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Production in Large Quantities of Highly Purified
Hydroxytyrosol from Liquid—Solid Waste of Two-Phase Olive
Oil Processing or “Alperujo”
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The effect of hydrothermal treatment of two-phase olive waste (alperujo) on the solubilization of
hydroxytyrosol was studied. Different conditions of saturated steam were assayed. A high amount of
hydroxytyrosol was solubilized and increased with increasing steaming temperature and time, reaching
1.4—1.7 g/100 g of dry alperujo. The effect of acidic (H,SO,) and basic (NaOH) catalysts was also
evaluated. Acid-catalyzed treatment was more effective at milder conditions, whereas the alkali-
catalyzed conditions were not very suitable. In the present study, the extracted hydroxytyrosol was
purified by means of a new, simple, and inexpensive chromatographic system, under international
patent application (PCT/ES02/00058). From 1000 kg of alperujo, with 70% humidity, can be obtained
~4.5—5 kg of hydroxytyrosol. After a purification process, at least 3 kg of hydroxytyrosol, at 90—95%
purity, would be obtained. The purified compound was identified by HPLC/UV and H and 3C NMR
analyses, and its antioxidant activity was tested on refined olive oil without antioxidants by Rancimat
method. The oxidative stability of refined olive oil was increased by a factor of 1.71 in the presence
of 100 ppm of hydroxytyrosol.

KEYWORDS: Liquid —solid two-phase olive waste (alperujo); hydrothermal treatments; hydroxytyrosol;
HPLC analysis; antioxidant; chromatography; spectroscopy

INTRODUCTION The olive fruits contain a wide variety of bioactive compo-
nents 2, 3). Among these, hydroxytyrosol (3,4-dihydroxy-
phenylethanol) stands out as a compound of high added value,
due to its high antioxidant propertiegt)( and beneficial
properties (with regard to both nutrition and oil stability), that

Olive ail is a typical Mediterranean product, and its nutritional
and economic importance is well-known. The classic production
of olive oil generates two byproducts. The first one, a liquid

waste, is a mixture of water and oil from the olive vegetal matter, )
with additional water added from processing. The second could be recovered from the solid byproduct. Hydroxytyrosol
was found to play a role in enhancing the oxidative stability of

byproduct, a solid waste, is a combination of olive pulp and "° . .
stones. The use of a modern two-phase processing techniqueonve oil (5), and also to have a positive effect on human health

in which no water is added, generates a new byproduct that is(6’ 7). Results in \{itro .demons.trate that hy(ljrox.ytyrosol inhibits
a combination of liquid and solid waste, called “alperujo”. This hurlnzndlqw-dhensnyhl|popr0t§|n f(LﬁL) o;qdatlonl @ process
new two-phase centrifugation process is used for the separatiod"¢!udeéd in the pathogenesis of the atheroesclerosisp)(

of the oil from the vegetable material, which includes all mineral scavenges free radiqalsl(l), inhib_its platelet aggregation
and organic fractions (fats, proteins, sugars, organic acids,(g’ 11) and the production of leucotriene for human neutrophyls

cellulose, hemicelluloses, pectins, gums, tannins, and polyphe-(g’ 12) (which is indicat_ive of anti-inflammatory properties),
nols). In Spain, a massive change of the traditional three-phasend confers cell protectiorid). It has also been demonstrated

to the new two-phase process has taken place, and large volumethat hydroxytyrosol acts in vitro against both Gram-positive and
of waste, ~3.5-6 million tonslyear, are generated)( An Gram-negative bacteria, which are causes of infections in the

integrated approach to this waste as fertilizer or animal feed or "eSPiratory and intestinal tracts4). Nevertheless, and despite

through recovery of residual oil and/or extraction of high added ecent bioavailability studied6—17), more studies are required

value products will contribute to diminish its environmental to demonstrate theT an_t|OX|dant and antimicrobial effectlvengss

impact and will provide a way to make profitable the wastes of hydroxytyrosol in vivo. Therefo_r(_a, Iarger amounts _of this

from the olive mill plant. compound are required at competitive prices, so that it can be
used, for instance, as a preservative in foods.

* Corresponding author (telephone 34-954691054; fax 34-954691262;  Frevious work carried out in our laboratory has shown that
e-mail jfbg@cica.es). large quantities of phenolic compounds, especially hydroxy-
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tyrosol, can be obtained from olive cake (three-phases processraple 1. Experimental Conditions for the Steam Treatment of
(18) and olive stones1@), in both cases by means of steam Two-Phase Olive Waste (Alperujo)
treatment. Hydroxytyrosol can also be recovered from olive oil

mill waste water (three-phases process)20) and from the teomp time o
washing water using the Spanish-style green table olive process ™ (°C)  (min) catalyst®
(21). Diverse synthesis procedures for the production of 1 180 2,10  acid (1, 5%)
; o
hydroxytryrosol have also been developéd, (22, 23). How- 200 g mﬂgﬂ: Egg:y::' 283 8'52/"5) 5
. . y y £:9, 970,

ever, the product|_on methods so far proposed are expensive and/ 20 210  acid (L 25, g%)
or produce low yields. 5 without catalyst

To explore the possibility of obtaining hydroxytyrosol in high 2405 without catalyst
yield from two-phase olive waste, within a general strategy of 510  acid(1, 25 5%)
finding uses for this byproduct, a series of hydrothermal 2 180 5 without catalyst, acid (1, 1.5, 2, 2.5%)
treatments were carried out. Usually when a lignocellulosic 200 5 Wit.ZO(ut cat)alyst, acid (0.5, 1, 1.5, 2, 2.5%)
material is treated with water or steam to temperatures in the 10 acd(2.5% .

0,

range of 166-240 °C, an autohydrolysis process occul®,( 220 io ‘Q'éﬁzc’(gtg;sf bst, acid (05, 1, 1.5, 2, 2.5%)
24). Depending on the conditions used, there is a depolymer- 20 5 without catalyst, acid (0.5, 1, 1.5, 2, 2.5%)
ization of polysaccharides (mainly of hemicelluloses) and a 10 acid (2.5%)
breaking of the lignir-carbohydrate bonds, resulting in the 3 160 2 without catalyst, alkali (0.5, 3%)
solubilization of lignin fragments of low molecular weight. As 5 without catalyst, alkali (1.5%)
a consequence of such treatment, the solid olive byproduct was 10 without catalyst, alkali (0.5, 3%)
partially solubilized. Because the hydroxytyrosol is usually part 180 é w!tEout cata:yst, alkgll éléi/%) all (05 15 3¢
of other molecules such as oleuropein, demethyloleuropein, 20 mhgﬂi‘éi;ﬁ: Zﬁ('a”(('l 5{,’/1')"" ali(0.5, 1.5, 3%)
ve_rbas_coside, gnd hydroxytyrosol glucosid@%‘:—(Z?), _the 190 2 alkali (1.5%) ' '
objective of this work was to elucidate the experimental 5 alkali (0.5, 3%)
conditions that gave the maximum concentration of free 10 alkali (1.5%) . .
hydroxytyrosol. To find a suitable strategy to treat this waste, 200 é mﬂgﬂi ggg:zz: 2{;3"&%@5 ﬁl)kali (L5%
ensuring the value of the_z alperujo, the optimal operating 10 without catalyst, acid (2.5%), alkal (0.5, 3%)
conditions to get the maximum recovery of hydroxytyrosol 20 2 without catalyst
would also allow the maximum production of other raw 5 without catalyst, acid (2.5%) .
compounds (hemicellulose, cellulose, residual oil, etc). The main " %0 mﬂgﬂt gz:g:ﬁ: acid (2.5%), alkali (3%)
operational variables governing the autohydrolysis process 5,10  without catalyst, acid (2.5%), alkal (0.5, 1.5, 3%)

(temperature and rate time) were varied. The effects of certain
acidic and basic catalysts were also evaluated.

Additionally, in this paper we will mention a new, simple,
and inexpensive system for the purification of hydroxytyrosol. )
This system is not described because it is under internationaltemperature and very close_to the pressure of saturated steam. Prior to
patent (PCT/ES02/00058). The system is applicable to the iﬁ?;ntg;?tgfﬂ{ the following catalysts were added to the sample to
aqueous fraction of the two-phas_e olive waste, which is Acidic CatalystH,SO, (98%) was added to the moist sample so as
solubilized by steam treatment, _deSp'te the large r_]umb_er of Otherto reach a final concentration of sulfuric acid of 0.5, 1.0, 1.5, 2.0, 2.5,
compounds that accompany it (sugars, organic acids, othergng 500 viv.
phenolic compounds, etc). Thus, this process is applicable to  Alkaline CatalystNaOH solution (30%) was added to the sample
any aqueous source of hydroxytyrosol. S0 as to obtain a calculated concentration of NaOH of 0.5, 1.5, and
3% w/v. In both cases the samples were mixed thoroughly.

After hydrothermal treatment, all samples were filtered in vacuo
through filter paper using a ‘Btner funnel.

Materials. Samples of alperujo, a very wet solid waste from two- Hydroxytyrosol Analysis. An aliquot from the water soluble
phase decanters, were supplied by the oil extraction factoric@!  fraction, after hydrothermal treatment, was filtered through a gm5
El Tejar (Cadoba, Spain). Alperujo was sampled at three different dates membrane and used for direct HPLC determination of hydroxytyrosol
in the olive oil production season. The first sample was taken on (free form).

November 25, at the beginning of the olive oil production season; the A second aliquot of water soluble fraction was subjected to
second sample was taken on January 28, at the halfway mark of thequantitative posthydrolysis (Wit3 N HCI at 100°C for 10 min) before
season, and the third sample was taken on March 26, at the end of theHPLC analysis. The increase in hydroxytyrosol concentration caused
season. by posthydrolysis provided a measure of the concentration of the

These three waste samples were almost black in color and had aconjugated form present.
smooth dough-like consistency. They were partially destoned and HPLC was performed with a Hewlett-Packard series 1100 liquid
partially deoiled (after secondary centrifugal processing to obtain the chromatograph system equipped with an ultravielgsible detector

a Acid catalyst: H,SOq, % viv based on the water content of the sample. ® Alkali
catalyst: NaOH, % wl/v based on the water content of the sample.

MATERIALS AND METHODS

residual olive oil) and had a high content of water (71.5, 68.1, and
70.7%, respectively).

Steam Treatment.The hydrothermal experiments were carried out
in a flash hydrolysis laboratory pilot unit designed in the Instituto de

and a Rheodyne injection valve (20 loop). A Spherisorb ODS-2
column (250x 4.6 mmm i.d.; particle size= 5 um) (Tecnokroma,
Barcelona, Spain) maintained at room temperature was used. Elution
was performed at a flow rate of 1.0 mL/min, using a mobile phase of

la Grasa (Seville, Spain). The moist samples (250 g) were treated with trifluoracetic acid in water, pH 2.5, and acetonitrile, with a gradient

saturated steammia 2 L reactor (maximum operating pressure of 42
kg/cn¥). The reactor was equipped with a quick-opening ball valve

from 5 to 25% of acetonitrile in 30 min. These conditions avoid the
coelution of hydroxytyrosol (R 9.19 min) with hydroxytyrosol-4-

and an electronic device programmed for accurate control of steam 3-p-glucoside (RT= 8.60 min), a compound whose important presence

time and temperature.

in olive phenolic chromatograms has been recently reported, for the

The different experimental conditions used in the present study are first time, by Romero et al.27). Chromatograms were recorded at

presented iMable 1. The pressure is only a dependent variable of the

280 nm.
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1000 MeOH/CHCE so as to obtain the desired final concentration when added

i) a to 6 g ofrefined olive oil. The phenols were mixed with olive oil by

g 800 . stirring at 25°C for 20 min, and the organic solvents were removed in

L a rotary evaporator.

g 600 T Stability was evaluated by measuring the oxidation induction time,

E using a Rancimat apparatus (Methrohm CH9100) according to the

z 400 o method of Gutierez 29). A flow of air (10 L/h) was bubbled through

g 3 the oil heated at 100C, and the volatile compounds were collected in

& 200 cold water, increasing the water’s conductivity. The time taken to reach

0 a fixed level of conductivity was recorded.
0 200 400 600 800 1000
RESULTS AND DISCUSSION
ppm hydroxytyrosol-2

Figure 1. Comparison of the concentration of the hydroxytyrosol obtained Treatment without Catalyst. The study of the hydrothermal
by means of a calibration curve using as standard the hydroxytyrosol process of two-phase olive cake alperujo was undertaken at
obtained by hydrolysis of the oleuropein (hydroxytyrosol-2) with gravimetric temperatures of 166240°C, steam pressure very close to the
data obtained using as standard purified hydroxytyrosol, 95% purity pressure of saturated steam; 35 kg/ cnt, and a treatment time
(hydroxytyrosol-1). of 2-10 min.

' _ This process led to a solution that contains a high quantity

A standard of hydroxytyrosol was obtained from oleuropein of compounds which are simply solubilized (carbohydrates,
(Extrasyntheses, Genay, I_:rance) acid hydrolysis as follows: 1_5 mg of organic acids, phenols, polyphenols, etc.) or formed from
oleuropein was treated with 1 mlf 8 N HCl and heated to boil at — tnarmg| degradation (furfural, hydroxymethylfurfural, etc.)
100°C for 10 min. These conditions allow the quantitative hydrolysis (18 19). HPLC analysis showed that the main solubilized

of the oleuropein, where 1 mol of oleuropein originates from hydrolysis h s of | | | iaht hvd | d
1 mol of hydroxytyrosol, 1 mol of glucose, and another mole of elenolic phenols of low molecular weight were hydroxytyrosol an

acid 8). Once cooled, a similar volume of methanol was added to NYdroxytyrosol-46-p-glucoside, the new compound reported in
the solution and the mixture then added to a 10 mL flask containing ©live phenolic chromatograms with a response factor almost
portions of a 50:50 MeOH/bD mixture. A calibration curve was built ~ half that of the hydroxytyrosol oney).

from this solution of hydroxytyrosol, and the results were expressed  Figure 2 shows the yield of hydroxytyrosol solubilized (free
as grams per 100 g of dry matter. The reliability of the standard was form) for the three different alperujo samples taken at three
verified by comparison with gravimetric data obtained after the djfferent times during the year. The results showed a high
purification of hydroxytyrosol by the patented system from the olive 5 ount of hydroxytyrosol was solubilized and increased as the
waste steam treated, at the operation range below 200 guré experimental conditions became more severe, reaching 1.4
1). Treatment of several samples with the same experimental conditionsl 7 9/100 g of dry alperujo. The proportion of Hydroxytyrosol

resulted in variability of the order of 5%. . . .
Identification of Hydroxytyrosol. After purification, hydroxytyrosol present increased with temperature but the influence of treatment

was identified (1) by HPLC/UV analysis using retention times and time was weaker (mainly between 5 and 10 min).

absorption spectra in the 26880 nm range and (2) By NMR (300 The pH descended with the length and temperature of
MHz) and 3C NMR (500 MHz). Chemical shifts are given in parts treatment Figure 2), implying that an autohydrolysis reaction
per million using the CBOD signal (4.83 and 47.24 ppm féiH and occurred. Hydronium ions generated from the autoionization

'%C, respectively) as references. The purity of hydroxytyrosol was of water as well as from other compounds present, such as

estimated on the basis of the data obtained by HPLC and NMR analysesacetic, uronic, and phenolic acids, catalyze the autohydrolysis

and finally verified by gravimetric method. o , of the material 24). Although the pH varied between samples,
Measurement of Oxidative Stability (Rancimat).Oxidative stabil- it was always below pH 5,5, and in the case of the third sample

ity of refined olive oil without antioxidants was compared with that of
refined oil samples containing 100 ppm of hydroxytyrosol. Duplicate (March 26 sample) the pH was as low as 1.5. At constant

oil samples (6 g each) were used. Another sample containing 100 ppmt€mperature, pH decreased with the time of treatment (to 2 min
of caffeic acid, a well-characterizesdiphenol, was used as a reference.  Of treatment the pH was always higher that at1® min),

The following methodology was employed: the hydroxytyrosol and implying that increased time results in a larger amount of
the reference phenol were dissolved in 3 mL of a 1:2 v/v mixture of catalysis.
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Figure 2. Evolution of the content of released hydroxytyrosol (free form) (grams per 100 g of dry waste) for three different samples (first, @; second,
A; third, H) of two-phase olive waste treated by steam (autohydrolysis) as a function of the treatment parameter (steam temperature and steaming time).
Variations of the pH values: first sample, O; second sample, A; third sample, O.



Hydroxytyrosol from Olive Waste J. Agric. Food Chem., Vol. 50, No. 23, 2002 6807

Table 2. Free, Conjugated, and Total (Free and Conjugated) of ripening of the olive fruits, although further studies on a larger
Hydroxytyrosole (See Materials and Methods) Released from the number of samples and at more time points during the
Two-Phase Steam-Treated Olive Waste production season are necessary before conclusions can be
tem time % hydroxytyrosol drawn. . .
sample ¢ Cg’ (min) P~ conjugated ol The hlg.h proportion of hydro>.<ytyrc.)sol (free form) that
appeared in the reaction medium is 8 times that obtained from
1 ;gg g 8-22 823 82; the solid waste of the three-phase olive cake also subjected to
220 5 0.87 0 0.87 hydrothermal treatment8), under constant experimental condi-
240 5 1.01 0 1.01 tions. The fact that-45—50% of the total phenols present in
the olive fruit are present in the vegetation water, whereas 45
2 180 > 044 0.2 108 50% remain in the solid residue after processing (with the three-
200 5 0.56 053 1.09 ; , thr
220 5 0.64 0.43 1.07 phase manufacturing proces8)), partly explains this differ-
240 5 1.34 0 1.34 ence. Approximately £2% of the total phenols in olive fruit
3 160 2 0.24 0.70 0.94 is released into the olive oil during processing, and therefore
5 0.26 0.75 1.01 98—99% of the total phenols remain in the liguidolid waste
10 0.28 0.72 1.00 of two-phase olive oil processing.
180 2 0.33 0.77 1.10 .
5 0.34 081 115 The amount of soluble hydroxytyrosol recovered in these
10 0.43 0.78 121 experiments Figure 2) vastly surpasses the proportion of
200 2 0.42 0.81 1.23 hydroxytyrosol, free and/or conjugated, that remains in these
5 0.56 0.78 1.34 byproducts, as indicated in the literature, all of them being
220 12 8:25 8:2; igg extracted with the normal procedures of extracti®® 81). Our
5 091 03 121 data are in consonance with those reported by other authors in
10 1.03 0.26 1.29 fresh olive tissue with an amount of hydroxytyrosol between
240 2 0.84 0.46 1.30 1.0 and 2.9 g of hydroxytyrosol/100 g of dry weight, depending
5 131 0 131 of olive variety and ripeness index (fundamentally as hydroxy-
10 1.69 0 1.69

tyrosol derivatives: oleuropein, verbascoside, and hydroxy-
tyrosol-44-p-glucoside) 26, 27, 32). To verify that the amount

of initially present hydroxytyrosol in the olive pulp was around
the maximum value reached in the alperujo with the steam
dreatment (1.7%) Kigure 2; Table 2), an experiment of
hydrothermal treatment with destoned fresh olives (not processed

@ Hydroxytyrosol amounts are expressed as grams per 100 g of dry waste.

On the basis of the results presenteéigure 2, we conclude
that there are no appreciable differences between the thre
samples harvested at different times of the year. The maximum; o A !
values of free hydroxytyrosol recovered are practically the same in @n oil mill plant) was carried out. The result of this study
in the three samples. This is explained by the fact that although Indicates that exactly using steam saturated (Z3% min, 1%

the amount of the main compound that contains hydroxytyrosol, &cid) & value of free hydroxytyrosol of 1-2.4% (referred to
the oleuropein, decreases in the olive fruit during ripening, corrected dry matter to be completely comparable with the

another series of compounds that also contain hydroxytyrosol, 'écovered hydroxytyrosol of a byproduct with a dry matter with
such as demethyloleuropein, verbascosif 26), and overall 2% of fat and 6.7% of stone) was reached. Thus, we believe,
hydroxytyrosol-48-p-glucoside, increase with ripening, becom-  ©N the basis of bibliographical da_lta in byproducts_ and fresh
ing the latest and the most important in olive frui7y olives and conflr_med by the _exp_erlmental re_sults with byprod-
Nevertheless, when the liquor was subjected to posthydrolysis UCtS and fresh olives, that oxidative degradation (enzymatic and
with 3 N HCI at 100°C for 10 min (conditions sufficient for ~ chemical) of hydroxytyrosol derivatives during crushing and
the quantitative hydrolysis of oleuropein), the content of total Malaxation of the olive paste during processing, which has been
hydroxytyrosol arising from their free and conjugated form [nvoked by some author8@, 31) to explain the large decrease
allowed us to differentiate between the three sampleble in antioxidants present, is not in fa_ct t_he main cause qf the
2). The total amount of hydroxytyrosol recovered in the first descent. We suggest that the' reductlo_n in levels o_f a_nnomdgnts
sample, collected at the beginning of the season, was almostshould be linked to condensat_lon reactions or certain interactions
half that of the other two samples, at low temperatures (180 @mong phenols, polysaccharides, and glycoproteins during the
and 200°C). This is due to the small quantity liberated in the Malaxation of the paste, for which oxygen should play an
conjugated form in the first one. Under these gentler conditions, important role.

for the second and third samples, a great part of the hydroxy- All systems currently used for the extraction and quantifica-
tyrosol liberated in conjugated form comes from the hydroxy- tion of phenols in olives, free or conjugated, have been unable
tyrosol-4-p-glucoside, the peak of which decreases with the to break those strong bounds and/or are not capable of having
severity of experimental conditions and disappears completely access to these compounds and release then completely (refer
in the posthydrolysis with HCI. Although the differences to next section concerning acid catalystigure 4). The
between the second and third samples were much smaller, weautohydrolysis of this byproduct and the release of strongly
observed that the content in conjugated forms and therefore oflinked hydroxytyrosol have both been observed under the
total hydroxytyrosol, in the third sample, taken at the end of conditions employed for hydrothermal treatment in these
the season, was somewhat larger than in the second sampleexperiments. These differences in the phenols extraction (or-
collected halfway through the season. This implied that the dinary system and with steam treatment) have been observed
hydroxytyrosol was present in an inaccessible form in the first only when condensation reactions take place during the mal-
sample, in a more accessible form in the second sample, and inaxation, as is appreciated froRigure 4 and the experiment

a readily accessible form in the third sample. We speculate thatdescribed previously with fresh olives (not processed in an oil
these differences between the accessibility and the time ofmill plant). Also, these results demonstrated that despite the
collection of the sample may well be due to the different state high temperatures used in these experiments and the presence
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was much more effective and allowed high values of hydroxy-
tyrosol, ~1.5%, to be obtained under mild conditions. These
data confirmed our previous observation that the hydroxytyrosol
appeared to be in a more inaccessible form in the first sample
compared to the other two.

This difference observed between the use of a catalyst or not
is of practical importance when the recovery of free hydroxy-
tyrosol is sought, especially in relation to the second and third
samples. However, there is little difference in the yield of
T T hydroxytyrosol in the presence of the cataly§iglre 3)

2 5 102 5 102 5 10 2 5 10 min compared with the yield of total hydroxytyrosol (present as the
180°C  200°C  220°C  240°C free and conjugated forms) obtained without any catalyable
2). In the first sample, the quantity of hydroxytyrosol obtained

2 increased with the quantity of acid added (1 and 2.5%), although
this was proportional to the amount obtained in the case without
catalysis. The liberation of additional hydroxytyrosol from the
olive paste was not observed until the experimental conditions
became harsher (temperatur200°C), due to the presence of
the acid. That is, the yield of hydroxytyrosol obtained when
the temperature was between 180 and 200was similar to
that obtained by hydrolyzing the liquor wit3 N HCI at 100
°C for 10 min. This is because the yield of free hydroxytyrosol
O =% 10 2 5 10 2 5 10 2 5 10 min was augmented with the conjugated product. However, when

the acid concentration was increased to 5%, an important

( % w/w of dry matter)

p—
2
o . . . .
z 180°C 200°€ 220°¢ 240%¢ hydroxytyrosol degradation reaction occurred.
Q 2 In the case of the second sample, as the quantity of acid was
) L ¢ - increased (0.5, 1, 1.5, 2%), a progressive increase of the liberated
; 15 F A\‘/‘\/“_‘\ hydroxytyrosol was observed. The amount of total hydroxy-
) a N tyrosol (in free and conjugated forms) recovered at 22(b
s L s min, without catalystTable 2), was less than that recovered at
| m--" 220°C for 5 min with 1% of added acid. It was equal to that
05 | Y recovered without catalyst at 20C€ for 5 min when 1.5% of
> gm0 acid was added and equal at 18D for 5 min without catalyst
0 i when 2% of acid was added, whereas alone there was a

liberation of additional hydroxytyrosol due to the presence of
the acid to higher temperatur&igure 3). This means that
addition of acid supposes an extra liberation of free or
conjugated hydroxytyrosol besides the hydrolysis of that liber-
ated previously in conjugated form. The maximum vyield of
hydroxytyrosol recovered was obtained when using 2.5% acid,
independent of the experimental conditions, as was also verified
in the third sample.

of oxygen, no, or very little, degradation of the hydroxytyrosol ~ The results of the present study have demonstrated the most
is seen, supporting the indications about the high resistance to@PPropriate conditions to obtain the maximum amount of
oxidation, and high thermal stability, of this compound under hydroxytyrosol recovery from olive cake. It should be noted
the conditions of these hydrotherma| essays. that hydroxyterSOI imbues olive oil with oxidative Stab”lty,
To verify if we could improve the yields of recovery of free @S well as being beneficial to health. Nevertheless, the optimal
hydroxytyrosol, or at least moderate the conditions of the €xperimental conditions for the maximum recovery of hydroxy-
hydrothermal treatments, experiments in the presence of an acidyrosol do not coincide with the optimal treatment conditions
catalyst (HSOy) and a basic catalyst (NaOH) were conducted. for the maximum recovery of hemicellulose, cellulose, residual
Treatment with Acidic Catalyst. Figure 3 shows the oil, etc. (data not shown) that are also recovered from this steam-
amounts of hydroxytyrosol obtained in the presence 3G} treated byproduct. Treating the substrate at-2220 °C for 5
[0.5, 1, 1.5, 2, 2.5, and 5% v/v, based on the water content Min at an HSO, concentration of +1.5% v/v allows an
(humidity of the sample)] compared to the amounts obtained €ffective recovery of hydroxytyrosol-11.2% of hydroxytyrosol
from autohydrolysis (without catalyst), for each of the three (grams per 100 g of dry matter) and a suitable recovery of other
samples. For the first sample, 1, 2.5, and 5% levels of acid weremany substances, with a good separation of the solid and liquid
proven as were 0.5, 1, 1.5, 2, and 2.5% levels for the Second;phases. This last aspect is important from a practical point of
only 2.5% was found for the third. view, so as to reduce costs, and that is not obtained easily for
It was discovered that the use of acidic catalyst in the steam Other many milder treatment conditions that were tried.
treatment facilitated the liberation of hydroxytyrosol. The Using different procedures from the literatur26( 30) to
quantity of hydroxytyrosol recovered from the first sample was conduct a full extraction of all antioxidants present in the olive
smaller at low temperatures, and very harsh conditions were pastes, the results obtaindeigure 4) confirmed many of the
necessary to obtain the maximum amounts extracted from thefindings already described. The three assayed procedures with
other samples. In the second and third samples, acidic catalysishe paste were (1) extraction with MeOHB! (80:20) and

2 5 102 5 102 5 10 2 5 10 min.
180 °C 200 °C 220°C 240°C

Figure 3. Effect of different conditions of hydrothermal treatment for three

different samples (first, a; second, b; third, c) of two-phase olive waste in

the presence of acid catalyst on recovery of hydroxytyrosol (free form).

Comparison without catalyst (autohydrolysis) (M); catalyst = [H,SO4] =

5% (@), 2.5% (a), 2% (+), 1.5% (%), 1% (O), and 0.5% (O).
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Figure 4. Content of total hydroxytyrosol (free and conjugated) obtained
from three different samples (first, a; second, b; third, c) of two-phase
olive waste by three ordinary extraction procedures [organic extraction
with MeOH/H,0 (80:20) and posthydrolysis with 3 N HCI, 100 °C/10 min,
horizontally striped bars; 6 N HCI for 24 h at room temperature and
posthydrolysis with 3 N HCI, 100 °C/10 min, vertically striped bars; 3 N
HCI, 100 °C/10 min directly, slashed bars] in comparison with the
hydroxytyrosol, free form, obtained from samples steam treated (for 5
min, at 180 °C, black bars, 240 °C, dotted bars without acid catalyst and
at 180 °C, gray bars, 240 °C, white bars, in the presence of acid catalyst).

posthydrolysis wit 3 N HCI, (2) hydrolysis wit 6 N HCI for
24 h at ambient temperature and posthydrolysis\8itN HCI,
and (3) hydrolysis directly wit 3 N HCI for 10 min at 100C.
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Figure 5. Effect of different conditions of hydrothermal treatment on the
third sample of two-phase olive waste in the presence of basic catalyst
on recovery of hydroxytyrosol (free form). Comparison without catalyst
(autohydrolysis) (m); catalyst = [NaOH] = 3% (%), 1.5% (&), and 0.5%
(O); control line (—), [NaOH] = 3% (w/v), 24 h, room temperature, without
hydrothermal treatment.

Hydrothermal experiments in the presence of NaOH were
conducted on the third sample of alperujo, that is, the sample
collected at the end of the season; 0.5, 1.5, and 3% of basic
catalyst was used. The amounts of free hydroxytyrosol obtained
and a comparison with those obtained by autohydrolysis (without
catalysis) are shown iRigure 5.

We observe that the quantity of hydroxytyrosol released
increases slightly with the concentration of NaOH and with the
harshness of experimental conditions. Under gentler conditions
the amounts obtained are greater than those obtained in the
absence of a catalyst. We also observed certain levels of
experimental conditions (200C) beyond which the amounts
of hydroxytyrosol obtained were below those obtained without
catalysis. In these cases, alkaline degradation of the hydroxy-
tyrosol, probably due to a base-catalyzed radical autoxidation,
is taking place. Therefore, the use of the NaOH as a catalyst
would not improve the yield of hydroxytyrosol.

Recovery, Purification, and Properties.It has been possible
to obtain large amounts of highly purified hydroxytyrosol using
a new chromatographic system. This new purification system,
which is under patent, is simple and inexpensive and is
applicable to the aqueous fraction solubilized from the steam-
treated two-phase olive waste as well as any other aqueous
source of hydroxytyrosol.

A practical advantage of this process is that only water, and
not organic solvents, is used in the most important and novel
part in the system. Hence, the industrial-scale production of
hydroxytyrosol could be economical and of considerable interest
versus the traditional synthetic routes for the production of the
antioxidant. The final yield of this process would be 223
kg of purified hydroxytyrosl for each 1000 kg of wet alperujo.

It can be concluded that, if-11.2% of hydroxytyrosol (grams
per 100 g of dry matter) is easily extractable for operating
conditions not too severe (for example, 220°C for 5 min

This yielded only small amounts of hydroxytyrosol, demonstrat- and 1-1.5% of HSQy), then approximately-33.6 kg of soluble
ing the strong connection between this compound and othershydroxytyrosol can be obtained per 1000 kg of alperujo (300
present in the solid phase. Comparison between the results okg of dry matter). This means that the developed purification
the samples subjected to the most extreme hydrothermalmethod gives a yield of 65% and, more interestingly, yields
treatments (180 and 241C), in the presence and absence of hydroxytyrosol with 96-95% purity.
acidic catalyst, confirmed that the hydroxytyrosol in the first The compound isolated according to the system mentioned
sample was more inaccessible and that steam treatment couldbove was identified by HPLC, on the basis of retention times
recover increased quantities of this compound. and absorption spectrum from 200 to 350 nm, andHbWMR
Treatment with Basic Catalyst. The use of NaOH as a basic and 3C NMR data Figure 6). The spectrum data coincided
catalyst was tried from its use in the industrial process to reducefully with those previously reported in the literature for the
the bitterness of table olives. Treatment with NaOH is used to synthetic compoundl(7, 22) and demonstrates their degree of
reduce the bitterness of the major phenol in the olive fruit by purity. This pure compound dried in vacuo is a light brown
oleuropein hydrolysis into hydroxytyrosol and elenolic acid syrup that was subjected, for 5 days, to ambient temperature,
glucoside 21). exposure to light, and direct and continuous air current, remains
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Figure 7. Stability of purified hydroxytyrosol (95% purity) as shown by HPLC chromatograms of the sample at 24 h (a), 48 h (b), and 120 h (c). (See
text for details.)

stable Figure 7). Nevertheless further studies about its con- induction time compared to a reference sample of refined olive
servation and stability during long periods of time are needed. oil, without any natural antioxidant, was 28.8 h, compared to

In addition the antioxidant activity of the isolated compound 49.3 h for the refined olive oil with 100 ppm of added
was investigated (see Materials and Methods). The isolated hydroxytyrosol. This represents a 1.71-fold protective factor of
compound showed potent antioxidant activity in accelerated the refined olive oil, which is similar to that seen with 100 ppm
oxidation conditions (the Rancimat method). The oxidation of caffeic acid under the same conditions.
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