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In the present work the influence of various factors on the degradation of 2-chlorophenol (2-CP) via
heterogeneous photo Fenton reaction using zero valent iron (ZVI) nanoparticles as a source of iron was
studied. The results were compared with those obtained using goethite as a reservoir of iron.

During the study the pH, catalyst loading and the level of irradiation were varied. In the results it
can be observed: (i) a high dependence of the working pH, rendering better results as pH decreases, (ii)
a great improvement in conversion by applying radiation, as compared with the data obtained under
dark conditions, (iii) an interesting non-linearity between conversion and catalyst loading, which can be
partially explained by estimating the average radiation absorption available in the reactor for different
catalyst loads, using the information given by the optical properties of ZVI.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Resulting from the increasing influence of human activities, per-
sistent contamination in ground and municipal waste waters has
become a problem of high priority, that needs the development
of decontaminating technologies appropriate for those refractory
contaminants.

The so called Advanced Oxidation Processes (AOPs), are particu-
larly attractive as methods of destruction of recalcitrant pollutants
in waters. Among them can be mentioned the Fenton reactions
that employ hydrogen peroxide and iron compounds in order to
produce the unselective and highly oxidant hydroxyl radicals. A
remarkable difference between Fenton processes and other AOPs
technologies, is that in this kind of processes hydroxyl radical gen-
eration can be improved by two different ways: (1) the irradiation
of the media by UV/Vis radiation (photo-Fenton processes) [1,2]
and (2) the improvement coming from increasing temperature
[3,4]. These two enhancements can be achieved simultaneously
employing solar irradiation [5]. The heterogeneous Fenton pro-
cesses employ hydrogen peroxide and a solid iron container/carrier,
for the hydroxyl radical production, in order to avoid complex
post treatment processes [6-9]. Most Heterogeneous photo-Fenton
catalysts also present the advantages of solar applicability and tem-
perature improvement.
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In the last decade a large group of heterogeneous catalysts has
been studied for application in Fenton and Photo Fenton Processes
[8] in order to incorporate iron to the system, resorting to either
different supports to immobilize the solid or compact iron aggrega-
tions such as different forms of iron oxides. Among the compounds
that have been examined can be mentioned: membranes [10],
alginates [11], silica [12,13], zeolites [14,15], alumna [16], glass
[17], activated carbon [18], and clays like bentonites and laponites
[6,19,20] or natural clays [21]. The second option includes synthe-
sized as well as natively found iron oxides [13,16,22-26]. Among
the last ones is remarkable the use of goethite [7,8,20,27-30].
Also bimetallic (mostly Cu/Fe) heterogeneous Fenton catalysts have
been studied [31].

Most recently have appeared various studies that employ zero
valent iron (ZVI) coming from different sources and various gran-
ulometries. These materials can be used in advanced oxidation
Fenton technologies, or as reductive agents, combined or not with
UV radiation [32-34]. They can be used in different forms: such
as bars [35], particles [34,36-38], wool [39] and, most recently,
nanoparticles [33,36,38,40].

Employing ZVI presents, as advantages respect to the iron
oxide solids utilization, much higher reaction rates of contaminant
decomposition, under certain operating conditions, the possibility
of degradation of contaminants by the reductive properties of ZVI
and its relatively low cost.

Although in the literature there are several works employing
radiation combined with ZVI [33,37,40-43], the employed radia-
tion includes low wavelengths that can produce simultaneously
hydrogen peroxide photolysis and do not allow to discriminate both
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phenomena. Also, the knowledge of the local rate of photon absorp-
tion is essential for obtaining kinetic expressions independent of
the experimental device, and for designing purposes [44].

2-Chlorophenol (2-CP) is used as germicide/disinfectant and as
a precursor for synthesizing pesticides and other chlorophenols. It
can also be produced as a byproduct in water disinfection and in
pulp bleaching [45].

The present work studied the influence of several operating vari-
ables in the degradation of 2-CP by the heterogeneous photo Fenton
reaction employing ZVI nanoparticles as source of iron. Also, the
results were compared with those obtained employing goethite.

2. Materials and methods

2-CP 99%+, chlorobenzoquinone (CIBQ) 95%+ and chlorohydro-
quinone (CIHQ) 85%+ were provided by Aldrich. H, O, was supplied
by Cicarelli (ACS, 30%). The pH was adjusted with perchloric acid
(ByA, ACS, 70%). The ZVI nanoparticles employed in this work were
produced by Nanotek S.A. (www.nanoteksa.com), according to a
proprietary novel technology based on chemical reduction of fer-
ric salts with borohydride in a stabilized multiphase nanoemulsion
[33]. The product is obtained as an aqueous black suspension, and
the particles have magnetic properties.

The work was performed in a cylindrical, well-stirred, batch
reactor irradiated from a transparent radiation bottom, which was
illuminated with a tubular lamp placed at the focal axis of a
parabolic reflector [7]. The reactor was also equipped with internal
glass heat exchangers connected to a thermostatic bath for con-
trolling temperature and an external insulation made of K-Wool.
The described device allows to irradiating the suspension with pho-
tons whose wavelength ranges goes from 340 to 410 nm, range that
can be expanded to higher wavelengths by changing the lamp, for
example for one that simulates the solar spectrum.

The reactor was filled with distilled water. Then, 2-CP was
added to reach an initial concentration of 0.39 mM (50 ppm). After
attaining steady-state temperature (and when corresponds, lamp
stabilization), the prescribed H,0, and the desired concentration
of ZVI was incorporated to the system. The pH was adjusted to 3
with perchloric acid, except for the run performed at the natural
pH of the suspension (6.3). The range of the initial molar ratio of
CH,0,,0 to Ca_cpo (R), was set in approximately 13 (the stoichiomet-
ric ratio); the catalyst loading was varied in four levels from 0 to
44 ppm of iron, measured by AA after digestion of the sample [46]
and the temperature was set at 25 °C. Irradiation was varied in two
levels, 0 and 100% referred to the maximum input power, measured
by actinometry.

Each experimental run lasted for 3 h. During this period samples
were extracted at prefixed times. Analysis in each sample was car-
ried out for: Total Organic Carbon (TOC), 2-CP concentration, total
dissolved iron (Fep) and hydrogen peroxide concentration.

2-CP concentration was monitored with HPLC (Waters)
equipped with a LC-18 Supelcosil reversed-phase column. The
eluent was a ternary mixture of water (containing 1% v/v acetic
acid), methanol, and acetonitrile (60:30:10), pumped at a rate of
1 mLmin~!, retention times for CIBQ, CIHQ and 2-CP, 6, 7.5 and
11 min respectively. TOC was measured with a Shimadzu TOC-
5000 Analyzer. H,0, was measured spectrophotometrically with
a modified iodometric technique [47] with a Cary 100 Bio spec-
trophotometer. Total iron content in the solution was measured
by AA (Perkin Elmer A Analyst 800). Before analysis, solid parti-
cles were separated by filtration with Whatman Syringe filters of
0.02 pm, after quenching HPLC samples with an equivalent volume
of methanol.

The question of the chemical and mechanical stability of zero-
valent iron nanoparticles is an important issue. Several authors

Table 1

Typical run conditions and results for 3 H of reaction time.
Ferot # (ppm) pH % Rad. R Xacp (%) Xroc (%) Xu,0, (%)

45 3 100 13 75 15 12

44 3 0 13 ob ob 7.8

44 6.3 100 131 0P ob 16.8

18 3 100 13.7 827 45 184
6 3 100 135 335 0.2 2.91¢
0.3 x10%¢ 3 100 50 41.54 21.84 43.149e

2 Fero: Total iron content in the suspension. Since in all the runs the dissolved iron
measurements (Fep) were below the detection limit, the Fero: corresponds almost
completely to the catalyst loading employed in the experience.

b For the zero conversion values, in all runs, the obtained RSD% has been lower
than 3% for all HPLC and TOC measurements.

¢ Goethite load g/L. Iron equivalent for 0.5 g/L load ppm.

d For 6 h of reaction time.

¢ Detected CIHQ by HPLC.

have indicated that zero-valent nano sized iron particles are not
stable in water and are oxidized to iron oxides [35,48,49]. The
composition of these iron oxides depends on many factors; among
them the pH and the preparation method employed to produce the
said particles. In any event, they form a sort of protective film that
avoids further oxidation. At alkaline pH this compound seem to be
ferrous iron hydroxide. It has been proposed that under acidic con-
ditions, this layer is a source of Fe3* ions to the solution that, upon
reduction, tend to accelerate the Fenton mechanisms. On the other
hand, the pH has a very strong influence on the particles mechan-
ical stability. The isoelectric point of iron nanoparticles has been
determined as equal to 8.3 [50]. The influence of the pH on the {
potential of iron nano particles is very significant [48] either above
or below the isoelectric point. However in spite that at pH =3 (our
work) the { potential is very large, some sort of agglomeration was
still observed in this work. This could be due to the increase in the
medium pH produced by the addition of iron nanoparticles [48],
but this effect cannot be too significant at the very low iron con-
centration that has been employed here (not larger than 44 ppm).

3. Results and discussion

Table 1 shows the list of experimental conditions employed and
percentage conversions obtained after 3 h of reaction time. In all
cases total dissolved iron measurements resulted lower than the
AA detection limit (<0.1 ppm). In the runs with higher catalyst load,
traces of chlorobenzoquinone (CIBQ) were observed by HPLC.

Fig. 1 shows the experimental results as dimensionless concen-
trations vs. time for a typical run. As expected, an increase on the
rate of degradation of 2-CP with reaction time can be observed.It
may be noted that although the concentration of 2-CP significantly
decreases, it does not occur the same with TOC, which indicates the
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Fig. 1. Dimensionless concentrations vs. time. ~44 ppm Fero, pH=3, R~13 and
100% irradiation.
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Fig. 2. Mechanism description.

existence of intermediate products of reaction that have not been
degraded.

The observed behavior can probably be explained by the reac-
tion mechanism proposed by Bergendahl and Thies [51]. In this
work, an initial step of ZVI dissolution is proposed as an oxida-
tion reaction. This reaction would partially explain the lag period
observed in Fig. 1:

Fe® + H,0; — Fe?™ +2HO™ (1)

Reaction (1) would be followed by the classic steps correspond-
ing to the Homogeneous Fenton reactions, among which stand out:

Fe** + H,0, — Fe3t + HO™ + HO* (2)
Fe3* +H,0, — Fe?t + H* + HO,* (3)

A more complete mechanism of the homogeneous degradation of
2-CP through heterogeneous photo-Fenton reactions can be seen
in previous works of the authors [7,8]. The basic idea of the mech-
anism is shown in Fig. 2.

Considering the runs carried out in the dark (0% irradiation)
maintaining the same conditions for the remaining parameters
(Table 1), only small concentration of hydrogen peroxide consump-
tion can be observed, leaving 2-CP concentration almost unchanged
during the run, with no observed tendencies.

This important difference is produced because, under irradi-
ation, steps related to the interaction of the dissolved iron and
radiation occur, accelerating the production of the hydroxyl rad-
icals and leading to major conversions of 2-CP.

Fe(OH)*2 ™, Fe?* 4 HO* (4)

It should be remarked that, for the interpretation of this part
of the mechanism, the knowledge of the radiation field inside the
reactor is necessary, considering simultaneously the homogeneous
species and the heterogeneous suspension [7].
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Fig. 3. Dimensionless concentrations vs. time. Filled symbols: 18 ppm Fer:. Open
symbols: comparison with results shown for 44 ppm Fero.

3.1. Effect of pH

Working at the natural pH of the suspension (pH =6.3) no con-
version of 2-CP was observed. The RSD% was lower than the error of
the employed analytic technique not showing a definite tendency.

This effect can be explained because in the other runs most of the
contaminant destruction occurs due to the homogeneous part of
the mechanism; these reactions are highly sensitive to the working
pH, having an optimal result at pH=2.8 [9].

3.2. Effect of the catalyst loading

In Figs. 3 and 4 the effect of the variation in the catalyst load on
the reaction behavior can be observed.

The appearance of CIBQ in Fig. 3 can be explained by the reac-
tions produced by 2-CP degradation in the homogeneous phase.
These reactions play a very significant role in the enhancement of
the transformation of Fe3* to Fe2* according to the scheme shown
below, proposed and validated for phenol by Chen and Pignatello
[52,53] and modified for 2-CP by Ortiz de la Plata [8]:

HO* + 2 — CP — CIDHCD®

Fe3' + CIDHCD® — Fe?t 4+ CIHQ
Fe3* + CIHQ — Fe%" + CISQ*
Fe3* 1 CISQ* — Fe?* + CIBQ

(5)

where CIDHCD®, chlorodihydroxycyclohexadienyl radical; and
CISQe, chlorosemiquinone radical.

The CIHQ has not been detected in all the experimental runs.
This is more evident in the dark ones. In a previous work [8]
those intermediates that could not be observed with HPLC were
detected by Mass spectrometry. Observing the results, the larger
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Time, h

Fig. 4. Dimensionless concentrations vs. time. ppm Fero: =6, pH=3, R=~13 and
100% irradiation.
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Fig. 5. Percentage conversion of 2-CP as function of catalyst load.

concentrations of CIHQ were observed at lower catalyst loading.
This is very understandable; at larger reaction rates, the CIHQ will
be decomposed more rapidly by the Fenton process. The presence
of higher concentration of CIHQ in irradiated experiments is due
to the existence of reactions that transform the CIBQ in CIHQ as a
consequence of radiation absorption [52]:

CIBQ% CISQ - +HO- )
Fe?* + CISQ. — Fe3* 4+ CIHQ

Fig. 5 shows the percentage conversion of 2-CP as a function
of the catalyst load. As can be seen in this figure, there exists an
interesting non linearity between the obtained conversion and the
employed catalyst load.

This can be partially explained by observing the available radi-
ation in the reactor for different operating conditions, using the
optical properties of ZVI. This parameter is defined as the local volu-
metric rate of photon absorption (LVRPA). In Table 1 and Fig. 5, it can
be seen that the 2-CP conversion increases from Fero =6 to 18 ppm
and then, for Fero; =44 ppm the degradation is slightly lower. Con-
sidering that all the experimental runs were duplicated, possibly,
although in a manner not totally conclusive, it can be affirmed that
the curve insinuates the presence of a maximum. However, Xtoc
(%) always increases, indicating that, to some extent, the oxidation
stages of the degradation products are not much affected by this
phenomenon. Probably, for higher catalyst loading, also a similar
trend in the Xpoc (%) could have been observed.

3.3. Radiation field effects

For rather dilute suspensions (concentration of solids smaller
than 5-10%) a pseudo-homogeneous system of the radiant field
along a single direction of propagation in the three-dimensional
space, can be described by the radiative transfer equation (RTE)
[54,55]:

dL, o
g5 (S D Fan(s, DLy, (s, 6) + 0u(s, DLy, (s, 1)
absorption out-scattering
—= 20 / B2 — Q) s, ) A2 7
4 O ’
4

in-scattering

where dL, (s, t)/ds is the rate of change of the spectral specific
intensity measured along the directional coordinate s, having a
wavelength A (between A and A+d)) and a direction of radia-
tion propagation characterized by the unit vector £2. Emission has
been neglected because photocatalytic reactions are performed at
ambient temperature and all other forms of induced emission are

non-existent. o) and o) are the absorption and scattering linear
volumetric coefficients and B is the phase function for elastic scat-
tering that acts as a source of photons coming from any direction
£2' to the direction under consideration £2.

Once the spectral and directional distribution of radiation inten-
sities is known, by solving Eq. (7), the spectral incident radiation
that results from the integration of the specific intensities from
all the contributing directions of radiation propagation (£2) to the
point under consideration located at position x, can be readily cal-
culated according to:

Eppo(x, ) = / L ox, )d2 (8)
2=4m

From Eq. (8), the important property responsible for activating the
catalyst, the spectral Local Volumetric Rate of Photon Absorption
(LVRPA) is obtained as follows:

L;y)h(}_(a t)= O[A,React()_‘v t)Ep,k,o()_cs t) (9)

In addition, for polychromatic radiation:
Lg(’f’ t)= /aA,React(Xv t)Ep,A,o(’fa t)da (10)
A

where the subscript React. includes two possibilities: (i) a chemi-
cally active species capable of absorbing radiation and initiating a
reaction and (ii) a catalyst with the quality of being able to become
activated by the appropriate radiation absorbing process. The value
of Lj(x, t) represents the absorbed photons that initiate the reac-
tion.

It is clear that to solve the RTE inside the reactor to calculate
the LVRPA, the absorption coefficient ¢, the scattering coefficient o
and the phase function B(£2' — £2) must be known for each relevant
wavelength involved in the reaction.

The optical properties of ZVI were obtained during the course
of this work, adapting the corresponding techniques previously
reported [56]. The employed methodology is described in Fig. 6.

For the numerical resolution of the RTE the discrete ordinate
method (DOM) was employed [57]. For the optimization procedure
a non-linear multiparameter estimator based on the algorithm of
Levenberg-Marquardt [58,59] was employed.

Following the work of Satuf et al. [60], the chosen phase func-
tion was the one parameter equation suggested by Henyey and
Greenstein, the HG phase function [61]:

(1-g2)

(11)
32
(1+g2 —2g10) /

Byg,a(to) =

where g, is called the dimensionless asymmetry factor, and can
be determined for each particular wavelength. According to the
behavior of the suspension, the shape of the phase function can
change.

In these experiments, Eq. (7) is simplified by the azimuthal sym-
metry of the radiation arriving to the reactor [62]. On that account,
the analysis of the reactor can be reduced to a one-dimensional
model in space and a one-directional model for radiation propaga-
tion.

With the above assumptions and considering the new form of
the phase function, the RTE for the reactor becomes:

dLy ox, 1) o [
HT + ,BAIA,Q(X, n)= 5 .

=1

Ly o(x, w) By (e, w)du'
(12)

where ©=cosf and 6 is the angle of radiation propagation after
scattering, measured from the Cartesian coordinate x. 8, = + 0,
is the extinction coefficient.
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Fig. 6. Schematic description of the methodology for calculating optical properties.

Table 2
Optical properties of ZVI suspensions at pH 3.
A, nm o, cm? gt g B*, cm? g1 o*, cm?g! w=0/B
340 21,568 0.9611 24,095 2528 0.1049
345 21,346 0.9557 24,126 2779 0.1152
350 21,125 0.9504 24,156 3031 0.1255
355 20,904 0.9450 24,186 3282 0.1357
360 20,682 0.9396 24,216 3534 0.1459
365 20,815 0.9425 24,134 3319 0.1375
370 20,949 0.9454 24,052 3104 0.1290
375 21,082 0.9483 23,971 2888 0.1205
380 21,215 0.9513 23,889 2673 0.1119
385 20,088 0.9480 23,930 3842 0.1606
390 18,960 0.9447 23971 5011 0.2090
395 17,832 0.9414 24,012 6180 0.2573
400 16,705 0.9381 24,053 7348 0.3055
405 16,397 0.9272 23,664 7267 0.3071
410 16,089 0.9162 23,275 7185 0.3087
415 15,782 0.9053 22,885 7104 0.3104
420 15,474 0.8944 22,496 7022 0.3121

The obtained optical properties are shown in Table 2 and Fig. 7.If
the radiant field obtained by solving the RTE in the reactor is aver-
aged over the reactor volume (Lg for the one dimensional model)
and the polychromatic radiation emission is considered by inte-
grating along the significant wavelengths, the averaged rate of

30000 1.00
+ 095
. 25000 .*:—mm:% 0.90
© 20000 T 085
g s T 0.80
= 15000 A % b 075 9.
5 Bl 1 0.70
5 10000 A —_;—_g 4 065
7 5000 -M. 0.60
< + 055
0 . . . 0.50
340 360 380 400 420

A (nm)

Fig. 7. Optical properties of ZVI suspension as function of wavelength.

polychromatic photon absorption inside the reactor is obtained by
means of the following expression.

Lp
<Lg>:l/ /ak/ Ly, o(x, j1)dS2dAdx (13)
L
R Jo Ja Q=4x

Fig. 8 shows the obtained (Lj ) as function of catalyst load. This
figure presents a plateau in the value of the averaged LVRPA indi-
cating that after a given catalyst loading (in the order of 30 ppm)
the reactor shows some form of saturation that could even lead
to a decrease in its degradation performance.There is another
phenomenon that may produce the above mentioned decline in
reactivity when the catalyst loading is increased. At high catalyst
concentrations, mass transfer limitations can occur [63,64]. This
phenomenon could explain the observed differences in the conver-
sion curve in addition to the previously mentioned lack of radiation
at high catalyst loads that renders dark regions in the reactor space.

3.4. Comparison with the same reaction employing goethite

Fig. 9 shows the comparison of the obtained results employing
goethite and ZVL.

As shown in Table 1, it should be noticed that the required
amount of hydrogen peroxide and the employed iron equivalent

w
I

>x 10", Einstein/cm’s
- N

a
p
L

(L

o

0 10 20 30 40 50 60
ppm Fe

Fig. 8. Averaged LVRPA (Einstein/cm? s), as function of the catalyst load.
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in the case of using goethite, are significantly different. It can be
seen that, using ZVI larger conversions are obtained with a lower
requirement of hydrogen peroxide. Approximately one fourth of
the oxidant concentration is necessary for obtaining similar con-
versions in half of the time. This is a remarkable result in terms of
process economics. It is necessary to emphasize that, in the case
of employing ZVI nanoparticles, the remaining solution does not
present traces of leached iron over the detection limits, 0.1 ppm.

4. Conclusions
From the reported results it can be concluded that:

(i) Thereisahigh dependence of the reaction rate with the working
pH, improving the reaction efficiency when the pH is decreased.

(ii) Comparing the results obtained when the reaction is carried
out under dark conditions, there is a great improvement in the
reaction conversion by applying radiation.

(iii) Comparing the efficiency of using ZVI with that obtained
employing goethite, it can be concluded that: Similar conver-
sions are achieved in half of the time necessary for the latter and
there is a significantly less hydrogen peroxide concentration
requirement; in fact, to reach similar conversions, it is suffi-
cient to apply four times lower concentrations in the case of
ZVI. Both variables are susceptible of further optimization.

(iv) The applied methodology has the important advantage of min-
imizing the iron leaching into the solution to concentrations
lower than 0.1 ppm.

(v) An unusual non-linearity between the obtained conversion and
the employed catalyst load was observed. This can be partially
explained by estimating the average radiation absorption rate
in the reactor for the different catalyst loads, employing the
optical properties of the ZVI suspensions. Additionally, the pos-
sibility of mass transfer limitations at high catalyst loads will
share the cause for the observed effect.
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