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Abstract 

This study presents a novel approach for the degradation of 4-nitrophenol using Fe-ZSM-5 zeolite (Fe-zeolite). The influence 
of temperature, light, Hz02 concentration and amount of 1.5% Fe-zeolite catalyst used during the reaction has been systematically 
studied. A solution containing 4-nitrophenol (3.6X 10m3 M), 1.5% Fe-zeolite (1.375811) and HzOz (1.3X lo-* M) photo- 
degraded the pollutant in = 8 h at 35°C as seen by HPLC. The same solution needed > 12 h to attain complete mineralization 
as shown by TOC experiments. Therefore CO2 is the major oxidation product. The amount of H20z used in the reaction was 
monitored throughout. Based on NMR experimental results the ‘OH radicals are considered to be reactive species responsible 
for the degradation reactions. Physical insight is given through a model for the surface reaction taking place. This model suggests 
that the degradation is partly due to the zeolite surface. Biodegradability of 4-nitrophenol was monitored by biochemical oxygen 
demand (BOD), chemical oxygen demand (COD) and dissolved organic carbon (DOC) . 
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1. Introduction 

Nitrophenol compounds are common toxic, 
industrial and persistent pollutants [ 1,2] and it is 
desirable to degrade them to concentrations of less 
than 20 ppb [ 21 in water reservoirs. Direct pho- 
tolysis has not been found to be effective in 
degrading 2,3,4-nitrophenols [ 3,4]. Until now 
only a few studies have been published using Fen- 
ton and photo-Fenton reactions in the degradation 
of pollutants [S-15]. In the particular case of 
nitrophenol, TiOz dispersions have been reported 
recently [ 6,161. 
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The aim of this study is threefold: ( 1) To use 
oxidizing systems containing Fe in a zeolite frame. 
(2) To seek the possibility of achieving total min- 
eralization of this pollutant with this new material. 
(3) To assess the participation of photo-Fenton 
reactions in 4-nitrophenol degradation. 

Different values for 4-nitrophenol biodegrada- 
tion (up to 4.5 days) have been reported [ 171. In 
this study we carried out biodegradation experi- 
ments to compare results obtained with photoca- 
talytic degradation under similar experimental 
conditions. Photooxidation in water of 4-nitro- 
phenol is reported to take from 6 weeks up to a 
year [ 181. Another reason to undertake this study 
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is that currently chlorine and hypochlorites are 
used to degrade organic pollutants. But these oxi- 
dative processes also induce dangerous halocar- 
bon residues [ 9,191. Therefore a study involving 
new methods to degrade phenols is warranted. 

2. Experimental section 

2.1. Materials 

Hydrogen peroxide used was F1ukap.a. > 30%. 
4-nitrophenol was also Fluka p.a. > 99% and was 
used without further purification. 1.5% Fe-ZSM- 
5 zeolite (from now on: Fe-zeolite) was provided 
by Degussa, Hanau 1, Germany, using as starting 
material zeolite with a module 28 in the SiOJ 
A&O3 ratio. This material was exchanged with 
FeSO, for 3 days keeping the pH at 3.9. Before 
ion-exchange, the zeolite was washed with a pH 
5 buffer solution. After ion-exchange, the zeolites 
were thoroughly washed with distilled water and 
dried in air at 400K for 5 h. 

2.2. Photoreactors and procedures 

Photolysis experiments were carried out by 
means of a Hanau Suntest Lamp (AM1 ) . The 
electrical power of this lamp was 2.1 kVA and the 
radiant flux entering the photolysis flasks were 80 
mW/cm2. Photolysis was carried out in 60 ml 
Pyrex flasks with A> 290 nm. Fe3+ ions were 
analysed by complexation with thiocyanate at 476 
nm [ 19,201 in a Hewlett-Packard instrument as 
stated below. The analysis of peroxide was carried 
out via KMn04 titration knowing that 2.5 mol of 
peroxide are oxidized by one mole of permanga- 
nate. The KMnO, consumed is estimated from the 
decrease in the optical absorption at 525 nm. The 
peroxide on the powder was analysed by dispers- 
ing the powder in water, adjusting pH 0 and meas- 
uring the permanganate consumed. The blank for 
the peroxide analysis has been carried out with 
1.5% Fe-zeolite system stirred in the dark for the 
same period of time as the one under irradiation. 

2.3. Analyses 

High pressure liquid chromatography (HPLC) 
was carried out via a Varian 5500 unit. A Spher- 
isorb silica column (HPLC Technology 5 ODS- 
2) with water-methanol gradient elution was used 
and the signal observed with UV detector at 
A = 3 15 nm for 4-nitrophenol. 

Total organic carbon (TOC) was monitored 
during degradation via a Shimadzu-500 instru- 
ment equipped with an automatic sample injector. 
Proton nuclear magnetic resonance (NMR) was 
carried out by means of aBruker ACP-2000. Spec- 
trometric analysis (OD) was performed via a 
Hewlett-Packard 386/2ON diode array. 
Biological oxygen degradation (BOD) was car- 
ried out by means of aBSB Controller Model 1020 
T (WTW). The unit was thermostated at 20°C 
and urban waste water after primary decantation 
was used as inoculum. 

Using a Tecator titrator the nitrate is determined 
via the cadmium reduction method. The aqueous 
sample containing nitrate/nitrite is injected into 
the carrier stream which is merged with a second 
buffered carrier system. The nitrate is reduced to 
nitrite in a cadmium reducing column. On the 
addition of acidic sulphalinamide a diazo com- 
pound is formed, which then reacts with N-( l- 
naphtyl) -ethylene-diamine dihydrochloride 
provided from a second reagent stream. A purple 
azo dye is formed and the colour intensity is meas- 
ured spectrophotometrically at 540 nm. 

The peroxide remaining in the solution during 
irradiation was detected trough titration with per- 
manganate of potassium. The samples taken for 
the analysis were centrifuged each time and the 
peak for permanganate was followed spectroscop- 
ically at 525 nm [ 211. 

Photoelectron spectroscopy (XPS) was carried 
out using a Leybold Heraeus instrument and Mg 
K a,l,2 line at 1253.6 eV. The photoelectron spec- 
trometer was evacuated to 2 X lo-* mbar. Bind- 
ing energies were referenced to the 4f,j2 level of 
Au at 83.8 eV. The quantitative evaluation of the 
data used polynomial fit with a Shirley-type back- 
ground subtraction. The material was measured as 
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Fig. 1. Degradation of 4-nitrophenol (3.6 X 10T3 M) by TOC in the 
presence of zeolite (1.375 g/l) and H,O, ( 1.3 X 10-l M) as a 
function of time. (a) Zeolite undoped at 35°C under light, (b) 1.5% 
Fe-zeolite at 35°C in the dark, (c) 1.5% Fe-zeolite at 65°C in the 
dark, (d) 1.5% Fe-zeolite under light at 35°C. (e) 1.5% Fe-zeolite 
under light at 65°C. 

powder in Au-coated stainless steel supports. Sec- 
ondary ion mass spectrometry (SIMS) was 
recorded with Ar-ion gun (Leybold) IQ 121383 
keV provided with a quadrupole mass spectrom- 
eter (Balzers) QM511. Atomic absorption 
(AAS) was carried out by means of a Philips 800- 
20 instrument. 

3. Results and discussion 

3.1. Kinetics of the photocatalytic 
disappearance of I-nitrophenol. EfSect of the 
various parameters on the observed rate of 
degradation 

Fig. 1 presents the effect of temperature and 
light irradiation on the 4-nitrophenol degradation 
when zeolite and 1.5% Fe zeolite is used. Trace 
(a) shows the results for a 4 nitrophenol 
(3.6 X 10e3 M) solution containing zeolite 
(1.375g/l) andH,O, (1.3X 10m2M) underlight 
illumination. Trace (a) shows that the degrada- 

tion via zeolite alone under light at 35°C is less 
than 5% as reflected by the total organic car- 
bon( TOC) up to 20 h. Trace (b) shows that 1.5% 
Fe-zeolite in a dark reaction induces up to 27% 
degradation at 35°C. A similar reaction is shown 
in trace (c) for the 1.5% Fe-zeolite at 65°C. Up 
to 52% degradation of 4-nitrophenol is observed 
in this case. Light induced reactions are shown in 
traces (d) and (e) . Irradiation in trace (d) shows 
total mineralization in 12 h at 35’C, but in (e) this 
mineralization occurs faster in only 8 h at 65°C. 
Fig. 1 therefore shows the beneficial effect of light 
and thermal activation in 4-nitrophenol degrada- 
tion. Zeolite alone as shown in Fig. 1 trace (a) 
points out that adsorption of the phenol on the 
surface-OH groups do not by themselves actively 
promote 4-nitrophenol degradation under light. 

In Fig. 1 at 35°C it can be seen that minerali- 
zation took place over a 12 h period. Since the UV 
component of the solar spectrum (h > 290 nm) is 
sufficient, a practical application of this method 
in waste water treatment cannot be discounted. 
Complete mineralization was not observed in the 
dark at 35°C or 65°C in Fig. 1 because some of 
the ring-cleavage products were unable to reduce 
Fe3+. 

The peroxide remaining in solution decreased 
less than 10% over a ten hour period. This is 
reflected by a constant peak for permanganate at 
525 nm when 25 ~1 of peroxide (in 80 ml solu- 
tion) was added during the photolysis in Fig. 1. 
When a one time initial injection of peroxide was 
applied we get a peak growth for permanganate 
of the order of 70% over a 15 h period. This is due 
to the increased amount of permanganate not used 
up during the titration. The observed stoichiome- 
try reveals several complex redox reactions taking 
place during 4-nitrophenol degradation and such 
a scheme will proposed later in this study. 

To follow specifically the degradation of 4- 
nitrophenol HPLC analysis was carried out at 3 15 
nm. The results are shown in Fig. 2. The solution 
used had the same composition as in Fig. 1. Com- 
plete degradation of 4nitrophenol was observed 
in 4 h at 65°C and over 8 h at 35°C. 
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Fig. 2. Photodegradation of 4-nitrophenol (3.6X 10v3 M) in the 
presence of 1.5% Fe-zeolite (1.375 g/l) and H202 (1.3 X lo-’ M) 
as detected by HPLC. (a) Under light at 35”C, (b) under light at 
65°C. 

Fig. 3 shows the first order plot for the kinetics 
already reported in Fig. 2. It is seen from Fig. 3 
that a good straight line fit is obtained for the 
experimental points in both cases. In the case of 
trace (b) at 65°C the photodegradation is faster. 
A correlation factor of R>99% was found. The 
decomposition rate constants were 0.31 h-i at 
35°C and 0.60 h- ’ at 65°C. These values obtained 
were seen to depend on the pH of the solution, the 
mass of Fe-zeolite used during the irradiation, and 
the intensity of the light applied to the suspension 
under study. 

The pseudo-first order fit of the experimental 
values observed in Fig. 3 could be indicative of 
steady state ‘OH radical concentration occuring 
during photodegradation. The experiments in Fig. 
3 used a 4-nitrophenol concentration of 
3.6 x 10S3 M. The reaction rate for the degrada- 
tion reported in Fig. 3 can be stated: 

where k= pseudo-first order rate constant and 
C4-nitrophenol is equal to the volume concentration 
of 4-nitrophenol in solution. In Eq. 1 if a steady 
state ‘OH radical concentration is attained then: 

k=k’C&, (2) 

r-ate = k’ COH~4-nitrophenol (3) 
The photoassisted overall mineralisation of 4- 

nitrophenol therefore could be written: 

CsHSN03+6’OH(3H,0,) +11/202-, 

6C02 + 5Hz0 + HN03 (4) 
Due to the values presented in Fig. 1, the min- 

eralization of 4-nitrophenol proceeds with a yield 
of around 0.1 kWh/ppm C/l. 

Fig. 4 presents the TOC values in (mg C/l) 
after 7 h for a solution 4-nitrophenol (3.6 X 10e3 
M) containing 1.5% Fe-zeolite (1.375 g/l) and 
diverse amounts (added each hour) of Hz02 at 
35°C under light. It is readily seen that when 
higher doses of H202 are injected a plateau is 
reached at 220 ~1 H,O,/h. This result is consistent 
with trace (d) in Fig. 1. Moreover, these results 
confirm that Hz02 as a reagent determines the 
kinetics of degradation in addition to the initial 
amount of 4-nitrophenol and Fe-zeolite used as 
shown next in Fig. 5. 

Fig. 5 presents the experimental results of runs 
using slurries containing 4-nitrophenol 
(3.6X 1O-3 M), Hz02 (3X 1O-2 M) and 1.5% 
Fe-zeolite concentrations from 0.2 to 2.5 g/l. 

ST 
0 

E 

tlmo (houre) 

Fig. 3. First order plot for kinetics of 4-nitrophenol (3.6 X 10m3 M) 
inthepresenceof lS%Fe-zeolite (1.375g/l) andH,Oz (1.3 X lo-’ 
M) under light: (a) 35”C, (b) 65°C. 
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Fig. 4. TOC values (mg C/l) after 7 h when a solution of 4-nitro- 
phenol (3.6 X 10e3 M) is photodegraded in presence of 1.5% Fe- 
zeolite (1.375 g/l) and H,Oz. The HzO, was added hourly as indi- 
cated. 

These results show the effect of the catalyst con- 
centration on the rate constant. Therefore the reac- 
tion takes place as a function of the amount of Fe- 
zeolite used. BET area could not be obtained 
unequivocally for the Fe-zeolite used since this 
material revealed itself to be microporous with a 

1.5% Fe-zeolite (g/l) 

Fig. 5. Dependence of the first order rate constant (k) for 4-n&o- 
phenol (3.6 X 10-j M) photodegradation on 1.5% Fe-zeolite con- 
centrationinthepresenceofH202(1.3X10-*M). 

c value above 200. The type of isotherm obtained 
is susceptible to analysis if the value of c is below 
100. According to BET theory the magnitude of c 
gives an indication of the adsorbent-adsorbate 
interaction energy. In our case this energy seems 
to be rather high. In Fig. 5 the first seven points 
are roughly aligned and therefore the observed 
rate constants are proportional to the mass (m) of 
the catalyst used. The ratio k/m corresponds to 
the specific rate constant per mass unit of Fe- 
zeolite used. Throughout this work, 1.375 g/l was 
subsequently used since it afforded good catalytic 
activity on the one hand, and good reproducibility 
on the other. At higher concentrations > 2.0 g/l a 
further increase of the catalyst produces an inner 
filter effect. 

3.2. Rate of Fe(M) dissolution during the 
photocatalytic experiments 

From Fig. 5 we observe that the rate constants 
for 4-nitrophenol degradation increases as the 
amount of Fe-zeolite is increased. To understand 
further this effect we irradiated a solution contain- 
ing 1.5% Fe-zeolite ( 1.375 g/l) and Hz02 
( 1.3 X lo-’ M), This irradiation showed a con- 
centration of Fe3+ in the solution of 2 X lo-’ M. 
We used this concentration of Fe ions added in a 
homogeneous solution run in the presence of 4- 
nitrophenol and HzOz as in the run reported in Fig. 
Id) at 35°C. The results are shown in Fig. 6a). It 
is readily seen that a 50% decrease in TOC values 
takes place in 24 h. This is much less than the 
decrease observed in Fig. Id) showing that the 
surface contribution of the Fe-zeolite is the con- 
trolling factor in the observed photodegradation. 
Further, we carried out homogeneously the same 
run adding 1.2 X 10V4 M Fe3+ since this is the 
maximum Fe ion concentration to be found in the 
solution when zeolite (1.375 g/l) is used (Fig. 
Id). A 95% decrease in the TOC values is 
observed in this case in Fig. 6, trace b), but over 
24 h, indicating a much longer time than when 
Fe-zeolite was used as seen in Fig. Id). 

Fig. 7 indicates the concentration of Fe ion 
when a solution of 4-nitrophenol(3.6 X 10m3 M), 
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Fig. 6. Effect of Fe 3+ ion concentration on the degradation of 4- 
nitrophenol ( 3.6 X 10T3 M) in a homogeneous reaction adding H,O, 
(1.3 X lo-* M) under light at 35’ (a) 2X low5 Fe3+ M, and (b) 
1.5 X 10e4 Fe3+ M. 

HzOz (1.3 X 10e2 M) and Fe-zeolite (1.375 g/ 
1) is reacted under light or in the dark as a function 
of time at different temperatures. It is readily seen 
that the degradation taking place is light and tem- 
perature dependent. In the dark an equilibria gets 
established at about 5 h. The observed values sug- 
gest that an equilibria is established after this time 
at the surface and that this surface is active at later 
times in the reaction. The values observed under 
light in Fig. 7 show that 4-nitrophenol and H202 
intervene actively in the Fe dissolution. Photocor- 
rosion in Fe-containing systems have been studied 
before in our laboratory [ 21,221. Up to 64% of 
the initial Fe3+ (Fig. 7) available in the 1.5% Fe- 
zeolite enters the solution after 15 h (light, 35°C). 
In separate experiments a sample of 1.5% Fe- 
zeolite was heated in air and turn red-brown, the 
typical colour of Fe203. Therefore we cannot dis- 
count the existence of a small amount of Fe203 on 
the surface of the 1.5% Fe-zeolite. Due to the 
semiconductor character of the Fez03 present the 
conduction band reaction which occurs in the 

presence of H202 consists in the reaction of lattice 
orsurfaceFe (III) toFe(I1) [21,22]. 

Fez03 /Fe ( III) lattice/ surface 

light 

+C,H,(OH)NO, + 

Fe203 /Fe ( II) lattice/ surface 

+C6H3(OH)N02+H+ (5) 

Incident photons initiate a series of reactions 
that ultimately transfers an electron from the iron 
oxide lattice to a Fe( III) -centered orbital. In the 
presence of 4nitrophenol a free radical Eq. 5 and 
Fe( II) is formed. Indirect evidence for the 4-nitro- 
phenol derived radical in Eq. 5 comes from the 
observation of many peaks by HPLC techniques 
close to the main 4-nitrophenol peak. The long 
lived substances relating to this peak correspond 
to the decomposition products of this intermediate 
radical. The recycling of the Fe(I1) takes place 
subsequently in the presence of H202 through a 
surface redox reaction [ 23-251 with a rate k = 76 
(M-’ s-l). 

Light 65°C r Light 35% 

lb 2 

time (hours) 

Fig. 7. Concentration of Fe3+ ions in solution when the solution used 
in Fig. 2 is reacted in the dark and under light at 35” or 65°C. 
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Fe( II)lattice/surface 
light 

+ Hz02 + Fe( III) lattice/surface + OH’ + OH- 

(6) 

The dissolution of Fe( III) from the surface into 
the bulk aqueous phase is shown by: 

Fe ( III) lattice /surface + Fe ( III) aqueous (7) 

If the OH radicals are generated close to the 
surface of the zeolite then they may interact with 
the iron centers and produce an analogue of the 
Fe03+ center at the natural enzyme as shown 
below in Eq. 8. 

2Fe( III) aqueous + 2’OH 

+ Fe03+ /FeO’+ + HZ0 (8) 

In our case the reducing cofactor would be 4- 
nitrophenol as shown previously in Eq. 5. The 
generation in situ of iron species with valences 
Fe(IV/V) as suggested above, has been reported 
before [26,27]. We could not check out these 
species since they have only been stabilized in 
relatively complicated perovskite structures at 
higher temperature and detected by EPR. 

Fig. 8 shows the nitrate evolution when a solu- 
tion containing 4-nitrophenol(3.6 X 10m3), H,Oz 
(1.3 X lo-‘) and catalyst (1.375 g/l) was pho- 
tolyzed at 35°C. Nitrate ion was analyzed during 
the course of these experiments (see Experimental 
part). After about 14 h a level of 144 mg nitrate/ 
1 was attained equal to the maximum possible. The 
results shown in Fig. Id) involving 4-nitrophenol 
degradation, correlate well with the time span of 
Fe ion growth reported in Fig. 7 and the appear- 
ance, growth and equilibration of nitrate ion 
shown in Fig. 8. These data support the proposed 
mechanism for the degradation taking place. 

Another important observation to make here is 
that a very low concentration of Fe3+ ions is active 
in homogeneous reactions during the destruction 
of nitrophenols and related organic molecules 
[ 12-141. These ions would participate in reac- 
tions (9) and ( 10). Fe3+ ions would initiate 
decomposition of H202 [ 8,13,22] : 

Fe3++HzOz-+HO;+H++Fe2+ (9) 

with Fe*+ ion producing ‘OH radicals in addition 
to eq (6): 

Fe2++H202+Fe3++‘OH+OH- (10) 

Fe3+ ions were evaluated immediately to avoid 
the effect reported by Eq. 10 on the concentrations 
of Fe3+ ion dissolution in Fig. 7. 

Fe3++H20+hv-+Fe2+-l-OH+H+ (11) 

Continuous photoproduction of Fenton reagent 
takes place during 4-nitrophenol degradation. 
Several processes take place simultaneously 
involving 4-nitrophenol, H202 and the Fe( OH) 2+ 
charge transfer band with E= 2050 M- ’ cm- ’ at 
295 nm [ lo]. The absorption of the charge trans- 
fer band is important since the degradation 
reported for 4-nitrophenol by the near UV light 
could also be found in sunlight in the 290-400 nm 
region, close to the transfer complex peak of 
Fe(OH)2+. 

tlms (hours) 

Fig. 8. Concentration of nitrate as a function of time when a solution 
like the one used in Fig. 2 is irradiated at 35°C. 
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3.3. Observation of the photocatalytic 
decomposition of 4-nitrophenol at 35°C under 
light by ‘H-NMR spectroscopy 

The products of the photocatalyzed degradation 
reported in Fig. 1 trace (d) were examined by ‘H- 

NMR spectroscopy and are shown in Fig. 9. In 
spectrum (a), the proton signals are seen at zero 
irradiation time for residual water protons (4.7 
ppm), protons close to the OH group (7 ppm) 
and close to NO2 group (8 ppm). After 1.5 h 
irradiation spectra (b) shows the existence of the 

a 

0 hours 

b 
1.5 hours 
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- 

C. 

7.5 hours 

Fig. 9. ‘H-NMR spectra of 4-nitrophenol photodegraded at 35” with 1.5% Fezeolite a period of (a) 0 (b) 1.5 h (c) 7 h. 

aromatic group and the appearance of signals due 
to vinyl protons (6.3 ppm) . Weak signals due to 
aliphatic photons also appear between 3 and 4.2 
ppm. After 7-8 h (see Fig. 2) the aromatic groups 
are almost destroyed and the proton signals for 
methylene groups (3.8 ppm) and aliphatic pro- 
tons become dominant. Since the TOC values 
trace (d) in Fig. 1 decreases by 45% in 1.5 h, but 
the aromatic groups are observed by ‘H-NMR 
spectrum, it is suggested that the decomposition 
step leading to COZ + HZ0 is much faster than the 
hydroxylation step due to ‘OH attack on the 4- 
nitrophenol ring. There has been general agree- 
ment on the hydroxylation step of the aromatic 
ring as a primary step in phenol decomposition 
reactions [ 3,9,22]. These results have been con- 
firmed following the decrease in the optical 
absorption of 4-nitrophenol at 315 nm. 

Comparing the TOC (mg C/l) values obtained 
for the light induced degradation of 4nitrophenol 
trace (d) in Fig. 1 and trace (a) in Fig. 2 obtained 
by HPLC at 35”C, it is readily seen that a higher 
rate is taking place in Fig. 2 as compared to Fig. 
1. Two processes are taking place side by side 

leading to the degradation of 4-nitrophenol. In 
effect we have observed CO, evolution from the 
start until total mineralization as shown by Eq. 4. 
The first process is faster than the rate subse- 
quently observed for the total degradation. These 
processes could be represented in the reations 
[ 12-161. The rate found for klz by HPLC (Fig. 
2) is indicative of an easier process than the sub- 
sequent decomposition of aliphatic intermediates 
in 4-nitrophenol degradation. Hydroxylation of 
the initial substance has previously been studied 
and reported for phenol compounds [9-l 31. Inter- 
mediates like benzoquinone, nitrohydroquinone, 
4-nitrocatechol and 4-nitrosophenol have already 
been reported during 4-nitrophenol degradation 
[3,6,101. 

Therefore we could suggest in Scheme 1 that 
k 12 = k13 = k14 > k15. Scheme 1 proposed is consis- 
tent with previous results found in the degradation 
of phenolic compounds [ 5-161. Fig. 2 indicates 
that at 35°C and 65°C the decomposition of 4- 
nitrophenol and cyclic intermediates produced 
during the reaction is faster than the mineraliza- 
tion of the aliphatic intermediates as shown in the 
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OH OH 

.OH kn I 
+ w (13) 

+ Nq- + m+ 

+ Hz0 (14) 

[aliphaticcompounds] + CQ + Hz0 

kl, 

(15) 

CO, + H#3 (16) 

Scheme 1. 

last two steps of the scheme. Moreover, under 
light many ‘OH radicals are formed in comparison 
with the dark Fenton reaction where only a single 
radical is formed for each Fe ion [ 131. The ben- 
zophenones shown in the scheme are known to be 
unstable [ 91. 

Results have been published on the degradation 
and photodegradation of 4-nitrophenol. Reference 
[ 61 reports the degradation of this substance only 
via Fenton processes using a different lamp and 
different concentrations of initial reagents. 
Recently Augugliaro et al. also reported Q-nitro- 
phenol photodegradation using TiOz suspensions 
overperiods> h [16]. 

3.4. Biodegradability tests 

Biochemical oxygen demand (BOD) for 4- 
nitrophenol (2.3 X 10T3 M) in waste water bac- 
teria media is shown in Fig. 10. The aim was to 
quantify the oxygen utilized during the degrada- 
tion of 4-nitrophenol by waste water bacteria. 
Three bottles were taken for each sample contain- 
ing standard N, P nutrients required during the 
biological process. Sewage water was taken after 
the initial decantation process of the Vidy (VD, 
Switzerland) biological waste water treatment 
plant. This solution was further decanted 24 h and 
filtered through cotton. The oxygen consumed 
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Fig. 10. Biochemical oxygen demand (BOD) and dissolved organic carbon (COD) as a function of time during 4-nitrophenol biodegradation. 

was measured via the instrument indicated in the 
experimental part. Blank BOD reference runs are 
carried out with bacteria only. The formula used 
to calculate the BOD reported in Fig. 9 is: 

BOD= 
[ BOD measured - 0.01 (%inocolum X BOD inoculum) ] 

( 100 - % inoculum) X 0.01 

The percentage of inoculum used was 20%. The 
4-nitrophenol solutions used here contained 340 
mg/l or the equivalent of 175 mg C/l. This solu- 
tion has a chemical oxygen demand (COD) of 
600 mg OJl. During the 10 day degradation 
period, the dissolved organic carbon (DOC) was 
monitored. Fig. 10 shows a slow adaptation period 
for bacterial action up to 7 days. After 7 days the 
BOD values increase from 2 mg O,/l/day to 180 
mg O&/day and DOC consumption from 6 mg 
C/l/day to 65 mg C/l/day. This means that the 
BOD values increase by a factor of 90 from the 
adaptation period to the exponential growth 
period. The ratio BODJCOD obtained is 0.62 
which corresponds to generally accepted rate of 
biodegradable substances after microorganisms 
adaptation [ 18,191. BOD, is the biochemical oxy- 
gen demand observed after 9 days. 

Fig. 11 presents the results for 4-nitrophenol in 
a bacterial system as reported in Fig. 10. But light 
pretreatment has been applied during 8 h in the 
presence of Fe3+ ions and H202 as reported in 
Fig. 1, trace (d) . It was intended to test the bac- 

Fig. 11. Biodegradation of 4-nitrophenol solution as reported in Fig. 
9 but applying photo-Fenton pretreatment for 8 h. For other experi- 
mental conditions see text. 
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Table 1 
XPS values for the surface area of the elements found on 1.5% Fe- 
zeolite as a function of time (in %) 

Element Time (h) 

cl 4 8 12 

Na 
Fe 
0 
C 
Cl 
Si 
Al 
N 

- 
0.11 0.10 0.10 0.07 
61.5 59.4 56.3 46.2 
1.52 3.28 7.28 23.9 

- 
35.3 35.0 34.3 28.2 
1.67 1.60 1.62 0.92 

0.52 0.61 0.75 

terial action on systems where the aromatic ring 
of the 4-nitrophenol has been already degraded 
(see Fig. 9). Fig. 11 shows that the products 
formed in this case are less biodegradable than 
when no photo-Fenton pretreatment was used 
(Fig. 10). In this case the initial solution used had 
a dissolved organic carbon (DOC) of 180 mg C/ 
1 and a chemical oxygen demand (COD) of 450 
mg OJl. Fig. 11 shows that a BODg of 128 mg 
O2 was attained. This indicates a BOD,/COD 
value of only 0.28. Fig. 11 shows that only 70 mg 
C/l is biodegraded during 9 days. Therefore the 
photo-Fenton treatment leads to the formation of 
intermediates not readily attacked by bacteria. 
Accelerated bacterial action on 4-nitrophenol after 
photo-Fenton pretreatment was not observed here. 
We have recently reported [7,8] that photocata- 
lytic pretreatment is beneficial for bacterial deg- 
radation in water treatment. 

3.5. Characterization of a Fe-zeolite catalyst 
used in photodegradation by X-ray 
photoelectron spectroscopy (XPS) and 
secondary ion mass spectroscopy (SIMS) 

Tables 1 and 2 present the XPS results on the 
1.5% Fe-zeolite after an experimental run for 8 h 
under the conditions outlined in Fig. 1 trace (d) . 

Although the total content of Fe in the bulk of the 
fresh Fe-zeolite is 1.5% XPS showed values 
around 0.1%. XPS measures the percentage area 
of Fe ions on the surface. As stated previously in 

the experimental section, during the preparation 
of the catalyst, the Fe ions exchange into the zeo- 
lite lattice and only minor fractions remain on the 
surface, accessible to the XPS analysis. Table 1 
shows that the iron values decrease from 0.11% 
to about 0.07% during the 12 h of reaction time. 
This is consistent with the photodissolution results 
(for the reaction) already reported in Fig. 7. 

The nitrogen values on the catalyst surface are 
seen in Table 1 to increase as the reaction proceeds 
due to efficient 4-nitrophenol decomposition on 
the Fe-zeolite. The binding energies for the peaks 
observed after the charging correction [ 281 for N 
in nitrates was 407 eV and for nitrites 403 eV. The 
available peaks indicated the total decomposition 
of the parent compound (nitrophenol) since no 
other N-compounds were detected. Table 1 also 
shows that carbon concentration on the surface 
increased 15 times during the reaction time due to 
efficient nitrophenol decomposition. 

Table 2 presents the results for the sample 
shown in Table 1 but having added 36 mg of 
NaC104 per 110 mg 1.5% Fe-zeolite. Perchlorate 
is a non-complexing anion. Due to the added salt 
a marked increase in Na and Cl on the catalyst 
surface is observed. The absence of surface-N 
demonstrates that N decomposition products of 4- 
nitrophenol are missing. A modest increase in sur- 
face C values is also observed. Under these 
conditions the the reaction was four times less 
effective than when NaClO, was absent. This neg- 
ative effect observed is due to the increased ionic 
strength affecting the catalyst. Less C and no N 

Table 2 
XPS values for the surface area of the elements found on 1.5% Fe- 
zeolite as a function of time in the presence of NaC104 (in %) 

Element 

Na 
Fe 
0 
C 
Cl 
Si 
Al 

Time (h) 

0 4 8 12 

3.13 7.23 4.93 6.07 
0.15 0.16 0.13 0.08 
51.5 44.0 44.6 44.7 
11.6 17.6 18.2 19.2 
3.24 7.63 5.18 6.76 
29.3 22.5 25.7 22.5 
1.10 0.90 1.28 0.70 
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Table 3 
Secondary ion mass spectroscopy (SIMS) 

Sample Si+ /Fe+ 
signal 

zeolite, unloaded 150 
zeolite + 1.5% Fe 54 
after 4 h synthesis 58 
after 8 h synthesis 60 
after 12 h synthesis 78 

deposits due to 4-nitrophenol decomposition are 
reported in Table 2. The evaluation of Fe signals 
of the catalyst yield binding values around 710.6 
eV. This indicates that Fe( III) is the active species 
in the reaction and that it is present in the top 
atomic layers of the catalyst. 

The secondary Ion Mass Spectroscopy tech- 
nique results (SIMS) are seen in Table 3. They 
confirmed the trends observed by XPS presented 
in Table 1. The trend in Si+ /Fe+ shows that Fe 
ions are lost during the reaction in the 50 nm upper 
layer region of the zeolite as studied by this tech- 
nique. Comparison, e.g., of the SIMS spectra of 
the samples taken after 8 and with those taken 
after 12 h shows, that the relative intensities 
observed e.g. for SiO; or SiO; change, whereas 
the signals for FeO- remain constant. This result 
demonstrates, that Fe loss of the surface takes 
place but that inside the zeolite the Fe is intact. 

4. Conclusions 

The present study reports for the first time on 
the action of Fe-zeolites in the photooxidation of 
4-nitrophenol. At pH 3.0 approximately 3 mol of 
H,O,/mol of 4-nitrophenol were required under 
light to remove all the aromatic intermediate com- 
pounds from the solution. The surface of the zeo- 
lite apparently acts directing the substrate to the 
zeolite interface. During the time of 4-nitrophenol 
degradation concomitant Fe ion and nitrate ion 
growth was observed. This allowed the formula- 
tion for a possible mechanism for the observed 
degradation. The degradation proceeds through 
hydroxylation of the ring leading to cleavage and 

mineralization as observed by NMR techniques. 
The information presented here shows that the rate 
of destruction of 4-nitrophenol is a multistep proc- 
ess whose rate depends on the amount of zeolite, 
4-nitrophenol, peroxide concentration and the 
temperature used The observed rates are a com- 
posite of the rates of the surface reaction, the dark 
reaction and the photoreactions taking place. 
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