
D
i

I
a

b

a

A
R
R
A
A

K
O
Z
C
C

1

t
p
T
t
m
w
t
m
M
2
1

m
g
w
b
t
m

0
d

Journal of Hazardous Materials 199– 200 (2012) 328– 335

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

egradation  of  model  olive  mill  contaminants  of  OMW  catalysed  by  zero-valent
ron  enhanced  with  a  chelant

rama  Sancheza,  Frank  Stübera,  Azael  Fabregata,  Josep  Fonta,  Agustí  Fortunyb,  Christophe  Bengoaa,∗

Departament d’Enginyeria Química, Escola Tècnica Superior d’Enginyeria Química, Universitat Rovira i Virgili, Av. Països Catalans 26, 43007 Tarragona, Catalonia, Spain
Departament d’Enginyeria Química, EPSEVG, Universitat Politècnica de Catalunya, Av. Víctor Balaguer s/n, 08800 Vilanova i la Geltrú, Barcelona, Catalonia, Spain

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 20 May  2011
eceived in revised form 3 November 2011
ccepted 5 November 2011
vailable online 11 November 2011

eywords:
live mill wastewater

a  b  s  t  r  a  c  t

The  aim  of  this  study  was  to  investigate  the  effect  of  a chelated  zero  valent  iron  as  catalyst  on  the  oxidation
of six  organic  acids  that  are  generally  found  in  olive  mill  wastewater.  The  reaction  was  carried  out  in a
stirred  tank  reactor  under  extremely  mild conditions,  a temperature  of  30 ◦C  and  atmospheric  pressure.

Solutions  of  350  mg/L  of  the  six  organic  compounds  were  treated  individually  using  zero  valent  iron
particles  (15  g),  nitrilotriacetic  acid  disodium  salt  (NTA,  100  mg/L)  and  air. The  efficiency  of  the  process
was evaluated  to determine  the  organic  compound  conversion,  the  chemical  oxygen  demand  (COD)
reduction  and  the  total  organic  carbon  (TOC)  reduction.  The  caffeic,  4-hydroxyphenylacetic  and  vanillic
ero valent iron
helant
ontaminant oxidation

acids  showed  a  total  conversion  after  180,  240  and  300  min  of  reaction,  respectively.  In turn,  coumaric
acid,  tyrosol  and  cinnamic  acid  only reached  conversions  of 90, 87  and 68%,  respectively,  after  360  min
of  reaction.  Four  mixtures  of  the  six  acids  with  an  initial  total  concentration  of  1000  mg/L  were  also
tested  and  gave  an  overall  conversion  of  the organic  compounds  of  92–99%  after  360  min  of  reaction.  The
COD  conversions  of  the  mixtures  were  always  above  84%, but  the  TOC  conversions  values  were  lower,

aliza
indicating  a poorer  miner

. Introduction

The olive oil industry is very important in Mediterranean coun-
ries, both traditionally and economically. Spain is the world’s main
roducer of olive oil, followed by Italy, Greece, Turkey, Syria and
unisia. A third of the world’s total olive oil production is concen-
rated in Andalusia, a region in the south of Spain [1].  During the

illing process, the olive oil industry consumes high quantities of
ater and generates large quantities of highly polluted wastewa-

er known as olive mill wastewater (OMW)  [2].  Almost 30 million
3 of OMW  is produced annually in the Mediterranean basin [3].
oreover, the chemical oxygen demand (COD) can reach as high as

20 g/L and the biochemical oxygen demand (BOD) can range from
5 to 50 g/L [4].

Olive oil is typically manufactured by small companies with
odest facilities. For these companies, managing the liquid wastes

enerated in the mills is very important [5].  Furthermore, the
astes have a great impact on land and water environments

ecause their high phytotoxicity and antimicrobial effects limit

heir biodegradability and disposal [1].  Therefore, traditional treat-

ent methods such as pumping and discharging the wastes into

∗ Corresponding author. Tel.: +34 977 558619; fax: +34 977 559667.
E-mail address: christophe.bengoa@urv.cat (C. Bengoa).
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tion.
© 2011 Elsevier B.V. All rights reserved.

evaporation ponds, dumping them in rivers or spreading them on
soils are no longer acceptable [6].

The organic fraction of the OMW  contains phenols, polyphe-
nols, polyalcohols, sugars, tannins, pectins and lipids. Among these
compounds, there are two principal families of phenolic acids:
derivatives of cinnamic acid and derivatives of benzoic acid. The
coumaric, caffeic, ferulic, hydroxybenzoic, gallic, vanillic, gentisic,
protocatechuic and veratric acids are the most important deriva-
tives of benzoic acid [7].

The management of OMW  has been the object of several stud-
ies in recent years, many of which focus on biological anaerobic
digestion. The benefits of this process are that it is environmen-
tally friendly and has low operating costs. The disadvantage is that
several of the organic compounds present in the OMW  have toxic
and/or inhibitory effects [6].

This is one of the reasons why it necessary to develop alternative
technologies for treating OMW  effluents. Among the new tech-
nologies, advanced oxidation processes (AOP) have become very
popular and include ozonation, photocatalysis, ultrasonic irradia-
tion and electrochemical oxidation [5,6]. These new technologies
focus on reducing the severity of the operating conditions and,
therefore, the capital and operating costs of the process.
Wet  air oxidation is one of the severest processes used to
degrade p-coumaric acid. One study investigated reducing the level
of the total organic carbon (TOC) and removing the inhibitory
effect of the phenolic compound in order to allow further biological

dx.doi.org/10.1016/j.jhazmat.2011.11.024
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:christophe.bengoa@urv.cat
dx.doi.org/10.1016/j.jhazmat.2011.11.024
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Fig. 1. Chemical structures

reatment of the OMW  [8].  The oxidation treatment was  conducted
t high operating temperatures and pressures; that is, between 130
nd 250 ◦C and at 28 bar of oxygen partial pressure.

Using a catalyst in these processes reduces the severity of the
perating conditions. In this sense, using supported noble metal-
ic catalysts (platinum or ruthenium) allows the complete removal
f p-coumaric, p-hydroxyphenylacetic and p-hydrobenzoic acids
ither individually [9–11] or in real olive mill wastewaters [12].
igh mineralization was  obtained under milder operating condi-

ions of 140 ◦C and 50 bar of total air pressure. Likewise, a process
atalysed with copper supported over pillared clays allowed the
otal abatement of tyrosol and eliminated 80% of the TOC at tem-
eratures between 25 and 80 ◦C and using hydrogen peroxide as
xidant [13].

Finally, it has been established that using zero valent iron

ZVI) with a chelant can catalyse processes for oxidizing phenol,
hlorophenol and refractory compounds at almost room conditions
14,15]. The process can be enhanced by adding hydrogen peroxide
3].
 OMW model compounds.

The purpose of this study was  to examine the feasibility of using
ZVI in the presence of nitrilotriacetic acid disodium salt (NTA) to
catalyse the oxidation of several OMW  model compounds (tyrosol,
p-coumaric, vanillic, cinnamic, caffeic and p-hydroxyphenylacetic
acids). The process was carried out in a batch stirred reactor with
air as oxidant, at 30 ◦C temperature and at atmospheric pressure.

2. Materials and methods

2.1. Materials

Tyrosol (98% purity, ref. 188255), Caffeic acid (98% purity,
ref. 60020), vanillic acid (98% purity, ref. 94770) and cinnamic
acid (98% purity, ref. 96340) were supplied by Fluka. p-coumaric
acid (98% purity, ref. C9008) and p-hydroxyphenylacetic acid

(98% purity, H5000-4) were purchased from Sigma–Aldrich. Fig. 1
presents the structure of the six OMW  model compounds used
in this work. Nitrilotriacetic acid disodium salt (98% purity, ref.
N0253, C6H6NO6Na3) was also provided by Sigma–Aldrich. Finally,
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Fig. 2. Scheme of the experimental apparatus.

ranulated zero valent iron (ZVI, ref. 211934) was  purchased from
anreac. Deionised water (Millipore, Milli-Q) was used to prepare
ll aqueous solutions.

.2. Experimental set-up and procedure

A 600 mL  jacketed stirred reactor was used for the oxidation pro-
ess. The reactor operated in batch conditions and the temperature
as maintained constant at 30 ◦C by circulating water through the

acket from a thermostatic bath. A schematic diagram of the reac-
or is shown in Fig. 2. In all experiments, the reactor was  filled with
00 mL  of solution containing the NTA (always 100 mg/L) and the
MW model compound, either individually (coumaric, vanillic, cin-
amic, caffeic, p-hydroxyphenylacetic acids or tyrosol, 350 mg/L) or

 mixture of the six compounds (1000 mg/L of total concentration).
The solution was allowed to attain 30 ◦C, and then the air flow

as set to 10 NL/h using a rotameter (KROHNE). A porous glass
t the end of the air pipe allowed the formation of small well-
istributed air bubbles. The stirrer was then set to 700 rpm. Finally,
he exact quantity of ZVI was added to start the reaction (15 g).
able 1 presents the content of the OMW  model compounds in each
est. Liquid samples were withdrawn from the reactor at 0, 5, 15,
0, 60 min, and then every 60 min  until the end of the 6 h reaction.
o finish the reaction, the cooling/heating jacket and the magnetic
tirrer were turned off and the air flow rate was stopped.

The main parameter for comparing the results in the discus-
ion section is the conversion of the OMW  model compound, XOMW,

efined as:

OMW(%) = OMW0 − OMW
OMW0

× 100 (1)

able 1
ompositions of OMW  model compounds in the experimental assays.

Tyrosol
(mg/L)

p-HPA acid
(mg/L)

Vanillic
acid (mg/L)

Cinnamic
acid (mg/L)

Tyrosol 350 – – – 

p-HPA  acid – 350 – – 

Vanillic ac. – – 350 – 

Cinnamic acid – – – 350 

Coumaric acid – – – – 

Caffeic acid – – – – 

Mixture 1 100 250 200 200 

Mixture 2 250 200 200 150 

Mixture 3 200 200 150 100 

Mixture 4 200 150 100 100 

PA: hydroxyphenylacetic.
aterials 199– 200 (2012) 328– 335

where [OMW]0 is the initial concentration of the organic model
compound and [OMW]  is the concentration of the organic model
compound once the sample has been taken.

In the case of the mixtures of the six model compounds, the
effectiveness of the process is evaluated by the degree of total con-
version, XT:

XT(%) =
∑

wiXOMW,i∑
wi

× 100 (2)

where XOMW,i is the conversion of the compound i, calculated by
Eq. (1),  and wi is the compound’s concentration in solution in the
mixture (mg/L).

2.3. Analytical procedures

2.3.1. High performance liquid chromatography (HPLC)
HPLC was used to determine the concentrations of the OMW

model compounds (model 1100, Agilent Technologies). The con-
centrations of the OMW  model compounds were measured using
a C18 reverse phase column (Hypersil ODS, Agilent Technologies).
The analyses were performed using a mobile phase made of a mix-
ture of methanol and ultra pure water (Milli-Q water, Millipore)
at a proportion of 40:60 (v/v). The pH of the water was  adjusted
to 1.4 with sulphuric acid H2SO4. The detection was  performed
by UV absorbance at a wavelength 254 nm.  Aqueous solutions of
known composition were used to make a calibration curve for each
OMW  model compound. For each measure, 1 mL  of sample was
taken from the reactor with a 5 mL  disposable syringe. The sam-
ple was  then immediately filtered with a nylon sieve of 0.2 �m
(Teknokroma, ref. TR-200101) and put in a glass vial for analysis.

2.3.2. Chemical oxygen demand (COD)
The COD remaining at the end of the experiments was analysed

by the closed Reflux Colorimetric Standard Method 5220D [16].
For the COD analysis, a Dinko 8500 UV/Vis Spectrophotometer was
used to detect the dichromate in excess, and several Velp ECO8
thermoreactors were used as sample digesters.

2.3.3. Total organic carbon (TOC)
Total organic carbon (TOC) measures were conducted in a TOC

Analyser (Analytic Jena, model NC 2100). Samples were acidified
with 50 mL  HCl 2 N, bubbled with synthetic air for 3 min to elimi-
nate the inorganic carbon content and then injected to the analyser.

3. Results and discussion
3.1. Single OMW model compounds

During the first 60 min  of reaction in the experiments with sin-
gle OMW  model compounds, the solution gradually darkened to a

Coumaric
acid (mg/L)

Caffeic acid
(mg/L)

Total
(mg/L)

COD0

(mg/L)
TOC0

(mg/L)

– – 350 858 281
– – 350 714 259
– – 350 621 237
– – 350 844 268

350 – 350 736 247
– 350 350 647 293

150 100 1 000 1 929 683
100 100 1 000 1 969 687
100 250 1 000 1 915 677
250 200 1 000 1 947 686
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ig. 3. Time evolution of the conversion for the OMW  model compounds. [OMW]0 = 3
cid;  c) vanillic acid; d) cinnamic acid; e) p-coumaric acid; and f) caffeic acid.

eep brown colour. This coloration was certainly due to the forma-
ion of reaction intermediates. The solution became progressively
arker with time, which indicated an accumulation of intermedi-

tes, although the precipitate of iron hydroxide could also have
ontributed to the coloration.

Fig. 3 presents the conversions of the OMW  model compounds.
s the figure shows, the behaviour of the oxidation reactions was
/L, [NTA]0 = 100 mg/L, mZVI = 15 g and T = 30 ◦C. a) Tyrosol; b) p-hydroxyphenylacetic

not the same for each of the model compounds. Three organic mod-
els were completely oxidized before the end of the experiment,
these being the p-hydroxyphenylacetic, vanillic and caffeic acids.

However, the other three, the cinnamic and p-coumaric acids and
tyrosol, obtained lower or much lower conversions.

Fig. 3a presents the tyrosol conversion. As can be seen, there
was  a rapid conversion of tyrosol that was nearly 50% after 1 h of
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eaction and more than 70% after 2 h of reaction until it reached
 final conversion of 87% after 6 h of reaction. The final TOC con-
ersion was around only 75%, suggesting that the intermediates
ormed during the reaction were not further oxidized under these
onditions.

Fig. 3b shows the p-hydroxyphenylacetic acid conversion. As can
e seen, at the beginning of the experiment, the reaction rate was
uch lower than that of tyrosol; in fact, this reaction rate was  the

owest of all six reactions. Despite this fact, the conversion reached
nly 20% after 1 h of reaction and around 55% after 2 h of reaction,
nd total abatement of the acid was achieved after 4 h of reaction.
imilarly, the final TOC conversion result was an excellent 86%. All
hese results should be highlighted and compared with those of
ham Minh et al. [10], who obtained a total removal of the acid
nd a final conversion TOC of 64% after 3 h of process time with
atalytic wet air oxidation. They used an initial concentration of
he acid that was higher than that of the present study (1.52 g/L),
lthough they also used high temperature (140 ◦C) and a total air
ressure of 50 bar. To summarize, these values show that the pro-
ess of oxidation with ZVI and NTA is very effective and can get very
igh conversion values in very mild operating conditions.

Fig. 3c shows the vanillic acid conversion. The reaction rate
btained is slightly faster than for p-hydroxyphenylacetic acid, the
onversion obtained being around 40% after 1 h of process time,
ut again, the acid was totally converted after 5 h. Furthermore,
he final TOC conversion was around 84%.

Fig. 3d shows the cinnamic acid conversion. The reaction rate
btained was second only to that of caffeic acid, with a conversion
f approximately 60% after 1 h of the process time. However, the
nal conversion was only 68% after 6 h of the process time, which
ignifies that only 8% of the acid was removed during the latter

 h of reaction. Also, the final TOC conversion was only around 11%,
hich shows that the mineralization of the compound was very low

nd which left behind a large presence of reaction intermediates
hat could not be easily removed. In short, this compound was  the

ost refractory of the six compounds tested, and as in the case of
he vanillic acid, knowledge regarding its removal is almost non-
xistent.

Fig. 3e shows the p-coumaric acid conversion. As in the case of
he cinnamic acid, the reaction rate obtained was  very high, with

 conversion of approximately 50% after 1 h of process time. Once
ore, the compound was not totally converted, with only 90% con-

ersion after the 6 h of process time. Despite this, the final TOC
onversion was small, with a final value of 38%. These conversion
alues should be compared with those of Mantzavinos et al. [8],
ho used a hydrogen peroxide promoted wet air oxidation (WAO)
rocess to attain p-coumaric acid and TOC conversions of 100%
nd 60%, respectively. It should be noted that these values were
btained after only 150 min  of process time, but at temperature
f 150 ◦C and a total pressure of 35 bar. In the same way, Pham
inh et al. [9] obtained total conversions of the acid and of the

OC after 2 and 4 h, respectively. Again, these excellent results
ere also obtained by catalytic wet air oxidation (CWAO) with
recious metals at a temperature of 150 ◦C and a total pressure
f 50 bar. These results make the process of oxidation with ZVI
nd NTA even more attractive because it can attain high conver-
ion values at low temperatures and under low pressure operating
onditions.

Fig. 3f shows the caffeic acid conversion. The reaction rate was
he fastest of all the six OMW  models tested. Nearly 80% of the caf-
eic acid was converted after only 5 min  of process time and the
ompound was totally converted after only 2 h of process time. In

ontrast, the final TOC conversion was around 69%. These values
hould be compared with those Azabou et al. [17] who  used hydro-
en peroxide promoted photodegradation after 24 h of irradiation
o achieve a caffeic acid conversion of 86% (using 500 mg/L of initial
aterials 199– 200 (2012) 328– 335

caffeic acid concentration instead of the 350 mg/L in the present
study).

From the experimental results of the six OMW  models tested,
the order of reactivity of the compounds was as follows: caf-
feic acid > p-hydroxyphenylacetic acid > vanillic acid > coumaric
acid > tyrosol > cinnamic acid. This order of reactivity agrees with
the findings of several other studies on certain individual OMW
model compounds and real OMW,  these compounds being:
tyrosol ≈ coumaric acid, Rivas et al. [18]; caffeic acid > coumaric
acid, Azabou et al. [17]; caffeic acid > coumaric acid � cinnamic
acid, Miranda et al. [19]; caffeic acid > tyrosol > vanillic acid, Cer-
mola et al. [20]; vanillic acid > cinnamic acid, Lopes et al. [21].

Fig. 4 presents the reaction rates for the degradation of the
OMW model compounds. The calculation of the rate constants
has been performed since the conversion values. The conversion
of each sample has allowed determining the concentration of the
model at that time. With these values are shown the figures for
the different orders of reaction, zero, first and second. Finally,
we have chosen the order of reaction that is more suited to the
experimental values. As it can be seen, all models presented first
order kinetics compared to the organic compounds. The apparent
reaction rates were: −245 × 10−4 min−1, −143 × 10−4 min−1,
−97 × 10−4 min−1, −91 × 10−4 min−1, −82 × 10−4 min−1 and
−59 × 10−4 min−1 for caffeic acid, cinnamic acid, tyrosol, vanillic
acid, p-hydroxyphenylacetic acid and coumaric acid, respectively.
The behaviour of the kinetics of the OMW  models is confirmed by
trends presented elsewhere [8] for p-coumaric acid.

In short, using zero valent iron with NTA and air as oxidant dur-
ing the oxidation of the OMW  model compounds totally removes
the p-hydroxyphenylacetic, vanillic and caffeic acids and partially
removes tyrosol, p-coumaric and cinnamic acids, and is either as
effective or more effective than other processes that generally
require severer conditions. In fact, the effectiveness of this process
allows large savings in operating costs.

3.2. Mixtures of the six OMW  model compounds

True olive mill wastewaters are a complex mixture of com-
pounds; for this reason, it was necessary to design new experiments
to test the feasibility of using this process in the oxidation of real
complex OMW  mixtures. For this, four different mixtures of the
six compounds were evaluated, each with a total concentration of
1000 mg/L.

The four experiments with the mixtures of the OMW  model
compounds were conducted in a similar way  to those conducted
for the individual compounds. Table 1 also lists the initial concen-
trations of the six compounds in the mixtures studied. In all the
experiments, as in the experiments with the individual OMW  mod-
els, the solution very quickly turned a brown colour during the first
minutes of reaction and got progressively darker with time.

Fig. 5a–d presents the conversions obtained for each individ-
ual model compound and the total overall conversion for the four
mixtures as calculated by Eq. (2).  As these figures show, the conver-
sion profiles followed a similar behaviour to those of the individual
experiments. Table 2 presents for the four assays, the final conver-
sion of each organic compound, the total overall conversion, the
COD conversion, the TOC conversion and the values of the initial
and final pH.

In mixture 1 (Fig. 5a and Table 2) a total overall conversion
of 98% was attained, while the COD and TOC conversions were
88% and 76%, respectively. Four OMW  model compounds were
totally removed, these being: the p-hydroxyphenylacetic, caffeic

and cinnamic acids and tyrosol. The next two  compounds, p-
hydroxyphenylacetic acid and caffeic acid, maintained their 100%
conversion, and the conversions of cinnamic acid and tyrosol
also greatly improved because they were not being removed in
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ig. 4. First order reaction rate fittings for the degradation of the OMW model com
-hydroxyphenylacetic acid; c) vanillic acid; d) cinnamic acid; e) p-coumaric acid; 

omplete isolation. This is perhaps related to the existence of a
ynergic effect, that is, the other compounds generated additional
adicals which the cinnamic acid and tyrosol were able to take
dvantage of. In contrast, the coumaric and vanillic acids were not
otally removed and, in the case of the vanillic acid, the presence

f the other compounds significantly decreased its rate of conver-
ion from 100% to 93%. Finally, the high levels of COD and TOC
onversion confirmed this mixture’s high levels of degradation and
ineralization.
ds. [OMW]0 = 350 mg/L, [NTA]0 = 100 mg/L, mZVI = 15 g and T = 30 ◦C. a) Tyrosol; b)
 caffeic acid.

For the mixture 2 (Fig. 5b and Table 2) the total overall conver-
sion decreased to 92% while the COD and TOC  conversions were 84%
and 68%, respectively. The only three compounds that were totally
removed from this mixture were the p-hydroxyphenylacetic, cin-
namic and caffeic acids, which maintained their total conversion,

whereas tyrosol, vanillic and coumaric acids were not totally
removed. This result was  expected for tyrosol because its con-
centration in mixture 2 was more than two times higher than in
mixture 1, and was  near the concentration that it had when it
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ig. 5. Total and individual conversions of the OMW  model compounds for the mix
)  mixture 2; c) mixture 3; and d) mixture 4.

as tested alone, which resulted in a conversion of 87%. Finally,
he chemical degradation and mineralization values were lower
han in mixture 1, caused in great part by the tyrosol’s low level of
egradation.

Mixture 3 (Fig. 5c and Table 2) attained the best level of over-
ll conversion at 99%, while the COD and TOC conversions were
8% and only 44%, respectively. All the compounds except vanillic
cid were totally removed. Finally, the level of COD degradation

as maintained whereas mineralization decreased significantly,

hus showing a high degradation of the OMW  model compounds
nd the presence of reaction intermediates, but also a low level of
ineralization.

able 2
artial and total conversions for the four mixtures,

∑
[OMWi]0 = 1000 mg/L,

NTA]0 = 100 mg/L, mZVI = 15 g and T = 30 ◦C.

Mixture 1 Mixture 2 Mixture 3 Mixture 4

XTyrosol (%) 100 81 100 100
X4-Hydroxyphenylacetic acid (%) 100 100 100 100
XVanillic acid (%) 93 88 95 91
XCinnamic acid (%) 100 100 100 100
XCoumaric acid (%) 95 89 100 90
XCaffeic acid (%) 100 100 100 100

Total organic conversion (%) 98 92 99 97

Total TOC conversion (%) 76 68 44 60

Total COD conversion (%) 88 84 88 87

Initial pH 3.69 3.79 3.80 3.80

Final pH 6.87 6.46 7.63 7.63
∑
[OMWi]0 = 1000 mg/L, [NTA]0 = 100 mg/L, mZVI = 15 g and T = 30 ◦C. a) Mixture 1;

Finally, in mixture 4 (Fig. 5d and Table 2) an overall conversion of
97% was  attained while the COD and TOC conversions were 87% and
60%, respectively. As with mixture 1, four compounds were totally
removed, these being tyrosol and the p-hydroxyphenylacetic, caf-
feic and cinnamic acids. Again, the coumaric and vanillic acids were
not totally removed, thus confirming their lower degradability.
Finally, high levels of COD and TOC conversion were obtained.

Several differences in the reactivity of the compounds can
clearly be observed. The removal of the p-hydroxyphenylacetic acid
was  significantly increased by the presence of the other organic
compounds. Total conversion of this compound was reached in less
than 1 h and the total abatement was attained after only 4 h of pro-
cess time. This behaviour was also observed for the cinnamic acid
and the tyrosol.

This behaviour was reversed for the caffeic acid. Despite the fact
that in all four experiments its conversion was 100%, the presence of
the other organic compounds seemed to slightly decrease its reac-
tivity, especially in mixtures 2 and 4, which contained the highest
concentrations of the acid.

The least successful case was  the vanillic acid. This compound
was  totally removed when in isolation, but it was  not totally
removed from any of the mixtures because the presence of the other
compounds significantly decreased its reactivity.

The order of reactivity for the OMW  model compounds is
as follows: p-hydroxyphenylacetic acid > caffeic acid ≈ cinnamic
acid > tyrosol ≥ coumaric acid > vanillic acid. This order clearly

differs from that of the single OMW  model compounds presented in
Section 3.1.  For some compounds (i.e. the p-hydroxyphenylacetic,
caffeic and cinnamic acids), the presence of the other compounds
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imultaneously had a synergic effect that enhanced their con-
ersion. But this was not the case for the other compounds,
hose reactivity was seen to decrease. This modification to

he order of reactivity was also observed by Rivas et al.
18] in a photo Fenton process. The formation of organic
adicals involved in the degradation mechanism may  have
odified the model selectivity of the compounds and, there-

ore, their reactivity in the mixed solutions, whereas this
id not occur when the compounds were converted in isola-
ion.

Finally, there is an increase in pH after the treatment, and the
ean reason is that the initial pH of the solution is acidic due to

he acidic nature of the model compounds studied. When the ZVI is
dded, we have formation of hydroxyl radicals, •OH, and the pH of
he solution begins to increase, reaching an equilibrium in which
he reaction is autobuffered.

During oxidation, the amount of acid present in the medium
ecreases, although some reaction intermediates remain acids. At
he end of the reaction, there are only a few acids that cannot be
xidized by the iron complex, quinones and other basic compounds
s iron hydroxide, leading to a pH close to 7.

. Conclusions

The organic compounds were successfully destroyed in isola-
ion using zero valent iron with a chelating agent in the presence of
issolved oxygen and under very mild conditions. The compounds
ere also destroyed when oxidized in mixtures containing vary-

ng amounts of the compounds, thus confirming that this process
s suitable for oxidizing olive mill wastewater without any fur-
her treatments. The p-hydroxyphenylacetic, vanillic and caffeic
cids were totally removed when oxidized alone. Coumaric acid and
yrosol attained a lower removal of 90 and 87%, respectively; and
innamic acid was the most refractory with only a 68% conversion
fter 6 h of treatment.

The order of reactivity was modified in the mixtures. The
emoval of the p-hydroxyphenylacetic, caffeic and cinnamic acids
as highly enhanced by the presence of the other organic com-
ounds, whereas, tyrosol and coumaric acid presented a lower
eactivity. Finally, the most refractory compound in the mixtures
as vanillic acid.

The oxidation of OMW  models using zero valent iron and NTA
ith air as the oxidant source is clearly a very competitive process
ue to its low implementation costs and mild operating condi-
ions. Given the results obtained, this process can be proposed as
n alternative to more conventional processes.
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