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Abstract

Annually, important quantities of olive residue are produced and may be the source of ecological damages. Like
agricultural residues, which are abundant, renewable, low cost raw materials, olive stones are mainly subjected to
biotechnological or chemical modifications in order to be transformed into valuable products (biofuels, biofertilizers,
animal feed and chemical feed-stock). In aim to valorize olive stones, we are trying to identify the presence of
different phenolic compounds in their dilute-acid hydrolysate (DAH). Phenolic compounds (PC) are considered as
toxic material for fermentation process, therefore, their behavior are studied under overliming treatment with distinct
pH levels (10 and 12), temperature (25 and 60°C) and detoxification time (15,30 and 60 min). Identification and
quantification of phenolic compounds were performed by two chromatographic methods: Gas Chromatography/
mass spectrometry (GC-MS) and High-Performance Liquid Chromatography (HPLC). A liquid-liquid microextraction
procedure is used in conjunction with silylation prior to the analysis of the compounds by GC-MS. Derivatives of
benzoic acid, cinnamic acid, simple phenols, and aldehydes were identified. For all treatments combinations, pH 12
was more effective in reducing the total amount of phenolic compounds. Treatment of the hydrolysate with alkali at
pH 12, 60°C and 60 min resulted in up to 29% decrease in the concentration of total phenolic compounds. Tyrosol,
which was the main phenolic compound decreased by 73% under the same treatment.

Chromatographic methods contributed to an accurate quantification and better understanding of the behavior of

each PC, solely.
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Abbreviation: PC: Phenolic Compounds; FF: Furfuraldeyde; HMF:
5-hydroxymethyl-2-furaldehyde; HPLC: High-Performance Liquid
Chromatography; LLME: Liquid-Liquid Microextraction; DAH:
Dilute-Acid Hydrolysates; GC: Gas Chromatography; TA: Tannic
Acid; MS: Mass Spectrometer; EI: Electron Energy; BHT: 2,6-bis(1,1-
dimethylethyl)-4-methylphenol;  BSTFA:  N,O-Bis(trimethylsilyl)
trifluoroacetamide; UV: Ultraviolet Light; H: Hydrolysate; T:
Tyrosol; VA: Vanillic Acid; PA: Protocatechic Acid; V: Vanillin; Pca:
p-Coumaric Acid; CA: Caffeic Acid; SYR: Syringaldehyde; PHBA:
Parahydroxybenzoic Acid; HCA: Hydroxycinnamic Acid; PHPA:
4-Hydroxyphenylacetic Acid

Introduction

Olives are the most extensively cultivated fruit crop in the world
[1]. Olive oil extraction represents an economical and social industrial
activity that is highly relevant in the Mediterranean countries [2,3]
where olive oil constitutes the main source of nutritional fat and is a
very valuable product for exportation; today Mediterranean countries
account for around 98% of world’s olive cultivation [4]. The extraction
process has a large environmental impact due to production of highly
polluting wastewater and/or solid residue [1,2]. In the olive oil industry,
only olive stones can be recovered from the filtration of solid waste.
Combustion of olive stones as a fuel with high calorific value is the
most commonly used procedure to eliminate its harmful effects on the
environment; however, greater environmental and economic benefits
could result from the conversion of this byproduct to a derivative with
higher added value [4,5].

Olive stone is a lignocellulosic material with hemicellulose, cellulose

and lignin as main components [2]. To obtain monomeric sugars from
lignocellulose, the hemicellulose and cellulose need to be hydrolyzed
[6]. Hydrolysis with dilute sulfuric acid is a simple fast and cheap
method [6,7]. A significant drawback of this process is the generation
of several byproducts that negatively affect the fermentation efficiency
of microorganisms. Based on their origin, the inhibitors are usually
divided into three major groups: weak acids, furan derivatives and
phenolic compounds [7-9]. When hemicellulose is degraded, xylose,
mannose, acetic acid, galactose and glucose are liberated. Cellulose is
hydrolysed to glucose. At high temperature, xylose is further degraded
to Furfural (FF) while hexoses lead to 5-Hydroxymethylfurfural (HMF).
Phenolic Compounds (PC) are generated from the partial breakdown
of lignin [7].

Treatment with lime is widely used for conditioning hydrolysates
and Larsson et al. [10] found that overliming is the most cost effective
method for detoxifying hydrolysates [10]. Overliming is generally
performed by the addition of lime to increase the pH, followed by pH
adjustment to a value suitable for micrial growth [11,12]. However,
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knowledge of the chemistry behind the detoxification process is still
limited. The chemical effects of alkali treatment have been taken into
consideration by many researches [11,13,14]. Alkali treatment is known
to affect the concentration of toxic compounds, but the reason behind
the great improvement in fermentability remain to be revealed; in
addition, the differences in the effect for various forms of alkali are not
yet understood [7].

In order to evaluate and improve different hydrolysis as well as
detoxification methods, it is important to be able to identify and
quantify the inhibitors present in the hydrolysate. The wet chemistry
analysis of phenolic compounds is very challenging due to the great
variety and reactivity of these compounds [15]. New technologies that
allow the separation and quantitative determination of individual PCs
by either gas chromatography (GC) or liquid chromatography (LC) are
preferable [16,17]. In complex matrices such as wood hydrolysates, the
key for phenolic determination is the separation of phenolic fraction
from the other constituents present in the samples. Liquid-liquid
microextraction (LLME) is essentially a simultaneous extraction
and concentration process suitable for the analysis of a wide range of
organic trace compounds in water. LLME avoids the use of large solvent
volumes and minimizes the cost and time needed for the analysis [17].

The objective of the current work is to identify the phenolic
compounds and to study the effect of overliming treatment on the
evolution of PCs present in the dilute-acid hydrolysate (DAH) of
olive stones. Determination of phenolic compounds is based on two
chromatographic methods: GC with LLME as a preliminary step
and HPLC with appropriate conditions. The effects of three variables
pH, duration and temperature of detoxification on overliming were
examined.

Material and Methods
Preparation and detoxification of DAH

The hydrolysis of the olive stones is carried out with a sulphuric
acid solution (5% w/v) [18,19]. When cooled, the solid and liquid phases
are separated by filtration. The DAH is then stocked at -4°C for further
analysis. The titration is carried out with a Ca(OH), solution (50 g.L'™")
[18]. The samples were stirred under specific conditions and then vacuum
filtered. Sulfuric acid was added until a final pH value near 4 to 5, suitable
for microbial growth, was reached [10].

Experimental design

This experimental design was set up to study the effect of Ca(OH),
on phenolic compounds behaviour. Overliming is carried out under
the following conditions: pH 10 and 12, temperature 25 and 60°C and
time 15, 30 and 60 min. The experimental design containing 2*x3'=12
experiments was created using the NemrodW software [20]. Each
experiment was repeated three times. Table 1 summarises the different
overliming conditions applied to the DAH.

Determination of total phenolic content

The classical method for quantification of total phenols is a
colorimetric procedure using the Folin-Ciocalteu reagent [21]. Analyses
involve both fresh DAH and synthetic solutions which are used in order
to examine if there are substances other than phenolic compounds that
might be present in the DAH of olive stones, which may interfere with
color development, and therefore distort the results. Synthetic solutions
of furans and sugars are prepared at concentrations similar to those
found in the acid hydrolysate of olive stones as shown in table 2 [19,22].
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Treatment Symbol pH Temperature (°C) Time (min)

1 A1 10 25 15

C1 12 25 15
3 B1 10 60 15
4 D1 12 60 15
5 A2 10 25 30
6 c2 12 25 30
7 B2 10 60 30
8 D2 12 60 30
9 A3 10 25 60
10 C3 12 25 60
11 B3 10 60 60
12 D3 12 60 60

Table 1: Experimental design for overliming detoxification.

Solution 1 FF 52 mgL"' + HMF 11 mgL"

Solution 2 FF 52 mgL'+HMF 11 mgL'+xylose 10 gL-'+glucose 5 gL'
Solution 3 Glucose 5 gL

Solution 4 Xylose 10 gL'

Solution 5 Formic acid 1N

Solution 6 Acetic acid 1N

Solution 7 Lactic acid 1N

Table 2: Concentration of synthetic solutions prepared to be tested by Folin-Cio-
calteu reagent.

GC-MS

Gas chromatographic analysis was performed using an Agilent
6890 N Series GC System (Agilent Technologies, Wilmintong, DE,
USA) gas chromatograph fitted with a splitless injector for a low
background. Separation was performed using HP-5MS fused silica
capillary column (30 mx0.25 mm i.d.x0.1pm film thickness) supplied
by Agilent. A silanized injector liner 7683 B split/splitless (2 mm
i.d.) was used. Detection was done with a 5975 mass-selective single
quadrupole detector (Agilent Technologies). The GC-MS control and
the data processing were carried out using the Chem-Station software
package (Agilent Technologies). The injector temperature was 250°C.
The oven temperature was held at 90°C for 1 min, then increased to
220°C at a heating rate of 6°C.min", then to 290°C at 10°C.min"' and
held for 1.23 min and finally to 310°C at a rate of 40°C.min" and the
temperature was held for 7.5 min. The total run time was 39 min. The
detector temperature was 280°C. The carrier gas was helium (purity
99.999%) at a flow rate of 1 mLmin™. The samples were injected in the
split less mode and the splitter was opened after 5 min (delay time). The
sample volume in the direct injection mode was 1 uL. Mass spectrometer
was in EI mode (electron energy 70 eV), and data acquisition was in
scanning mode from m/Z=50 to m/Z=550. Compounds were identified
by comparison of the retention time and mass spectra with library
data of mass spectra and authentic compounds. Quantification was
performed by the internal standard method using BHT, 2,6-bis(1,1-
dimethylethyl)-4-methylphenol.

Liquid-liquid microextraction procedure: Quantitative extraction
of phenolic compounds in natural matrices is difficult. Therefore, the
LLME procedure was selected as appropriate for analyte extraction. It
was observed that the extraction efficiency is maximum for acid pH
values [17]. This behavior could be attributed to a drop in the extraction
efficiency of compound because under basic conditions, the dissociated
form remains in aqueous phase. Organic extracting solvents ethyl ether,
n-hexane, dichloromethane, trichloromethane and ethyl acetate were
tested. Due to its good recovery, ethyl acetate was selected as the most
adequate extracting agent. The volume of organic solvent to be used
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and the ionic strength of the medium were also optimized. Saturation
with sodium chloride and 0.25 mL of solvent bring the optimum
values obtained for all compounds. A comparison between different
combinations of derivatization agents was carried out. Derivatization
volume, temperature and reaction time was tested on the analytical
response corresponding to a mixture of selected phenolic compounds.
Considering the results, the following optimal values were found: 50 pL
of BSTFA (N,O-Bis(trimethylsilyl)trifluoroacetamide) was added and
the mixture was manually shacked for 2 min at room-temperature to
obtain an adequate derivatization.

Conditioning of samples for GC-MS: Two milliliters of each
sample (DAH and the 12 others treated with lime) were transferred to
a 5mL vial then 50 uL of BHT were added. The sample was saturated
with NaCl and 250 pL of ethyl acetate was added. The mixture was
agitated with orbital shaker (Stuart orbital shaker SSL1) at 250 rpm
for 10 min at room-temperature and then centrifuged for 15 minutes
at 2500 rpm. The organic phase was removed to a 1 mL vial. The
extraction was repeated twice and organic phases were mixed together.
Fifty microlitres of BSTFA were added and the mixture was manually
shacked for 2 min at room-temperature. At this point, the samples were
ready to be injected into the gas chromatograph-mass spectrometer.

HPLC-UV

High-performance liquid chromatography (Thermo Electron APS-
Hypersil) was used to analyze samples. The mobile phase is composed
of ultra-pure water, methanol and acetic acid (80, 10, 3:v/v/v) with
benzoic acid as internal standard. Furfural (FF), hydroxymethylfurfural
(HMF) and polyphenolic compounds (PCs) are analyzed on a C18
column with a UV detector at 280 nm (UV 1000-Thermo Finnigan)
[19-22].

The injection volume was 20 uL. The flow-rate is programmed to
give maximum separation of constituents: 0.5 mL min” from 0 to 10
min, 1 mL min™! from 10 to 11 min (hold 24 min).

Results and Discussion
Overliming and total phenolic content

The influence of overliming on total phenolic compounds found
in the DAH of olive stones is shown in figures 1A and 1B. The DAH
contained about 1.17 gL' of total phenolic compounds which were
released from the lignin fraction during hydrolysis with sulfuric acid.
A decrease in concentration was observed during the first 15 minutes
of overliming regardless pH and temperature values. After 15 minutes
of overliming at 25°C, the phenolic compounds were practically stable
regardless of the pH or treatment duration. However, overliming at
60°C has affected phenolic compounds and a difference in behavior was
observed for the two pH levels. An increase, to a maximum of 1.3 g.L*
was detected at pH 12 after 30 min of treatment. To better understand
this apparent increase, we studied synthetic solutions as indicated in
table 2. Analyses showed that solutions of formic, acetic, lactic acid
and furanes (FF + HMF) had negative absorbance in all treatments.
Conversely, solutions containing xylose and/or glucose treated at pH
12 and 60°C for 0, 30 and 60 minutes reduced the Folin-Ciocalteu
reagent and developed a blue coloration. Since that the absorbance of
solutions increased with the severity of treatment, it is high probably
that the degradation products of sugars may in part be responsible
for this coloration. Folin-Ciocalteu reagent is based on a chemical
reduction and many substances other than phenolic compounds may
interfere and distort the result. Singleton and Rossi [21] showed that
heating the sugars present in samples in an alkaline solution interferes
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Figure 1: Variation of PCs concentration according to overliming, pH, time and
temperature as analyzed by: Folin-Ciocalteau reagent (A and B), GC-MS (C and
E) where T (tyrosol), PA (protocatechic acid) and HPLC-UV (D and F) where V
(vanillin), VA (vanillic acid), pCA (p-coumaric acid), SYR (syringaldehyde) and
SYRA (syringic acid).

with the reaction because of enediol formation. This can explain the
high concentration of phenolic compounds in the samples at pH 12
and 60°C, compared to the others. Therefore, it is necessary to use
alternative methods, such as chromatography, in order to determine the
exact concentration and evolution of each phenolic compound.

GC-MS analysis

Phenolic compounds identification: Extraction with ethyl acetate
led to the identification of ten PC present in the DAH of olive stones.
These compounds were derivatives of benzoic acid, cinnamic acid,
simple phenols and aldehydes. A representative chromatogram of a
DAH sample is shown in figure 2A. The ratio of tyrosol (T) (peak area)
compared to the standard (BHT) is greater than for the other lignin
degradation products (vanillic acid (VA), protocatechic acid (PA),
vanillin (V), p-coumaric acid (pCA), caffeic acid (CA), syringaldehyde
(SYR), parahydroxybenzoic acid (PHBA), hydroxycinnamic acid
(HCA) and 4-hydroxyphenylacetic acid (PHPA)). It shows that it’s
one of the major components of the olive stones DAH. The results
of the current work are in line with previous reports identifying
phenolic compounds in diluted acid hydrolysate. A number of
phenolic compounds recognized in lignocellulosic hydrolysates
include 3-methoxy-4-hydroxybenzaldehyde, 4-hydroxyacetophenone,
vanillin, syringaldehyde, acetovanilone, ferulic acid, vanillic acid and
4-hydroxybenzoic acid [7-13,23,24]. These compounds are mainly
liberated from lignin degradation in addition to aromatic wood
extractives.

Phenolic compounds identification has been carried out on olives,
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Figure 2: Representative chromatogram of olive stones DAH from: (A) GC-MS
assay of ethyl acetate extract: (1) BHT (internal standard), (2) vanilline, (3) ty-
rosol, (4) parahydroxybenzoic acid, (5) 4-hydroxyphenylacetic acid, (6) syrin-
galdehyde, (7) hydroxycinnamic acid, (8) vanillic acid, (9) protocatecuic acid,
(10) p-coumaric acid, (11) caffeic acid, (a) suberic acid (octanedioic acid) and
(b) azelaic acid (nonanedioic acid), (B) HPLC-UV assay: (1) HMF, (2) protocat-
echic acid, (3) FF, (4) tyrosol, (5) vanillic acid, (6) vanillin + syringic acid, (7)
syrindaldehyde, (8) p-coumaric acid and (9) benzoic acid (internal standard).

olive oil, waste water and stones. In their review on phenolic compounds
in olive, Robards and Ryan [25] report that only the benzoic acids,
cinnamic acids flavonoids and iridoids are of major significance in
olives. Zafra et al. [17] identify in olive oil waste water, the presence of
several phenolic compounds derivatives of low molecular weight such
as phenolic hydroxycinnamic and benzoic acid. Conde et al. [26] find
that hydroxytyrosol, followed by homovanillyl alcohol and oleuropein
are the most abundant compounds after hydrothermal treatments of
olive tree pruning. Olive phenolic compounds are eliminated in the olive
oil and waste water, therefore, olive stones contain few PCs. Phenolic
compounds present in the DAH were similar to those identified by
Fernandez-Bolafiose et al. [27] in the study of olive stones treated by
steam explosion. Hydroxytyrosol and syringic acid (4-hydroxy-3,5-
dimethoxybenzoic acid) are identified in olive stones treated by steam
explosion. However, syringic acid was not identified in the ethyl acetate
extract of DAH treated with BSTFA. Conversely, we noted its presence
in the ethyl acetate extract of DAH without BSTFA with a retention
time of 15.312 min, thus HPLC analysis was used to quantify syringic
acid.

Overliming treatment: Phenolic compounds identified in the ethyl
acetate extract of DAH were found in the samples treated with Ca(OH),

as shown in table 3. Two additional PC were noted in the overlimed
samples, homovanillic acid (3-methoxy-4hydroxybenzeneacetic
acid) (HVA) eluted at 14.625 min and ferulic acid (FA) (4-hydroxy
3-methoxycinnamic acid) eluted at 19.792 min. Caffeic acid (CA)
identified in the DAH was only present in two samples: B2 (pH 10, 60°C
for 30 min) and D3 (pH 12, 60°C for 60 min). The presence or absence
of caffeic acid in the treated samples was probably not correlated with
the treatment itself but influenced by the level of phenolic compounds
extracted with ethyl acetate. This latter is most effective when the pH
was close to 3 as is the case for B2 (final pH of the sample=3.72) and D3
(final pH of the sample=4.17) [17].

The behavior of each identified PC under various overliming
conditions was followed relative to the surface of the internal standard
(S, yphenol! Syr)- Degradation of tyrosol, major phenolic compound, was
influenced by the overliming severity. The ratio S /S, decreased
approximately 73% in the D3 sample (pH 12, 60°C and 60 min) in
comparison to the hydrolysate (H). Concentration of p-coumaric acid
(pCA) declined by 53% with the first liming treatment (pH 10, 25°C
and 15 min), but remains however, more or less stable during different
treatments combinations (from Al till D3). On the other hand,
ferulic acid (FA), initially absent in the DAH, appeared and remained
static. Parahydroxybenzoic acid (PHBA), parahydroxyphenylacetic
acid (PHA), vanillic acid (V A), homovanillic acid (HVA) and
protocatechic acid (PA) remained constant during treatments. Surface
area fluctuations seemed more important for vanillic acid (VA) and
protocatechic acid (PA). These fluctuations might be due to extraction
level of these acids by ethyl acetate, this latter being related to the final
pH of the sample [17]. Consequently, for the five PC listed above there
was an increase in the B2 sample in which the pH was lower (pH=3.72),
and a decrease in the D2 samples with higher pH value (pH=4.57). The
two aldehydes PC (vanillin (V) and syringaldehyde (SYR)) evolved in
a parallel manner regardless of the treatment type. They were stable at
pH 10 (all times and temperatures), while at pH 12 a slight increase
was noticed (again for all times and temperatures). This increase was
more noticed for the syringaldhehyde (SYR). Conde et al. [26] suggest
that part of the phenolic compounds are substituents of the solubilised
oligosaccharides that are released and at high treatment temperature
the proportion obtained free from sugars increases. This will explain
the high concentration in the samples at pH 12 and 60°C, compared to
the others.

Based on the results listed above, we noticed that phenolic
compounds behaved in different ways according to the treatment.
Therefore they can be classified into three groups: acid phenolic
compounds were more or less stable regardless of the treatment,
aldehydes were stable at pH 10 and slightly increased at pH 12, simple
phenols were unstable, and their degradation increased with treatment
severity. Among the phenolic compounds identified, we quantified
the major six: vanillic acid (VA), p-coumaric acid (pCA), tyrosol (T),
vanillin (V), protocatechicacid (PA) and syringaldehyde (SYR) as shown
in figures 1C and 1E. Tyrosol (T) presented the highest concentration
with 66.7 mg L' followed by the vanillic acid (VA) with 25.8 mg L
whereas the lowest concentration found was for p-coumaric acid (pCA)
and syringaldehyde (SYR) with respectively 8.8 and 6.7 mgL".

HPLC-UV analysis

Phenolic compounds identification: A  representative
chromatogram from the analysis by HPLC-UV of phenolic compounds
found in the DAH of olive stones is shown in figure 2B. HPLC-UV
analysis identified the following PC: protocatechic acid (PA), tyrosol (T),
vanillic acid (VA), vanillin+syringic acid (V+SYRA), syringaldehyde
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Time Final Vv T PHBA PHA SYR HCA VA HVA PA pCA FA
min pH
H 1.6342 +|3.2513 + | 0.2520 +  0.1347 + | 0.6599 + | 0.0505 + | 2.2837 + 1.0216 £ 1.0172
0.0378 | 0.0852 | 0.0023 @ 0.0064 | 0.0016 | 0.0020 | 0.0175 0.0129 | 0.0246
15 A1 447 | 1.7385+ 24003+ 0.2249+ 0.0629 + 1.0032 +| 0.0518 + 1.8020 + 0.0955+|0.8029 + 0.4613 + 0.1232 +
0.0444 | 0.0845 0.0048 @ 0.0014 | 0.0237 0.0017 @ 0.0376 & 0.0010 0.0568 & 0.0260 | 0.0023
© 30 A2 437 15963+ 2.3919+ 0.2064 + 0.0547 + 0.9566 + 0.0469 + 1.6577 + 0.0971+ 0.6942 + 0.4416 + 0.0995 +
& 0.0066 | 0.0144 = 0.0010 @ 0.0008 | 0.0062 0.0009 @ 0.0108 | 0.0009 0.0012 & 0.0063 | 0.0058
60 A3 425 14820+ 23178+ 0.2088 + 0.0660 + 0.8571+ 0.0466+ 1.7144+ 0.1229+ 1.0306+ 0.3935+ 0.1149+
IF-’I 0.0099 | 0.0414  0.0009 @ 0.0003 | 0.0023 & 0.0006 | 0.0070 | 0.0008 0.0677  0.0084 | 0.0034
10 15 B1 4.28 1.6820+ 25374+ 0.2249+ 0.0654 + 0.9531 +|0.0505+ 1.8159+ 0.1059 +|0.9120 + 0.5687 + 0.1180
0.0927 | 0.0571 | 0.0018 @ 0.0007 & 0.0014 | 0.0011 | 0.0024 @ 0.0010 & 0.0103 & 0.0161 | 0.0049
© 30 B2 3.72 1 1.6821+ 2.8218+|0.2446 + 0.0817 + 0.9977 + 0.0594 + 2.0823 + 0.1489 + | 1.3579 + 0.6746 + 0.0850 +
3 0.0392 | 0.0532 @ 0.0167 @ 0.0061 | 0.0078 0.0011 = 0.0122 & 0.0185 0.0557 @ 0.0308 | 0.0057
60 B3 4.2 1.7542 + 1.9859 + | 0.2576 + 0.0686 + 1.0712+ 0.0537 + 1.9652 + 0.1208 + 0.9263 + 0.4584 + 0.0538 +
0.0030 | 0.0237 | 0.0011 | 0.0028 | 0.0055 ' 0.0009 | 0.0057 | 0.0017 & 0.0055 | 0.0074 | 0.0028
15 c1 455 19930+ 1.7689+ 0.2612+ 0.0491+ 1.6761+ | 0.0443 + 1.9687 + 0.1357 +|0.6267 + 0.5613 + 0.0741 +
0.0463 | 0.0333 = 0.0083 @ 0.0042 | 0.0518 0.0040 @ 0.0374 & 0.0083 0.0212 @ 0.0589 | 0.0109
© 30 Cc2 437 21921+ 2.0364 + 0.2698 + 0.0668 + 1.7702 + 0.0500 + 2.2434 + 0.1904 + 0.6678 + 0.6730 + 0.1003 +
& 0.0740 | 0.0550 @ 0.0122 @ 0.0028 | 0.0275 0.0025 @ 0.0851 | 0.0044 0.0151 @ 0.0254 | 0.0053
60 Cc3 422 | 1.9208 + 1.8324 + 0.2585+ 0.0697 + 1.5633 + 0.0493 + 2.1910+ 0.2042+ 0.8196 + 0.6922+ 0.1010 £
IF-)I 0.0616 | 0.0936 | 0.0089 & 0.0035 | 0.0455 @ 0.0016 | 0.0772 | 0.0115  0.0140 | 0.0159 | 0.0085
12 15 D1 423 21692+ 1.8576+ 0.3128+ 0.0760+ 1.7642 +| 0.0544 + 2.4226 + 0.2290 +|0.9548 + 0.7375+ 0.1038 +
0.0017 | 0.0907 | 0.0010 = 0.0005 | 0.0096 | 0.0010 | 0.0100 @ 0.0009 @ 0.0318  0.0052 | 0.0004
© 30 D2 457 | 1.8200+ 1.7098 + | 0.2252 + 0.0457 + 1.5261+ 0.0403 + 1.8445+ 0.1263 + 0.3987 + 0.6549 + 0.1013 £
3 0.0646 | 0.0634 | 0.0062 @ 0.0012 | 0.0379 | 0.0012 | 0.0434 @ 0.0003 @ 0.0023 0.0285 | 0.0056
60 D3 417 | 1.8369+ 0.8504 + 0.2680 + 0.0624 + 1.4303 + 0.0430+ 2.1874+ 0.1727 + 0.9108 + 0.6758 + 0.0929 +
0.0385 | 0.0812 | 0.0043 | 0.0013 | 0.0318 ' 0.0006 | 0.0512 | 0.0037 @ 0.0297 | 0.0148 | 0.0026

Table 3: Means and standard deviations of surface reports between PCs and BHT during overliming treatments where: (V) vanillin, (T) tyrosol, (PHBA) parahydroxybenzoic
acid, (PHPA) 4-hydroxyphenylacetic acid, (SYR) syringaldehyde, (HCA) hydroxycinnamic acid, (VA) vanillic acid, (HVA) homovanillic acid, (PA) protocatechic acid, (pCA)

p-coumaric acid and (FA) ferulic acid acid.

(SYR) and p-coumaric acid (pCA). In addition, we noted the presence
of the two furans (HMF) and (FF) generated from sugar degradation
during acid hydrolysis.

Overliming treatment: Analysis by HPLC-UV of the hydrolysate
and the 12 overlimed samples are represented in figures 1D and F.
Results have showed similarities to those obtained by GC-MS. Tyrosol
(T) presented the highest concentration with 63.4 mgL"' followed by
protocatechic acid (PA) with 40.7 mgL'. Moreover, syringaldehyde
(SYR) and p-coumaric acid (pCA) were found at lower concentrations
than the others, around 3.9 and 3.7 mg.L" respectively. HPLC analysis
showed that overliming affected the concentration of individual PC
in different ways (Figure 1D). Tyrosol (T) and protocatechic acid
(PA), identified as major PC, decreased with overliming treatment.
Fluctuations were more observed for protocatechic acid (PA). This
decrease was influenced by the overliming severity. The most important
decrease of Tyrosol (T) and protocatechic acid (PA) were noticed under
the harshest treatment (pH12, 60°C and 60min) for approximately 63
and 41%. While that p-coumaric acid (pCA), vanillin+syringic acid (V+
SA) and syringaldehyde (SYR) evolved in parallel manner, remaining
were stable under different liming treatments performed as depicted in
figure 1E. A small increase in their concentration was noticed for pH 12
(samples ranging from C1 to D3). Concentration of vanillic acid (VA)
were higher at pH 10 than those overlimed at pH 12.

These results are in agreement with observations made by Person
et al. in their study of the effect of different forms of alkali treatment
on fermentation inhibitors including phenolic compounds [24]. The
author found that the concentration of 3,4-dihydroxybenzaldehyde,
4-hydroxybenzaldehyde and cinnamic acid decreased after different
alkali treatments. However, phenol concentration increased drastically
after treatment with calcium hydroxide. The concentration of vanillin
was not much affected by any of the alkali treatments applied. Treatment

of a synthetic cocktail containing acetic acid, formic acid, HMEF,
2-furaldehyde, ferulic acid, and coniferyl aldehyde at pH 10 resulted in
less complex effects than the hydrolysate [24].

Martinez et al. reported that for hemicelluloses hydrolysate most
of the phenolic compounds are unchanged by Ca(OH), treatment at
pH 10. HPLC-UV chromatograms regions corresponding to phenolic
compounds remain unchanged for untreated and treated bagasse with
overliming. Of the phenolic compounds tested only syringic acid was
destroyed or modified [13]. Conde et al. [26] concluded that generally,
furan and phenolic compounds were found to decrease after the wood
ash or alkaline treatments.

It is often assumed that lignin would be the only important source
of aromatics in biomass. However, condensation and cyclisation of
selected aldehydes and ketones formed from cellulose degradation is
apparently involved in the formation of aromatic compounds. Forssk
et al. [28] showed that at high pH, D-glucose yielded to 11 phenols and
2 enols, similar products were also obtained from D-xylose. Alkaline
degradation of sugar resulted in a complex mixture of more than 50
compounds, including glycolic, lactic, glyceric, 2-C-methylglyceric,
deoxytetronic, and deoxypentonic acids [29]. These observations
helped explaining the elevation of phenolic compounds observed at pH
12. Since that at this pH value formation of aromatic compounds can
be due to low molecular weight, sugar degradation intermediates. In a
previous study concerning the overliming of olive stones, we concluded
that components other than furans and xylose found in the DAH were
also involved in the overliming process. Chromatograms analysis of the
12 overlimed samples showed that xylose degradation was negatively
correlated with sugar degradation products eluted at the beginning of
HPLC-UV chromatograms [22].

Comparison of different quantification methods: In aim to
quantify and identify phenolic compounds, three analytical methods
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were used (spectrophotometric, GC-MS and HPLC-UV). Folin
Ciocalteu classical method overestimated the amount of PC due to
interference with sugar degradation products present in the matrix of
DAH [21]. Chromatographic methods allowed better understanding
of each identified phenolic compound in function of different
overliming treatments. Analysis by HPLC-UV confirmed the presence
of major phenolic compounds identified by the GC-MS (protocatechic
acid, tyrosol, vanillic acid, vanillin+syringic acid, syringaldehyde,
and p-coumaric acid). Regardless of the small difference in values
observed with the GC and the HPLC quantification methods, phenolic
compounds seemed to present a well-defined trend when overlimed.

figures 3A and 3B show the sum of the six major phenolic
compounds as identified by HPLC-UV and GC-MS for each overliming
treatment. Total amount of PCs identified by GC-MS was 143.7mgL"
and a close value of 146.1mgL"' was found by HPLC-UV. The highest
PC amount was found in sample B2 (pH 12, 60°C and 60 min), with a
value of 154.32 mgL! for the GC-MS analysis and in sample B1 (pH 12,
60°C and 60 min) with a value of 136.33 mgL"' for HPLC-UV analysis.
However, the harshest treatment D3 (pH12, 60°C and 60 min) showed
the minimum amount of phenolic content for both GC-MS and HPLC-
UV with 110 and 103.2 mgL" respectively, showing consequently a
decrease of 23.1 and 29.3%. These differences between the two analytical
procedures maybe due to the matrix complexity, preconcentration,
extraction with ethyl acetate and derivatisation with BSTFA. For all
treatments combinations, overliming at pH 12 showed more efficiency
in reducing the amount of total phenolic content. Furthermore,
the difference between the two pH levels was more noticed at 60°C.
Treatments at pH 12 and 60°C were function of time, the PC amount
decreased with the overliming duration to reach a minimum after 60
min.

Our results are in line with many others, showing that generally
PCs were found to decrease after wood ash or alkaline treatment
[11,13,14,30]. The amount of these compounds was lower in the treated
hydrolysate enhancing therefore a better fermentability. The results
suggested that the mechanisms behind the concentration changes
of the investigated PC compounds after the different treatments are
complex and deserve further attention in the future. However, there are
some well-known reactions that might take place under the conditions
used during the treatments and which could possibly account for
some of the changes in concentration. For example, aldehydes could
undergo nucleophilic addition to the carbonyl group in the presence
of ammonia, or aldol-like reactions could occur when the aldehyde is
transformed into a reactive nucleophile by formation of its enolate ion
under alkaline conditions [31]. Furthermore, under alkaline conditions,
phenolic compounds can be transformed into their corresponding
phenolate ions, which are known for their high reactivity and can
undergo further reactions [31].

Conclusion

Phenolic compounds have been suggested to exert a considerable
inhibitory effect in the fermentation of lignocellulosic hydrolysate, the
low molecular weight being the most toxic. However, the mechanism of
the inhibition has not been elucidated, largely due to lack of qualitative
and quantitative analysis [7]. A simple and low cost method for the
determination of polyphenolic compounds in DAH is proposed. A
liquid-liquid microextraction procedure is used in conjunction with
silylation prior to the analysis of the compounds by GC-MS. Ethyl acetate
microextraction leads to the identification of 10 phenolic compounds.
These compounds are derivatives of benzoic acid, cinnamic acid, simple
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Figure 3: Variation of total phenolic amount during all the overliming treat-
ments (A) as identified by GC-MS and B as identified by HPLC-UV.

phenols and aldehydes. Analysis by HPLC-UV contributes to a better
understanding of the behavior of the major PCs. Tyrosol (T) was found
to be the main phenolic compound of the DAH.

Detoxification with lime at pH 12 was effective in reducing the total
phenolic amount by almost 23.1 and 29.3% (as analyzed by GC-MS and
HPLC-UYV respectively). At the end of the treatment (pH 12, 60°C and
60 min), tyrosol concentration declined by 73%. Phenolic compounds
seemed to present a well-defined trend when overlimed: acid phenolic
compounds were more or less stable regardless of the treatment;
aldehydes were stable at pH 10 and increased slightly at pH 12 while
simple phenols were unstable, and their degradation increased with
treatment severity. The increase in some PC concentrations could, apart
from smaller deviations in the analysis results, be related to conversions
taking place during the treatments. Conclusions were concordant
with previous findings concerning the fluctuation and the elevation
of the concentration of some PC during overliming. The mechanism
of alkali detoxification is difficult to explain. The positive effects of
added compounds or of compounds formed at high pH deserve future
attention.
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