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Abstract: Residues of Cistus ladanifer obtained after commercial steam distillation for essential oil
production were evaluated to produce cellulose enriched solids and added-value lignin-derived
compounds. The delignification of extracted (CLRext) and extracted and hydrothermally pretreated

biomass (CLRtreat) was studied using two organosolv processes, ethanol/water mixtures (EO), and

check for

updates alkali-catalyzed glycerol (AGO), and by an alkali (sodium hydroxide) process (ASP) under different

reaction conditions. The phenolic composition of soluble lignin was determined by capillary zone
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was also evaluated. The ASP (4% NaOH, 2 h) lead to both the highest delignification and enzymatic
saccharification (87% and 79%, respectively). A delignification of 76% and enzymatic hydrolysis
yields of 72% were obtained for AGO (4% NaOH) while EO processes led to lower delignification
(maximum lignin removal 29%). The residual lignin in the delignified solids were enriched in G-
and H-units, with S-units being preferentially removed. The main phenolics present in the ASP and
AGO liquors were vanillic acid and epicatechin, while gallic acid was the main phenolic in the EO

liquors. The results showed that C. ladanifer residues can be a biomass source for the production of
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lignin-derivatives and glucan-rich solids to be further used in bioconversion processes.
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_ o 1. Introduction
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Lignin is an important source of compounds with functional activities and emerging
applications in the cosmetic, pharmaceutical, and food industries. Compared to cellulose,
the upgrading of lignin has deserved much less attention due to its recalcitrance, as well as
its chemical and structural complexity. Although lignin is rich in phenolic and aliphatic
hydroxyl groups, which are functional groups of interest for chemical modifications and
reactions, it is often used only as filler or additive since separation and fragmentation
processes are some of the hindrances for its utilization for chemicals production [1]. How-
ever, there has been a renewed interest in the study of lignin extraction processes to obtain
added-value products [2]. These products can be grouped into three categories: biofuels,
Attribution (CC BY) license (https:// ~ macromolecules, and monomeric aromatic compounds [3]. The lignins can be incorporated
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adhesives [3,5]. However, the interest in the production of monomeric phenolic compounds,
such as vanillin, ferulic acid, coumaric acid, p-hydroxybenzoic acid, vanillic acid, syringic
acid, syringaldehyde, and p-hydroxybenzaldehyde, for example, is having increased in-
terest. In fact, the development of new technologies for the production of lignin-based
chemicals can lead to much higher value market opportunities than petrochemicals [6].
The market potential for high added-value products such as vanillin, phenol, BTX (benzene,
toluene, and xylene), and carbon fibers, for example, is over $130 billion, and in 2020 this
potential is expected to reach $208 billion [7].

The lignin source, as well as the extraction processes used to break down the lignin
macromolecule into fragments of lower molecular mass, have an important influence on
the physicochemical properties of the resulting products [8]. The most used delignification
processes involve the action of alkalis that although mainly reacting with lignin, also
affect the hemicelluloses. The most used agents are alkali metal hydroxides (sodium,
potassium, or calcium) and one of the most known examples is the Kraft process (which
uses sodium sulfide and sodium hydroxide) used in pulp and paper production [9,10].
It has the advantage that it may be performed at low temperatures, although the quality of
lignin is rather low. These processes produce, at present, the highest volume of lignin but
are slightly specific and require significant operations of wastewater treatment.

Organosolv processes are based on the utilization of aqueous mixtures of organic
solvents such as acetone, ethanol, methanol, glycerol, formic acid, or acetic acid [8,11,12].
These are interesting delignification alternatives since they are able to obtain lignin with low
ash content, higher purity (due to lower content of carbohydrates), and, in general, with
low molecular weight and higher hydrophobicity [13]. Besides, the organosolv treatments
lead to a liquid phase containing both hemicellulose and lignin-derived products that are
free from sulfur [14]. Organosolv processes can also be used in combination with other cat-
alysts, including acids, producing lignin dissolution and hemicellulose hydrolysis [12,15].
The overall economy of these processes should include the optimization of biomass frac-
tionation, product recovery, and solvent recycling [15], although low boiling point solvents
such as ethanol and acetone have the advantage of easy recovery by distillation and are
themselves biorefinery products [16]. In contrast, high boiling point alcohols, such as
ethylene glycol and glycerol, require higher energy consumption for their recovery [17]
i.e., involving two distillation steps [18]. In a similar way, organic acids, such as formic
acid and acetic acid, that are commonly recovered by evaporation, also need high energy
inputs [12,19].

Besides the recovery of lignin for conversion into valuable products, these treatments
may also produce cellulose-rich solids with enhanced enzymatic hydrolysis rate and
yield [20] due to changes caused in the physicochemical properties of the pretreated solids.
These include the increase of porosity, and of the surface area of the substrate, and the
decrease of cell wall thickness, cellulose crystallinity, and degree of polymerization, as well
as a decreased lignin and hemicellulose content [21].

The biomass used in this study was Cistus ladanifer, commonly known as rock-rose,
is a native species from the Iberian Peninsula and one of the most important natural
shrubs in the Mediterranean basin [22,23], occupying an area of c.a. 2 million hectares
in the south/southwest of the Iberian Peninsula [24]. This plant is covered with a sticky
exudate of a fragrant resin, known as labdanum, which in turn is valued in perfumery
because of its high content of compounds from the Ambery’s olfactive family (amber
odor) [25]. Cistus ladanifer is also used as feedstock for essential oil production, obtained
by hydrodistillation or steam distillation, which can be sold at an attractive price (over
200 €/L) [25]. Furthermore, Cistus species have been employed in traditional medicine,
since labdanum also contains phytochemicals with antioxidant, antibacterial, antifungal,
and anticancer properties [26]. In general, the harvest of Cistus has been considered
an important socio-economic activity for some rural communities [27].

The remained residues obtained after distillation or labdanum extraction present a fa-
vorable chemical composition to be used as a biorefinery feedstock [23]. The combination
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of extraction, hydrothermal processing (autohydrolysis), and delignification treatments
are important processing routes for the full use of this biomass. Thus, the solids remain-
ing from previous extraction and optimized hydrothermal processing for hemicellulose
fractionation were subjected to delignification treatments using two mild organosolv pro-
cesses: ethanol/water mixtures (EO) and alkali-catalyzed glycerol (AGO). For comparative
purposes, an aqueous sodium hydroxide process (ASP) was tested and the processes were
also applied to the extracted-only biomass.

This work aims to study the operational conditions for the delignification of extracted
(CLRext) and extracted and hydrothermally pretreated solids (CLRtreat) of C. ladanifer
residues using different delignification processes to produce cellulose-rich solids and maxi-
mize the recovery of the lignin-derived phenolic compounds in the liquid fraction. Lignins
and remaining solids were characterized and the influence of the extraction methods on
their chemical properties was evaluated.

2. Materials and Methods
2.1. Raw Material

The samples used in this work were (i) CLRext: Cistus ladanifer residues (CLR) ob-
tained after essential oil distillation (kindly provided by Quinta Esséncia, Lda, Portel,
Portugal), followed by extraction with ethanol and water; and (ii) CLRtreat: obtained
by pre-treating CLRext by an autohydrolysis (hydrothermal) process under previously
optimized conditions [22]. The CLRtreat sample was produced in sufficient amount and
carefully homogenized to be used for the delignification studies. The average content of
structural components and ash of the CLRext used in this work was 29% glucan, 17% xylan,
4% arabinan, 3% acetyl groups, 30% Klason lignin, and 3.30% ash. The CLRtreat biomass
contained 35% glucan, 9% xylan, 1.4 % acetyl groups, 46% lignin, and 4.30% ash.

2.2. Delignification Treatments
2.2.1. Aqueous Sodium Hydroxide Process (ASP)

CLRext and CLRtreat were used as feedstock for an aqueous sodium hydroxide
process (ASP). The treatment was carried out in an autoclave at 130 °C for 60 or 120 min.
Each treatment used 10 g of solids (dry weight) and sodium hydroxide (NaOH) solutions at
2% or 4 % (w/v) with a solid:liquid ratio of 1:10 (w/w). At the end of the reaction, the flasks
were cooled down to room temperature and the liquid and solid fractions were separated
by filtration (Quantitative Filter-Lab nr 1235 filter paper). The liquor was stored at 4 °C for
further analysis and the solid phase was washed with 1 L of hot distilled water (80 °C),
dried for 48 h at 45 °C, and kept for another 48 h at room temperature before milling and
storage until analysis.

2.2.2. Alkali-Catalyzed Glycerol Organosolv (AGO)

Alkali-catalyzed glycerol organosolv (AGO) was performed similarly to ASP. The
delignification was carried out at 130 °C for 60 min and each treatment used CLRtreat
and 50:50 water/glycerol (w/w) solution containing 2, 4, or 8 g of NaOH as a catalyst, in
a solid: liquid ratio of 1:10 (w/w). After separation, the solid phases were washed with
1% NaOH solution (w/v) followed by 2 L of hot distilled water (80 °C) to remove possible
adsorbed lignin.

2.2.3. Ethanol Organosolv Process (EO)

The ethanol organosolv process (EO) used CLRtreat solids as feedstock. The process
was performed in a 600 mL stainless-steel reactor (Parr Instruments Co, Moline, IL, USA)
using 50:50 ethanol/water mixtures and a 6:1 liquid-to-solid ratio (w/w). The temperature,
agitation, and pressure were controlled by a Parr PID controller (model 4842). The reaction
was carried out at non-isothermal conditions in a temperature range of 170 to 220 °C.
Upon reaching the desired temperature, the reactor was cooled down by water circulating
through a serpentine coil and introduced in a cold-water bath. The solid and liquid phases
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were separated by filtration and washed with 1 L ethanol/water solution and dried as
described in Section 2.2.1.

The diagram of sequential fractionation methods (extraction, autohydrolysis, and
delignification) applied to this biomass is illustrated in Scheme 1.

CLR
Soxhlet extraction 1
— CLRext

2 Autohydrolysis 1

CLRtreat

Delignification
(EO, ASP, AGO)
v
Glucan Lignin
enriched solid extract

Scheme 1. Sequential fractionation methods (extraction, autohydrolysis, and delignification) ap-
plied to the C. ladanifer biomass and the relevant samples used in this work. CLR—C. ladanifer
residues obtained after commercial hydrodistillation. CLRext—Ethanol and water extracted CLR.
CLRtreat—Extracted and hydrothermally treated CLRext. Sohxlet extraction and autohydrolysis
conditions (1) are described in Alves-Ferreira et al. [22]. Process 2 was only applied to aqueous
sodium hydroxide delignification.

2.3. Lignin Precipitation

Lignin was separated from the ASP and AGO liquors by acid precipitation, adding
72% H,S04 to reach pH 2. The lignins precipitated from the ASP and AGO liquors were
filtered, washed with hot distilled water (60 °C), and dried at 45 °C for 24 h. For the
precipitation of the EO lignin, the liquor was diluted with distilled water (3:1), centrifuged
at 5000 rpm for 10 min, and dried at 45 °C for 24 h.

2.4. Analytical Methods
Quantification of Carbohydrates and Lignin

The solids remaining after each delignification process were subjected to quantitative
acid hydrolysis (QAH) according to the conditions used in previous work [23]. The liquors
resulting from QAH were analyzed for glucose, xylose, arabinose, and acetic acid by
HPLC (Agilent, Waldbronn, Germany) as described by Moniz et al. [28]. The solid residue
from QAH was corrected for ash and considered as Klason lignin. The moisture content
was determined by oven-drying at 100 °C to constant weight and the ash content was
determined at 550 °C using NREL/TP-510-42622 protocol [29].



Energies 2021, 14, 1127

50f21

2.5. Chemical Characterization of Lignin and Lignin-Derived Compounds
2.5.1. Phenolic Profile by Capillary Zone Electrophoresis (CZE)

The lignin-derived products contained in the delignification liquors were analyzed by
CZE (Agilent System, Waldbronn, Germany), equipped with a diode-array detector (DAD),
and interfaced with a ChemStation data software under the operating conditions previously
reported in Alves-Ferreira et al. [22]. Detection was performed at 200 and 375 nm, and
phenolic compounds were identified by electrophoretic comparisons (migration times and
UV spectra) using authentic standards.

Total phenolic compounds were determined by the Folin—Ciocalteu colorimetric
method [30] using a microplate spectrophotometer (Thermo Scientific, Waltham, MA, USA)
as detailed elsewhere [22] and expressed as g of gallic acid equivalents per liter of liquor
(gGAE/L).

2.5.2. Pyrolysis Experiments

Py-GC/MS was applied to study and compare the modifications on delignified solids
and in the lignin isolated from the liquors. The solids analyzed were those corresponding
to the conditions with the highest delignification obtained for each treatment (EO5, AGO3,
ASP8) and the CLRtreat, for comparison purposes. The isolated lignin samples from the
liquors correspond to precipitated EO5, AGO3, ASP7, and ASPS liquors. The samples
were pyrolyzed at 550 °C for 10 s in a 5150 CDS apparatus (CDS Analytical, Oxford, USA)
linked to an Agilent GC 7890B coupled to a mass detector system 5977B using electron
impact mode (EI at 70 eV) according to the operating conditions described before [22].
The pyrolysis products were identified by comparison with computer libraries (Wiley,
NIST2014) and with the literature [31,32]. The percentage of each compound was calculated
based on the total area of the chromatogram. The percentage of hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) lignin-derived products were separately summed. The S/G
ratio and the S:G:H relation were calculated.

2.6. Enzymatic Hydrolysis

The enzymatic digestibility of the cellulose (measured as glucan) remaining in the
delignified solids was evaluated using reference protocols (LAP-NREL/TP-510-42629) [33].
The dried solid fraction from the delignification process was digested in 5 mL of sodium
citrate 0.1 M pH 4.8 buffer solution, 100 uL solution of sodium azide (2% w/v) and then
supplemented with 60 FPU/g cellulose of Celluclast 1.5 L and 64 pNPGU/g cellulose
of Novozyme 188 (Novozymes, Bagsvaerd, Denmark). The volume was adjusted with
distilled water to 10 mL considering that the biomass has a density of 1. Incubation was
carried out 150 rpm in an orbital incubator at 50 °C, for 72 h, in triplicate. [22]. Hydrolysates
were analyzed by HPLC as described above. Final sugar concentrations were corrected for
substrate and enzyme blanks. The enzymatic digestibility was determined by the ratio of
digested cellulose to the initial cellulose loaded.

Filter Paper Activity (Celluclast 1.5 L) and 3-glucosidase activity (Novozyme 188) were
determined according to the procedures of Ghose [34] and Berghem et al. [35], respectively.

3. Results and Discussion
3.1. Chemical Composition of the Delignified Solids and Delignification Yield
The experimental conditions of the delignification processes and the chemical compo-

sition of the remaining solids, delignification yield, and solid yield obtained after treatment
are shown in Table 1.
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Table 1. Experimental conditions for the delignification of C. ladanifer residues before (CLRext) and after hydrothermal treatment (CLRtreat) using three delignification processes-ethanol

organosolv (EO), alkali-catalyzed glycerol (AGO), and aqueous sodium hydroxide process (ASP)-and results regarding delignification yield (% of the initial oven-dried material), solid

yield (% of the delignified solid), contents of Klason lignin, glucan, and xylan (% of the delignified solid).

Treatments Delignification
Process Nr Reagent Feedstock Reactor Temz)oeg;\ture T(i:;e pH Delyiigerll;ﬁ(cozt)ion Yiiﬁ;ig/o ) Lilgizio(?’/o) Glucan (%) X()‘/)/loa)n
EO 1 50% ethanol CLRtreat Parr 170 - 44 13.3 88.2 46.0 35.2 8.8
EO 2 50% ethanol CLRtreat Parr 180 - 44 17.0 86.0 452 36.6 9.2
EO 3 50% ethanol CLRtreat Parr 190 - 42 20.0 85.3 43.9 39.8 8.7
EO 4 50% ethanol CLRtreat Parr 200 - 42 224 81.1 44.7 38.9 8.3
EO 5 50% ethanol CLRtreat Parr 210 - 42 28.9 79.9 41.7 443 8.3
EO 6 50% ethanol CLRtreat Parr 220 - 41 21.6 80.6 46.5 40.1 5.6
AGO 1 50% glycerol + 1% NaOH CLRtreat Autoclave 130 1 8.0 37.4 734 40.2 42.0 6.4
AGO 2 50% glycerol + 2% NaOH CLRtreat Autoclave 130 1 10.5 69.1 61.0 23.9 61.0 5.1
AGO 3 50% glycerol + 4% NaOH CLRtreat Autoclave 130 1 11.8 76.3 60.6 18.4 67.7 438
ASP 1 2% NaOH CLRext Autoclave 130 1 9.9 68.8 49.0 20.2 45.7 20.0
ASP 2 2% NaOH CLRext Autoclave 130 2 10.4 68.7 48.7 19.1 46.0 21.2
ASP 3 4% NaOH CLRext Autoclave 130 1 12.9 77.7 39.8 16.7 51.9 21.4
ASP 4 4% NaOH CLRext Autoclave 130 2 12.8 78.3 39.7 16.2 52.8 215
ASP 5 2% NaOH CLRtreat Autoclave 130 1 9.7 72.8 49.3 241 63.5 8.4
ASP 6 2% NaOH CLRtreat Autoclave 130 2 10.5 75.2 46.8 23.1 64.4 7.7
ASP 7 4% NaOH CLRtreat Autoclave 130 1 12.9 83.9 43.0 16.3 74.0 7.6
ASP 8 4% NaOH CLRtreat Autoclave 130 2 12.8 86.7 39.8 14.6 76.8 7.2
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The ethanol organosolv process solubilized less lignin when compared to the other
delignification methods, resulting in a solid residue still with high lignin content. The delig-
nification obtained ranged from 13% to 28.9%, increasing with temperature increase up
to 210 °C but dropping at 220 °C (21.6%). Wildschut et al. [36] also observed that deligni-
fication tends to increase with the increase of reaction temperature. The results obtained
here are lower than those reported for ethanol-water delignification of other feedstocks, for
example: palm fronds (43%), using 80% ethanol at 200 °C [11]; hydrothermally pretreated
sugarcane bagasse followed by organosolv pretreatment (62%), using 50% ethanol at 190 °C,
in a glycerin bath for 150 min [37]. It is also important to note that in general a catalyst,
e.g., sulphuric acid, is also added. This was the case of the experiments carried out by
Wildschut et al. and Chen et al. [36,38] where 30 mM of sulphuric acid was used for the
delignification of wheat straw with 60% ethanol at 190 °C. The hemicellulosic fraction
was only slightly affected by EO, except at 220 °C, where a major decrease was observed
(corresponding to solubilization around 50%). Between 170 °C and 210 °C, there was slight
solubilization of the xylan from 13% to 28%, while glucan mainly remained in the solid
phase (maximum solubilization 7%). Since the ethanol organosolv treatment was not very
effective for lignin removal, it was not possible to obtain solids with high glucan content (it
ranged from 35.2% to 44.3%).

To try to improve the former results, sulphuric acid (50 mM) was also tested as
a catalyst at 220 °C in the organosolv process. However, even under these conditions, the
performance of the ethanol organosolv process for lignin solubilization was not improved
but xylan removal increased to reach 78% of solubilization. Ethanol organosolv was also
performed under isothermal conditions, but the lignin yields were even less satisfactory
than those using non-isothermal conditions (data not shown).

The alkali-catalyzed glycerol organosolv using NaOH as catalyst (1%, 2%, and 4%
(w/w)), for 60 min, at a mild temperature of 130 °C exhibited a greater delignification degree
in comparison to the ethanol organosolv assays. The highest lignin removal was obtained
for 4% NaOH concentration (AGO3), reaching a delignification yield of 76.3% and resulting
in a solid containing 67.7% glucan, 4.4% xylan, and 18.4% residual lignin. AGO1 and
AGO2 produced a delignification yield of 37.4% and 69.1%, respectively. The maximum
delignification yield reached out for AGO was higher than the obtained by Sun et al. [39] for
wheat straw, using 70% industrial glycerol at 220 °C for 3 h, and lower than that shown by
Hundt et al. [40] for beech wood, using 97% glycerol and 8% KOH as a catalyst, at 190 °C,
for 15 min. Novo et al. [41] reported delignification yields between 21-82% for sugarcane
bagasse, using 80% glycerol under different conditions of time and temperature. The solid
yield decreased with the NaOH concentration, achieving 73.4%, 61.0%, and 60.6 % for
AGO1, AGO2, and AGO3, respectively. The amount of xylan solubilized also increased
with the NaOH concentration (maximum solubilization 68%), while acetyl groups were
completely removed from the solid residue at all the conditions. Glucan was almost not
affected by AGO: solubilization of 12% occurred for AGO1 (using 2% NaOH) and there
was not any degradation of glucan for the other conditions. Other studies with glycerol
organosolv extraction methods also demonstrated high preservation of cellulose in the
substrate [39,42].

For comparative purposes, an aqueous sodium hydroxide process (ASP) was also
tested with two NaOH concentrations (2% and 4% (w/v)) and two-time periods (1 and 2 h)
after reaching a temperature of 130 °C. This process was also applied to extracted biomass
(CLRext) and hydrothermally treated biomass (CLRtreat). ASP showed an important
influence in the delignification of CLRext and CLRtreat, being the most efficient method
tested in this work for lignin extraction. The delignification corresponded to percentages
from 68% to 78% for CLRext and from 73% to 87% for CLRtreat. Therefore, CLRtreat
allowed the maximum lignin removal ca. 11.5% superior to the maximum removal obtained
with CLRext. The results of delignification obtained for CLRext were similar taking into
account the different reaction times (ASP1 vs. ASP2 and ASP3 vs. ASP4). For the CLRtreat,
the delignification degree only improved 3.3% with the increase of reaction time (ASP5 vs.
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ASP6 and ASP7 vs. ASP8). These results suggest that NaOH concentration may influence
lignin removal, while the reaction time seems not to have an important effect. Studies done
by Wu et al. [43] demonstrated that the increase of the alkali concentration is important to
improve the delignification degree of wheat straw. The hydrolytic capacity of NaOH is well
known since it cleaves the ether and ester linkages in the lignin-carbohydrate complexes,
and the ester and carbon-to-carbon bonds in lignin [44]. Different concentrations of NaOH
solutions (0.3-10%) under temperatures ranging from 70 °C to 160 °C and 1-3 h reaction
times led from moderate to high delignification yields (56-97%) in different lignocellulosic
biomass [45-47].

Contrarily to other treatments, ASP had a slightly higher effect in glucan solubiliza-
tion than the organosolv processes. This was mainly evident for the untreated biomass
(about 14.9-18.2% for CLRtreat vs. 24.3-30.2% for CLRext). For CLRext glucan degradation
increased with alkali load. However, this effect was not observed for CLRtreat. This is
an advantage as CLRtreat is a feedstock that is the by-product of C. ladanifer distillation
(CLR), of CLR extraction (CLRext), and of CLRext hydrothermal treatments to produced
oligosaccharides and it is still very interesting to produce cellulose-enriched solids and
lignin extracts. The alkali treatment also had an important effect on the xylan fraction, with
solubilization of approximately 50% and 71% for CLRext (ASP4) and CLRtreat (ASPS),
respectively. Similar to what occurred in AGO, acetyl groups were also fully solubilized
at all conditions (data not shown). Arabinan was completely removed from CLRtreat by
hydrothermal pretreatment, but CLRext still contained 4% arabinan. Almost complete
solubilization of arabinan from CLRext was achieved in any of the conditions (92.5-94% of
solubilization) (data not are shown). The ASP process displayed the lowest solid yields
among all the treatments (from 39.7% to 49.3%) due to the higher lignin and carbohy-
drate hydrolysis.

According to these results, EO was the less effective delignification process, while
the highest delignification and glucan yields were observed in the ASP followed by AGO,
suggesting the efficiency of the alkali process for delignification of C. ladanifer to obtain
a feedstock suitable for obtaining glucose solutions and lignin-derived phenolics.

The pH of the liquors from the AGO and ASP was 11.8 and 12.9, respectively, with
higher pH values for the higher sodium hydroxide concentrations (Table 1). Ethanol
organosolv liquors exhibited similar values (4.1-4.4), with a slight pH decrease with
increasing temperature. The values obtained are lower than reported by Wildschut et al. [36]
in ethanol organosolv liquors (4.2 to 5.9).

3.2. Enzymatic Hydrolysis

The results of the enzymatic digestibility of the cellulose remaining in solid fractions
after delignification are presented in Figure 1. The extraction of lignin using chemicals,
besides the rupture of lignin, leads to a swelling of the biomass, as well as to the increase
in internal surface area and better access of hydrolytic enzymes [48].

EO treatment induced an increase in digestibility with the increase of reaction tem-
perature. Organosolv performed at high temperatures may cause a higher rupture of the
cell wall structure [38] and therefore better enzymatic access. However, the glucose yields
obtained with EO solids were only about 39.3% to 49.3%. These results are in agreement
with the lower delignification of CLRtreat obtained with these processes and contrast
with the previously reported by Wildschut et al. [36]. These authors obtained a maximum
enzymatic digestibility of 86% and 89% for wheat straw using aqueous ethanol without
and with catalyst, respectively. Jang et al. [49] also reported a digestibility of over 80% for
ethanol organosolv of Liriodendron tulipifera.
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Figure 1. Results of the cellulose enzymatic hydrolysis (% of hydrolyzed cellulose from delignified solid): ethanol organosolv
(EO), alkali-catalyzed glycerol (AGO), and aqueous sodium hydroxide process (ASP).

The results obtained for AGO and ASP solids showed a significant increase in the
hydrolysis compared to the EO. Thus, values between 57.5-72.3% of cellulose digestibility
were observed for AGO processed solids. These results are lower than those obtained
for wheat straw (wet substrate) using crude and industrial glycerol [39,50]. Additionally,
beechwood alkali-catalyzed glycerol delignification [40] and sugarcane glycerol/ sulphuric
acid delignification [51] produced higher saccharification yields. CLRext (ASP1 to ASP4)
showed enzymatic hydrolysis yields from 49.7% to 72.9% which are slightly below those
obtained for CLRtreat (from 60.7% to 78.8%). Huang et al. [45] achieved 81% enzymatic
hydrolysis of a sample pretreated by 10% NaOH at 160 °C and Wang et al. [47] indicated
a hydrolysis efficiency of 79.2% for Sophora flavescens residues pretreated with 1.2% NaOH
at 120 °C, for 2 h. Cellulose digestibility is increased with the removal of barriers such as
lignin, xylan, and acetyl groups [52,53] and this could be observed in this work.

Therefore, the results showed that ASP and AGO are quite more effective than EO for
fractionation of cellulose and lignin from C. ladanifer distillery residues as well as for the
subsequent enzymatic hydrolysis of cellulose.

3.3. Phenolic Composition of Lignin Liquors

The liquid fractions resulting from delignification were characterized for total phe-
nolics concentration (expressed as gallic acid equivalents) and by CZE for their phenolic
profile. In general, the phenolic compounds yield increased with the delignification yield.
However, this was not always observed when analyzing the samples individually. Ethanol
extraction yielded lower total phenolic content (0.9-1.4 g/L), while AGO and ASP pro-
cesses resulted in phenolic concentrations between 6.2 and 10.8 g/L (data not showed).
Concentrations from 4.8 to 6 g/L of total phenolics were found for organosolv liquors from
rice straw [13]. Phenolic compounds have shown interesting bioactivities, in particular,
strong antioxidant potential. Thus, the antioxidant activity of lignins has suggested new
applications of this polymer in cosmetics and pharmaceuticals industries [54].

Figure 2 shows an example of the phenolic profile obtained by CZE where the lignin-
derived non-volatile substances of EO6, AGO3, and ASP8 samples are shown. The elec-
tropherograms show the complexity of the liquor matrix, especially for AGO3 and ASPS,
which were very viscous and with great content of lignin. Gallic acid and vanillic acid are
the phenolic acids identified in the ethanol liquor (Figure 2a).
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Figure 2. Electropherogram (200 nm) showing the phenolic profile of the lignin products obtained
after different delignification processes of treated C. ladanifer residues (CLRtreat). (a) ethanol organo-
solv lignin (EO6 sample); (b) alkali-catalyzed glycerol organosolv lignin (AGO3 sample); (c) aqueous
sodium hydroxide lignin (ASP8 sample). The % matching was obtained by comparison with authentic

standards (*) run under the same conditions as the samples. See text for CZE conditions.

These compounds were previously found in C. ladanifer extracts [22,55-57]. Benzoic
aldehydes such as vanillin and syringaldehyde could also be identified in the same sample
at 375 nm (data not shown). Vanillic acid was identified in all the samples, and especially in
AGO3 and ASPS, this compound showed the most prominent peaks (Figure 2b,c). Vanillin
or, its oxidized form, vanillic acid, are known to exhibit potential bio-activities as antibac-
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terial [58], inhibitory effects on initiation of hepatocarcinogenesis [59], protective effect
on cisplatin-induced renal injury [60]. Additionally, vanillin is widely used as a flavoring
agent in food products and aromatic additives, and its global market is expected to reach
USD 724.5 million by 2025 [61]. The compounds 3-phenyl phenol and epicatechin were
found in AGO3 and ASP8 with very good matching (Figure 2b,c). Several studies reported
that (—)-epicatechin, a flavan-3-ol, may contribute to the prevention of cardiovascular
diseases and metabolic disorders, and demonstrated blood pressure-lowering capacity [62].
Other studies indicated pharmacological benefits of epicatechin such as inhibitory effects
against human breast cancer cells [63], insulin-like activity [64], or parasitic activity [65].

Other compounds such as coumaric acid, 3-hydroxybenzoic acid, and 4-methylcatechol
were detected in ASP8 and the latter was identified also in AGO3. However, due to the
matrix complexity and overlapping peaks, these compounds were not identified with
a high degree of certainty. Moniz et al. [13] also found coumaric acid in rice organosolv
liquor. The biological activity of these phenolic compounds has been demonstrated in
numerous studies: 4-methylcatechol as an anti-melanoma agent [66]; coumaric acid as
a strong antimicrobial [67] and antioxidant [68].

Therefore, the potential bioactivity of lignins supports their promising application in
the pharmaceutical, cosmetic, and food industries.

3.4. Characterisation of Delignified Solids and Isolated Lignins by Py-GC/MS Pyrolysis

The hydrothermally treated feedstock (CLRtreat), the delignified samples (EO5, AGO3,
ASPS8), and the isolated lignin from the liquors (EO5, AGO3, ASP7, and ASP8) were
characterized by Py-GC/MS. Pyrolysis is a powerful methodology to characterize the
monomeric composition of lignin in biomass [69]. Figures 3 and 4 show the pyrograms
of the delignified solids and the isolated lignins, respectively, and identify the numbers
of the main peaks. Table 2 shows the identification, quantification, and origin of the
pyrolysis products.
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Figure 3. Py-GC/MS chromatograms of the relevant delignified solids obtained by different deligni-
fication processes from CLRext (a) CLRtreat for comparison; (b) EO5 solid; (¢) AGO3 solid; (d) ASP8
solid. The peak assignments of the derived pyrolysis products are given in Table 2.
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Figure 4. Py-GC/MS chromatograms of the relevant lignin samples obtained from CLRext by different delignification

processes: (a) EO5 lignin; (b) AGO3 lignin; (c) ASP7 lignin; (d) ASP8 lignin. The peak assignments of the derived pyrolysis

products are given in Table 2.
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Table 2. Identification of the pyrolysis products (as % of total area) of the hydrothermally treated C. ladanider residues (CLR treat), of delignified solid samples by the three processes-EO
(sample EO5), AGO (sample AGO3), and ASP (sample S8), and of lignin precipitated from the delignification liquors of AGO (sample AGO3) and ASP (samples ASP7 and ASP8). The
origin of the pyrolysis products is given as derived from carbohydrates (c), lignin hydrophenyl units (H), guaiacyl units (G), syringyl units (S), and undetermined lignin source (NDL), as

well as from proteins (P) and other compounds (O).

HydrotermallyTreated  Delignified Solids

Peak nr Compound Origin CLR Treat EO5 AGO3 ASP8 EO5 AGO3 ASP7 ASP8
1 2-oxo-propanal C 3.7 3.4 3.7 3.8 0.0 1.3 n.d. n.d.
2 hydroxyacetaldehyde C 4.5 3.0 17.2 16.7 0.0 n.d. n.d. n.d.
3 acetic acid C 3.8 2.5 2.0 24 3.7 1.9 n.d. 1.6
4 2-hydroxypropanone C 0.8 0.5 9.3 10.8 0.0 0.9 n.d. n.d.
5 toluene NDL 0.3 04 0.2 n.d. 1.1 1.3 4.0 2.2
6 HOCH=CHOH c 0.4 0.3 0.3 0.2 0.0. n.d. n.d. n.d.
7 glycidol - n.d. n.d. 0.1 n.d. 0.0 1.2 n.d. n.d.
8 cyclopentanone c n.d. n.d. n.d. n.d. 0.0 0.9 n.d. nd.
9 3-hydroxypropanal c 14 0.8 21 24 0.0 n.d. n.d. nd.
10 1,3-dimethyl-benzene NDL n.d. n.d. n.d. n.d. 0.0 0.1 0.6 0.4
11 pyrrole - 0.1 0.1 n.d. n.d. 0.1 0.3 0.5 0.4
12 trans 2-methyl-but-2-enal c n.d. n.d. 0.7 0.6 0.0 n.d. n.d. nd.
13 1,4-dimethyl-benzene NDL n.d. n.d. n.d. n.d. 0.0 n.d. 0.5 0.4
14 3H-furan-2-one C 0.1 0.1 0.6 0.5 0.0 n.d. n.d. n.d.
15 furan-2-one isomer C 0.3 0.3 0.2 0.2 0.0 n.d. n.d. n.d.
16 3-furaldehyde C 0.3 0.3 0.2 0.2 0.0 0.0 0.0 0.0
17 CH;3-CO-CHOH-CHO C 1.0 04 24 2.6 0.0 0.0 0.0 0.0
18 CHO-CH,-CH,-CHO c n.d. 04 24 2.6 0.0 0.0 0.0 0.0
19 styrene NDL 0.1 0.2 n.d. n.d. 0.4 0.3 1.3 0.6

21 furfural C 1.2 0.7 0.8 0.8 0.2 0.0 0.0 0.0
22 2-cyclopenten-1-one c 0.1 0.7 0.8 0.8 0.2 0.0 0.4 0.1
23 5-methyl-3H-furan-2-one C n.d. n.d. 0.4 n.d. 0.0 n.d. n.d. n.d.
24 furfuryl alcohol c 0.3 0.3 0.4 0.8 0.0 n.d. n.d. n.d.
25 4-cyclopentene-1,3-dione c 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.1
26 similar to 4-cyclopentene-1,3-dione C 0.1 0.1 0.2 0.2 0.0 0.0 0.0 0.2
27 dihydro-4-hydroxy-3H-furan-2-one c 0.2 0.3 n.d. n.d. 0.0 n.d. n.d. n.d.
28 2-hydroxy-2-cyclopenten-1-one c 0.8 0.6 2.7 2.9 0.2 0.3 0.0 0.3
29 dihydro-methyl furanone isomer C 0.5 0.4 0.8 0.7 0.0 0.0 0.0 0.0
30 5-methyl-2-furaldehyde c 0.2 0.2 0.2 0.1 0.0 0.0 0.0 0.0
31 Not identified sugar c 0.7 0.4 0.1 0.1 0.2 0.0 0.0 0.0
32 Not identified sugar C n.d. n.d. n.d. n.d. 0.0 0.8 n.d. 0.3
33 5H-furan-2-one C 0.2 0.2 1.0 1.0 0.0 0.0 0.0 0.0
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Table 2. Cont.

HydrotermallyTreated Delignified Solids Lignin
Peak nr Compound Origin CLR Treat EO5 AGO3 ASP8 EO5 AGO3 ASP7 ASP8
34 4-hydroxy-5,6-dihydro-2H-pyran-2-one c 21 1.3 0.2 0.2 1.1 0.3 0.0 0.3
35 2-ethenyl-1,3-dioxolane-4-methanol C n.d. n.d. n.d. n.d. 0.0 0.5 n.d. n.d.
36 2H-pyran-2-one c 0.3 0.3 0.1 0.1 0.0 0.0 0.0 0.0
37 2-hydroxy-3-methyl-2-cyclopenten-1-one c 0.2 0.2 0.9 2.1 0.0 n.d. n.d. n.d.
38 methyl-dihydro-2H-pyran-2-one C 0.2 0.2 0.9 n.d 0.0 n.d. n.d. n.d.
2-hydroxy-1-methyl-1-cyclopentene-3-
39 one C 0.3 0.4 0.3 0.3 0.0 n.d. n.d. n.d.
isomer
40 Not identified sugar C n.d. n.d. 0.3 0.3. 0.0 n.d. n.d. n.d.
similar to
41 2-ethenyl-1,3-dioxolane-4-methanol C 0.0 0.0 0.0 0.0 0.0 04 0.0 0.0
42 phenol H 0.3 0.3 0.1 0.3 1.3 0.7 2.2 1.8
43 2-(propan-2-one)-tetrahydrofuran c 0.5 0.5 0.5 0.1 0.0 22 n.d. nd.
44 guaiacol G 0.5 0.5 0.5 1.0 6.2 2.2 7.1 5.7
45 glycerin O n.d. n.d. 11 n.d. 0.0 12.7 n.d. n.d.
46 o-cresol H n.d. n.d. 1.1 n.d. 0.0 n.d. 0.7 0.6
47 3-ethyl-2-hydroxy-2-cyclopenten-1-one [« n.d. n.d. 1.1 0.3 0.0 n.d. n.d. n.d.
48 p-cresol H 0.3 0.2 0.1 0.04 1.2 0.5 2.1 0.9
49 m-cresol H n.d. n.d. n.d. 0.1 0.0 0.5 0.4 0.4
50 2-methoxy-6-methylphenol H n.d. n.d. n.d. 0.1 0.0 0.3 n.d. 0.3
51 4-methylguaiacol G 0.9 0.9 0.4 0.4 4.2 4.5 6.4 1.8
52 Not identified sugar c 0.3 0.2 2.5 3.1 0.0 0.3 0.7 1.0
53 2,3-dimethyl-phenol H 0.1 n.d. 0.1 0.1 0.0 0.2 0.9 0.6
54 ethylphenol H n.d. n.d. n.d. n.d. 0.4 n.d. nd. nd.
55 4-ethylguaiacol G n.d. 0.1 0.2 0.2 2.2 0.7 14 1.1
56 Not identified sugar C 2.1 2.2 12 1.0 0.0 n.d. n.d. 0.9
Similar to
57 dihydro-6-methyl-2H-pyran-3(4H)-one C 0.2 0.1 0.5 0.5 0.0 0.0 0.0 0.0
58 3,4-anhydro-D-galactosan C 0.4 0.4 0.1 n.d. 0.0 n.d. n.d. n.d.
59 1,4:3,6-dianhydro-o-D-glucopyranose c 0.3 0.5 0.5 0.5 0.0 n.d. n.d. n.d.
60 2,3-dihydrobenzofuran H n.d. 0.6 0.1 n.d. 6.8 49 n.d. 4.0
61 4-vinylguaiacol G 14 2.4 1.3 1.3 6.8 49 14.7 4.0
62 eugenol G 0.1 0.1 0.1 0.2 0.3 04 0.4 04
63 4-propylguaiacol G n.d. n.d. n.d. n.d. 0.2 n.d. n.d. n.d.
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Table 2. Cont.

HydrotermallyTreated  Delignified Solids Lignin
Peak nr Compound Origin CLR Treat EO5 AGO3 ASP8 EO5 AGO3 ASP7 ASPS8
64 5-hydroxymethylfurfural c 0.3 0.5 0.2 0.2 0.0 0.0 0.0 0.0
65 syringol S 0.8 0.7 0.7 0.5 10.8 5.5 7.5 6.9
66 indole P 0.1 n.d. n.d. n.d. 0.6 0.2 0.4 0.6
67 Not identified sugar c 0.6 0.5 n.d. nd 1.0 n.d. n.d. n.d.
68 dihydro-4-hydroxy-3H-furan-2-one c n.d. n.d. 0.2 0.2 0.0 n.d. n.d. n.d.
69 cis isoeugenol G n.d. n.d. 0.2 0.1 0.2 0.3 n.d. 0.2
70 2-hydroxymethyl-5-hydroxy-2,3-dihydro- c 2.8 21 0.4 0.1 0.0 0.0 0.0 0.0
4H-pyran-4-one
71 trans isoeugenol G 0.5 0.4 0.5 0.5 1.8 1.7 1.4 1.3
72 similar to 1,5-Anhydro-arabinofuranose c 2.3 1.8 0.1 0.1 1.1 0.6 0.0 0.0
73 4-methylsyringol S 1.0 0.8 0.4 0.2 6.8 5.7 6.2 2.0
74 vanillin G 0.2 0.2 0.4 0.4 0.3 0.3 n.d. 0.3
75 1-(4-hydroxy-3-methoxyphenyl)-propyne G 0.1 n.d. 0.1 n.d. 0.2 0.3 n.d. 0.2
76 1-(4-hydroxy-3-methoxyphenyl)-propyne G 0.1 0.1 n.d. n.d. 0.2 0.2 n.d. n.d.
77 homovanillin G 0.1 0.1 0.2 0.1 0.0 0.0 0.0 0.0
78 4-ethylsyringol S 0.1 0.1 0.1 0.1 41 1.0 14 1.3
79 acetoguaiacone G 0.1 0.1 0.3 0.3 0.6 0.4 0.6 0.4
80 4-vinylsyringol S 1.2 1.2 0.8 0.6 13.2 10.5 11.7 5.7
81 guaiacylacetone G 0.1 0.1 0.2 0.2 0.9 0.6 0.8 0.5
82 4-allylsyringol S 0.1 0.1 0.1 0.1 1.0 0.4 0.4 0.3
83 4-propylsyringol S 0.1 0.1 0.1 0.1 0.0 0.4 0.4 0.3
84 trans coniferyl alcohol G n.d. n.d. 0.1 n.d. 0.0 n.d. n.d. n.d.
85 cis 4-propenylsyringol S 0.2 nd. 0.1 n.d. 0.6 0.4 n.d. 0.3
86 4-propinylsyringol S 0.1 n.d. 0.1 n.d. 0.8 0.7 0.4 0.3
87 1,6-anhydro-3-D-glucopyranose c 427 51.0 7.0 4.8 0.9 3.0 2.6 0.8
88 4-propinylsyringol S n.d. nd. n.d. n.d. 0.9 0.9 0.9 0.3
89 trans 4-propenylsyringol S 0.8 0.6 0.5 0.3 3.9 29 1.9 1.8
90 syringaldehyde S 0.2 0.2 0.2 0.2 0.4 04 n.d. 0.4
91 Not identified compound - n.d. nd. 1.1 1.0 0.0 n.d. n.d. n.d.
92 acetosyringone S 0.3 0.2 0.2 0.2 1.0 0.7 0.7 0.6
93 trans coniferaldehyde G n.d. 0.6 0.2 n.d 0.0 n.d. n.d. n.d.
94 syringylacetone S 0.2 0.2 0.2 0.1 1.9 0.9 0.9 1.0
95 propiosyringone n.d. n.d. n.d. n.d. n.d. 0.3 n.d. n.d. n.d.
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Table 2. Cont.
HydrotermallyTreated Delignified Solids Lignin
Peak nr Compound Origin CLR Treat EO5 AGO3 ASP8 EO5 AGO3 ASP7 ASP8

96 trans sinapaldehyde S 0.2 n.d. 0.1 n.d. 0.0 n.d. n.d. nd.
S 5.1 42 3.6 2.4 449 30.4 324 21.2
G 42 5.6 47 47 24.0 16.5 32.8 15.9
H 0.6 1.1 1.5 0.6 9.7 71 6.3 8.6
NDL 0.5 0.6. 0.2 n.d. 1.5 1.7 6.4 3.6
S/G 1.2 0.8 0.8 0.5 1.9 1.8 1.0 1.3

S:G:H 1:0.8:0.1 1:1.3:0.3 1:1.3:0.4 1:2:0.3 1:0.5:0.2 1:0.5:0.2 1:1:0.2 1:0.8:0.4
Total lignin (% identified area) 10.4 11.5 10.0 7.7 68.7 55.7 779 49.3
Total carbohydrates (% identified area) 76.3 78.2 65.6 64.4 7.6 13.4 37 5.6

n.d.—not detected.
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The pyrograms of the solids remaining after delignification show a strong reduction
of the lignin-derived products when compared to the lignin pyrograms (Figures 3 and 4).
In fact, the samples recovered from the liquor presented more lignin-derived pyrolysis
products (from 49% to 78% of the total area) when compared to the delignified solids
(from 7.7% to 11.5% of the total area). The proportion of S, G, and H units, and of the
S/G and S/G/H ratios were calculated from the total monomeric phenols identified in the
pyrograms (Table 2).

CLRtreat has a 5:G:H monomeric composition of 1:0.8:0.1, and a S/G ratio of 1.2.
A predominance of syringyl units was found in for xylem, with a G/S ratio of 0.60 and a
predominance of guaiacyl units in the pith of C. ladanifer with a G/S of 1.29 was determined
in other studies [70].

The lignin composition remaining in the delignified solids was changed after all the
treatments. S-lignin represented 2.4% of pyrolysis products of the ASP8 sample, 3.7%
of AGO3, and 4.2% of EO5 vs. 5.1% of the undelignified biomass. Compounds such as
4-methylsyringol (peak 73) and 4-vinylsyringol (peak 80) were preferentially attacked by
the alkali treatments, contributing to a more pronounced decrease of the S-units in the
delignified solids of AGO and ASP than of the EO process. This behavior is consistent with
the higher reactivity of syringyl lignin in delignification processes [71]. Otherwise, there
was an increase of G and H-type units in the delignified solids when compared to CLRtreat
(respectively, from 4.2% to 4.7-5.6% and from 0.6% to 1.1-1.5%). The increase of G and
H units and the decrease of S-units during delignification of Eucalyptus globulus was also
reported by Lourenco et al. [72].

Regarding the isolated lignins, the S/G ratio values were 1.9, 1.8, 1.0, and 1.3 for
EO5, GO3, ASP7, and ASPS, respectively. Syringol derivatives were the dominant group
in the pyrolyzed lignin samples of EO5, AGO3, and ASP7 (44.9%, 30.4%, and 32.4 % of
the total lignin, respectively), with 4-vinylsyringol as the main constituent (10.5-13.2%),
although guaiacol derivatives were obtained in similar proportion in ASP7 (32.8%). Dif-
ferences in the content of some compounds between ASP7 and ASP8 lignins were also
observed, e.g., 4-vinylguaiacol (14.7% and 4%, respectively) and 4-vinylsyringol (11.7%
and 5.7%, respectively). The main H-units were phenol (peak 42), p-cresol (peak 48), and
2,3-dihydrobenzofuran (peak 60), which represented from 6.3% of ASP7 to 9.7% of EO5).
Other compounds with not determined lignin source (NDL) were also identified: toluene
(peak 5), 1,3-dimethyl-benzene (peak 10), 1,4-dimethyl-benzene (peak 13), and styrene
(peak 19), reaching a total of 6.4% in ASP7 lignin.

The pyrograms of the delignified solids presented also some peaks that originated
from carbohydrates (cellulose and hemicellulose) (Figure 3). The higher intensity of the
cellulose products in these pyrograms is an effect of the selective fractionation of the
delignification processes [73]. EO caused only a slight compositional change in the solid,
while AGO and ASP produced solids with greater changes when compared to the CLRtreat
e.g., hydroxyacetaldehyde (peak 2), 2-hydroxypropanone (peak 4), and 1,6-anhydro-$3-D-
glucopyranose (levoglucosan, peak 87). The pyrograms (Figure 3a,b) show that levoglu-
cosan was the main carbohydrate-derived pyrolysis detected in CLRtreat and EO5 (42.7%
and 51%, respectively) since it is the major product of cellulose pyrolysis [74-76]. This
compound decreased sharply in ASP8 and AGO3 solids (dropped to <7%) (Figure 3c,d)
and was quite reduced in all the lignin samples (<3%) (Figure 4a—d). On the other hand,
hydroxyacetaldehyde (peak 2) and 2-hydroxypropanone (peak 4) strongly increased in
ASP8 and AGO3, which can be explained by the decline of levoglucosan associated with
reactions involving opening and reforming of the pyranoid ring [77].

As expected, carbohydrates-derived pyrolysis products represented low percentages
in the lignins isolated from the liquid stream (from 3.7% to 13.4%); levoglucosan was the
main carbohydrate-derived product in GO3 (3.0%) and ASP7 (2.6%).

The results obtained showed that the type of the delignification process and the
reaction time have an impact on the selectivity of the reactions involved and therefore on
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the type and composition of lignin-derived compounds present in the delignified solids
and the solubilized lignins.

4. Conclusions

Delignification of C. ladanifer residues after hydrothermal treatment by organosolv
processes was more effective with the alkali-catalyzed glycerol organosolv process than
with the ethanol organosolv, which preserved the residual cellulose (>88%) but exhibited
lower enzymatic saccharification yields due to the low delignification achieved. The aque-
ous sodium hydroxide process was the most efficient for the selective separation of lignin
and cellulose as well as for the enzymatic hydrolysis of the delignified biomass.

The delignification reactions were selective regarding the different lignin units with
S-units being preferentially removed, therefore leaving residual lignins in the solids that
were enriched in G- and H-units, the effect being highest for the ASP. Low molecular
weight phenolic compounds were also present in all the delignification liquors and may
have potential use as a bioactive agent.

Cistus ladanifer, besides being a recognized source of essential oils, can be further pro-
cessed and integrated as a biorefinery feedstock allowing the production of lignin-derivatives
and glucan-rich solids to be used for the production of other added-value products.
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