, (4166 g/mol for AO 4vol as minimum value) and
polydispersity index (2.98 for AO 1vol), in agreement with val-
ues published by other authors that used the organosolv method
to isolate lignin form lignocellulosic biomass [36]. Nonetheless, AS
and AO lignin samples presented the highest My, and polydisper-
sity index (up to 33,190 g/mol and 15.48 respectively, for AS pH 2).
This fact could be justified because higher temperatures and longer
reaction times were used in organosolv treatment in comparison to
the soda method ones. According to Zhang et al. [37], using harsh
reaction conditions could lead to the obtaining of lower size lignin
samples, owing to the fact that the degree of cleavage of the ether
bonds in the lignin molecule can increase. In addition, in organo-
solv pulping the extraction of lignin is carried out by its solubi-
lization in the solvent media. In this process, the lower molecu-
lar weight of lignin molecules, the easier are extracted due to the
stearic impediment to the solvent to dissolve lignin tends to be
increased when molecules are bigger [38]. Hence, as the yield of
lignin extraction from organosolv process is quite lower than soda
one, lignin fractions with higher molecular weight are more dif-
ficult to be extracted by this method. In case of soda lignin sam-
ples, repolymerization reactions can occur under high alkaline con-
ditions, since some «-hydroxyl groups form quinone methide in-
termediates that react easily with other lignin fragments lead to
alkali-stable methylene linkages than affect considerably to the My,
of extracted lignin [39].

In the case of organosolv lignin samples, OA and OO showed
higher My, adding less volumes of acidified water. This behavior
could be explained due to the fact that at higher My, lignin frac-
tions are less soluble than the lower fractions ones, precipitating
faster with less solvent alteration, i.e., with lower water addition.
On the contrary, lower My, lignin fractions needed larger quantity
of water to achieve precipitation. However, in the soda lignin sam-
ples, the highest My, values were obtained by precipitating at pH
2 instead of pH 6. In general, the use of higher amounts of acid to
precipitate generates lignin samples with smaller M.y, whereas the
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Fig. 3. Product yields from the lignin depolymerization of the three main streams:
phenolic oil, residual lignin (RL) and coke.

use of lower acid quantities results in lignin samples with higher
M,,. Furthermore, the high polydispersity index presented by the
samples indicated the presence of very different molecular weights
fractions in the lignin.

Once all the lignin samples were completely characterized, they
were used as raw materials for the phenolic monomers production
by their depolymerization reaction.

3.2. Depolymerization product yields

As a result of the depolymerization reactions, three main prod-
ucts were obtained through the above described method: oil, en-
riched in small phenolic molecules, residual lignin and coke. An
aqueous stream was also produced, which was characterized using
a HPLC equipment. Only small quantities of acetic acid, formed by
the degradation of sugars, were found (concentration lower than
0.1%), and hence this stream was neglected. This fact was expected
due to the low amount of sugars in the precipitated lignin sam-
ples, main precursors of these components. The yields of the rest
of streams are shown in the Fig. 3.

Regarding oil production, the target product of the reaction, the
variation of the yields did not follow a clear trend. However, it can
be established that the highest yields of oil (from 18.23% up to
23.5%) were obtained from the organosolv lignin samples, except
those ones that had been precipitated using 1 volume of acidified
water, whose yields were much lower (14.72% and 13.16%), caused
by this higher M,y. Hence, the property of the M,, can be consid-
ered as one of the main key factor to obtain high yield for the
oil production, since the low M, presents the lignin sample, the
highest yield is reached. In the case of the soda lignin samples, the
trend was more complex, pointing the independency of the lignin
precipitation pH value and the lignin source (almond shell or olive
tree pruning).

The most abundant product was the residual lignin, regardless
the lignin source, being around the double of the oil yield. This
high amount indicates that the repolymerization of lignin is hap-
pening in parallel during the reaction, as it was described by Yuan
et al. [40]. In terms of yield, the reactions carried out using organo-
solv lignin samples generated also higher quantities of residual
lignin. This fact could be justified by the greater amount of salts
that soda lignin samples contained, which could reduce the repoly-
merization reaction of the lignin. Hence, the lower salts content of
the organosolv lignin samples was found to be a drawback for re-
ducing the undesirable repolymerization reaction of the lignin. This
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Fig. 4. Schematic mechanism of the undergone lignin depolymerization [46].

is countersigned by the highest value of residual lignin (43.62%),
which was achieved from the lignin with lowest ash content (00
2 vol).

In spite of residual lignin is not the most desirable product of
the reaction, would allow its recirculation in the case of a continu-
ous process or its valorization as a modified lignin, as it was pub-
lished by Mahmood et al. [41], who proposed to use residual lignin
as feedstock for polyurethane production since this residual lignin
contained more hydroxyls groups than the initial one. Therefore,
residual lignin can be considered as a byproduct of the reaction
and not a waste product.

Coke is considered the most undesirable product of this reac-
tion, as its potential for further valorization is more limited than
the rest of the products. In this case, it was the fraction produced
in less amount, although mitigate the generation of this compo-
nent should be a goal in future works. Unfortunately, it was not
possible to characterize this product due to the lower amount re-
covered after the reaction. In any case, coke is considered the most
insoluble fraction that appears during the repolymerization, con-
densation and dehydration of small phenolic fractions as it was
demonstrated by Long et al. [42] since the ratio of oxygen per car-
bon atom is lower than the initial lignin. As consequence, the sol-
ubility of this component is quite low due to its high condensed
structure, making it a recalcitrant species. The yield values were
around 8.20%-12.45%, being lower for the lignin samples obtained
from the organosolv process than the ones obtained by soda pulp-
ing. In contrast to the highest amount of residual lignin produced
from organosolv lignin samples, the coke yield was reduced. There-
fore, the pulping process should be decided in consonance with
the undesirable product that would interest to produce in the low-
est amount, however on the basis of considering less desirable the
production of coke, in addition with the higher phenolic oil yield,
lignin samples from organosolv process are more suitable to be de-
polymerized than soda ones. On the other hand, the independency
of the precipitation process was remarkable, with coke yield val-
ues very similar for the lignin samples that were precipitated with
different methods, without observing a clear tendency that would
help to determine the best conditions for this stage.

3.2.1. Products characterization

In this work, not only the product yields were studied, the char-
acterization of these products was also accomplished in order to
know, besides the efficiency of the process, the quality and prop-
erties of the different resulting streams. Thus, the characterization
of the three main components evaluated above will be developed
thereupon.

3.2.1.1. Phenolic oil. As it was mentioned before, lignin is com-
posed by three main monomer units. However, lignin from hard-
wood species, as it is the case of the species used in this
work (P. amygdalus and O. europaea); present only two of these
monomers: guaiacyl alcohol (G) and syringyl alcohol (S). Despite
lignin presents a wide variety of linkages, the most abundant (S-
0-4 ether bond), which conforms around the 60% of the existent
linkages, can be cleaved during the hydrothermal degradation of
lignin [43]. Therefore, the results of the depolymerization reaction
of the lignin lead to the formation of these monomers after the
ether bond cleavage, as it was demonstrated by several studies
[44]. However, if the lignin depolymerization reaction can be car-
ried out under extremely harsh conditions and helped by a suit-
able catalyst, G and S can be converted into other simpler prod-
ucts, such as catechols, cresols and phenol [22]. Fig. 4 presents
the mechanism of this reaction. These final products are well con-
sidered because of the wide applications as value-added building
blocks which they can be used in, e. g., pharmaceutical, medical or
polymers industries [45].

The amount of the phenolic monomers obtained during the re-
action, which were measured by GC-MS analysis, are detailed in
the Table 2.

The results confirm the harsh conditions of the reaction,
since the major components were catechol and its deriva-
tives (3-methylcatechol, 3-methoxycatechol, 4-methylcatechol, 4-
ethylcatechol), followed by phenol and cresols (o-m-p-cresol) re-
spectively. Finally, the measured quantity of G and S in the oils
can be considered negligible, demonstrating that the monomers
of lignin were converted into smaller products as it was aimed.
Concretely, the great amount of catechol compounds made these
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Fig. 5. FT-IR spectra of raw lignins (right side) and their corresponding residual lignins after the depolymerization process (left side).

Table 2. Monomeric phenolic compounds measured in the oil fraction after the reaction.

Lignin sample Yield (% w/w) Catechols (%) Phenol (%) Cresols (%) Guaiacol (%) Syringol (%)
ASpH=6 6.20£0.49 5.80+£0.55 0.25+0.05 0.13+£0.01 0.02+0.01 -
AS pH=4 3.16+0.74 2.8540.60 0.18£0.06 0.11+0.06 0.0240.01 -
AS pH=2 6.32+2.22 597 +2.14 0.23+0.05 0.11+0.02 0.02+0.01 -
AO 1 vol 6.44+0.63 6.01+£0.45 0.25+0.09 0.12+0.04 0.04+0.04 -
AO 2 vol 8.27+£0.62 7.78 £0.47 0.31+£0.09 0.15+0.04 0.02+0.01 -
AO 4 vol 6.62+0.84 6.24+0.73 0.24+0.06 0.12+0.04 0.01-£0.00 -
OS pH=6 3.11+0.21 2.82+£0.17 0.16 £0.01 0.12+0.03 0.01+£0.00 0.01+0.00
OS pH=4 4.56+0.38 4224034 0.19+0.01 0.12+0.01 0.02+0.00 0.01+0.00
OApH=2 4.91+0.06 4.59+0.05 0.19+0.01 0.12+0.01 0.02+0.00 -
00 1 vol 3.84+1.29 3.65+1.16 0.11+0.09 0.07 £0.04 0.01+£0.00 -
00 2 vol 3.91+0.39 3.61+£034 0.18£0.02 0.11+0.03 0.01+£0.00 -
00 4 vol 6.41+0.63 6.06 +0.65 0.224+0.01 0.13+£0.02 0.02+0.00 -

Table 3. Molecular weight distribution of the initial lignin samples and those ones obtained as residual lignin after the depolymerization reaction.
Residual lignin sample M, (g/mol) My/My Residual lignin sample M, (g/mol) My/My
RLAS pH=6 6253 714 RLOS pH=6 5103 6.89
RLAS pH=4 7892 754 RLOS pH=4 4844 6.64
RLAS pH=2 5031 6.07 RLOS pH=2 4819 6.85
RLAO 1 vol 7311 8.15 RLOO 1 vol 6804 8.71
RLAO 2 vol 7004 773 RLOO 2 vol 5910 744
RLAO 4 vol 6535 7.34 RLOO 4 vol 5281 7.03

results very interesting as a pathway to obtain high value-added
products from lignin with its further utilization.

Amongst the yields reached by each lignin samples used in the
study, the almond shell lignin samples presented the highest yield
values, over 6% in all the cases except for “AS pH 4”. For olive tree
pruning lignin samples, the total yield values were always lower
than 6%, with the exception of “O0 4 vol”. Regarding the differ-
ence between the pulping processes used for the lignin extraction,
a clear trend was not found in the results. In the case of almond
shell lignin samples, a slight increase in the yield for the organo-
solv lignin samples could be observed. Nevertheless, for the O, the
variation of the yield was not associated to a clear influence. Fi-
nally, once again, it could not be found a clear trend for the varia-
tion on the obtained yields according to the precipitation methods
used for the lignin isolation.

3.2.1.2. Residual lignin. The results of the molecular weight and the
polydispersity index of the residual lignin samples produced after
the initial lignin depolymerization are shown in Table 3.

Considering the M,y and M\/M, characterization of the ini-
tial lignin samples used for the survey of the depolymerization,
whose values were represented in Table 1, there was a clear dif-
ference among the initials lignin samples obtained by means of
the soda process, which presented significant higher values (more
than 10,000 g/mol), with regard to those ones obtained by the
organosolv process (around 4000-6000 g/mol). However, this dif-
ference was reduced for the residual lignin obtained after the re-
action, presenting all the residual lignin samples a similar size and
polydispersity values. This fact indicated that the mechanism of
the undesirable repolymerization reaction through which residual
lignin is produced, is similar regardless of the species of lignin
used as raw material, due to the phenolate carbanions formed
mainly from catechols and phenols in such alkaline conditions
are not being blocked by an extra capping or blocking agent. As
consequence, there is not a big difference in the yields of resid-
ual lignin and coke with regard to the lignin source neither in
the nature of this fraction. The structure of this residual lignin is
also analyzed by FT-IR spectrums and compared with initial raw
lignin.
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In Fig. 5 only the spectra of representative samples, both raw
and residual lignins are shown. To include the spectra from all
the samples would make more complex the understanding of the
figure. Additionally, it was found that differences among sample
from same raw material and pulping method, only with different
isolation method, were not noticeable. Some similarities were ob-
served between the raw and residual lignins but there are many
changes which confirm that their structure is not the same. The
peak at 1700 cm~! characteristic stretching frequency of carbonyl
group [42] is much more intense in the case of residual lignins.
This could be due to the cleavage of B8-0-4 ether bonds of the
raw lignin during the depolymerization reactions that lead to an
unstable fragments which in order to stabilize themselves, form
a double bond between the carbon and oxygen creating the car-
bonyl group in the residual lignins. The peaks at 1515 and 1460
cm~! related to benzene structural lignin absorbance almost disap-
peared in residual lignins spectra which suggests that these lignins
have lower aromatic nature than the raw lignin. Otherwise, the
C=0 stretching in syringyl unit which appears at 1322 cm™! is
not detected in the residual lignins. In addition, the peak at 1215
cm~! which is assigned to ring breathing with C-O stretching of
both the syringyl and guaiacyl structures [47]; is only visible in
raw lignin samples. Finally, the peaks at 911 and 835 cm~! that
only appeared in raw lignins spectra are attributed to C-H out of
plane aromatic ring deformation and C-H out of plane in positions
2 and 6 of syringyl units [48]. All this indicates that the so-called
residual lignin fractions have lower quantity of syringyl and gua-
iacyl units which have reacted during the depolymerization reac-
tions and been transferred to the phenolic oil fraction. Hence, as
the residual lignin presents a difference structure in comparison
with the initial one, it can be established that the conversion of
all raw lignin samples is total, generating the three main products
described ahead.

4. Conclusions

The present research was focused on the development of a tai-
lor made process for lignin extraction and its depolymerization to
small phenolic compounds. The influence of the raw materials, the
pulping process and the lignin precipitation stage on the structure
and characteristics of the obtained lignin samples was studied in
order to establish the best conditions for the obtaining of high pu-
rity lignin samples, enabling its further valorization.

The inclusion of an autohydrolysis pretreatment provided purer
lignin samples (more than 88% for all the samples) since a consid-
erable amount of hemicelluloses had been already removed prior
to the delignification processes, reducing significantly the sugar
impurities in the isolated lignin.

High lignin yields were achieved by the soda process, especially
from olive tree pruning. Although the purity of these lignin sam-
ples was lower than organosolv lignin samples, soda lignin ones
were found to be quite pure, with lignin percentages higher than
95% of the total sample composition in some of the cases. Hence,
soda process was found to be the most suitable process in terms
of lignin production and purity.

Considerable differences were observed in the molecular size
distribution. Organosolv lignin samples presented lower val-
ues (My <7000g/mol, in all cases) than soda process ones
(Mw > 16,000 g/mol). These small values for organosolv lignin sam-
ples enabled their depolymerization, since the smaller the ini-
tial molecule is, the highest yield of depolymerized products was
achieved, remarking the importance of this property for lignin de-
polymerization. The polydispersity index followed this trend as
well, with smaller values for organosolv samples (lower 4), than
soda lignin (bigger than 10 for all the samples).

After their extraction and characterization, these lignin sam-
ples were subjected to a depolymerization reaction, producing
three main streams: phenolic enriched oil, residual lignin and coke.
Organosolv lignin samples presented higher yield values for pheno-
lic oil (from 18.23% to 23.5%) in comparison with soda lignin sam-
ples. However, more residual lignin yield values (around 35%-45%)
were achieved from organosolv ones, although the yield of coke
was lower than in the soda ones. The undesirable repolymerization
occurs following the same mechanism regardless the lignin sample
used, since it was observed that the chemical composition of all
residual lignin presented similar size and yield.

Focusing on the composition of the phenolic oil, the most abun-
dant monomer types found in the oil were the catechols deriva-
tives demonstrating that the guaiacol and syringol, main products
of the lignin depolymerization, had been degraded into more el-
emental products due to the harsh conditions of the reaction. Al-
mond shell samples presented higher yields than olive tree prun-
ing ones; however regarding the different pulping processes and
isolation methods, no clear influence was observed.

As summary, the main differences were found in the deligni-
fication process, being the soda treatment the most profitable, in
terms of quantity, whereas organosolv process generated the high-
est purity lignin samples with lower My, sizes, fact which could
lead to the highest yields and better quality of the most desir-
able depolymerization product (phenolic oil). Hence, a compro-
mise between the quantity, represented by the soda treatment, and
the quality, reached in higher degree with the organosolv method
should be defined for the design of the global process.
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