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Abstract

In this work we present the results of the application of photocatalytic techniques to organic pollutants in water. Such aqueous wastes are
produced during the UV-Vis spectrophotometric determination of thg"Nbh in water. Processes taking place during the photocatalytic
degradation of such organics have been studied by using FTIR, HLPC and TOC measurements.

The obtained results suggest that in the presence of light, air and a catalysb(F& ") one of the existing organics, nitroprusside is
decomposed to€N~, NO,~ and NQ~. Free GEN~ ions react with other intermediates yielding nitrogen-containing compounds such
as acetaloximes and acetamides. The photocatalytic degradation of this kind of N-containing compounds seems to be more complicated
than the corresponding alcohols and carboxylic groups generated during the individual degradation of phenal, citrate or ethanol.

A remarkable affinity of those nitrogenated species in adsorbing onto thesTitace has been observed. This may be the cause of
the reduced catalyst activity observed in the process. It has been also determineghatdBs tend to react with et ions to give
complexes like [&N-Fef" and [R-G=N-Fef™ inhibiting this way the photo-Fenton reaction. In fact, no organic carbon reduction was
observed during the application of the photo-Fenton reaction of pi@tocatalysis.

Toxicity of the samples was determined before and after the application of the photo-Fenton reactiongttbioCatalysis. Toxicity
as determined by using the algal spe@baedactylum tricornuturafter the photocatalytic treatment was higher. This suggests the possible
above mentioned recombination of chemical species during the degradation of the samples. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction nigues [8]. In those wastes phenol, citrate, nitroprusside and
ethanol are found as reagents.

The application of photocatalytic techniques for the degra-  The obtained results suggest the existence of inhibition
dation of organic pollutants has been widely investigated in processes of the photocatalytic mechanisms that did not ap-
the last years. Many of theses studies have been focusegear when the components were individually degraded. In
on individual molecules. For instance, degradation of phe- order to degrade the wastes by means of photocatalytic tech-
nol has been performed at different pH, different catalyst niques it was necessary to pre-treat them with permanganate.
or phenol concentrations, by the photo-Fenton reaction, etc.FTIR studies have been undertaken in order to identify the
[1-6]. However, few works have attended the degradation intermediates that inhibit the photocatalytic process during
of mixtures and in these cases results have been very dif-the degradation of ammonia wastes and to determine why
ferent from those obtained by using individual compounds. the permanganate pre-treatment favors their photocatalytic
In some cases non-degradable products have been obtainedegradation.
that had not been produced when treating individual com-
pounds [7]. Our research group is involved in the treatment )
of real lab wastes such as those from the spectrophotomet—z' Experimental

ric determination of ammonia by different oxidation tech- .
2.1. Chemicals

* Corresponding author. Tek:349-284-572-99; fax:-349-284-529-22. Reagents were Aldrich products: phenol (99.0%), ethanol
E-mail addressesjaranaesp@hotmail.com (J. Arafia), (96%), sodium citrate solution (3.8%), nitroprusside (pure),
jalberto@cicei.ulpgc.es (J.A. Herrera M. hydrogen peroxide (33%) and dihydrated ferrous sulfate.
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2.2. Experimental conditions units have been employed for water dissolved substances
and absorbance units have been employed for solids.
The following experimental conditions were employed:
250ml glass vessels reactors containing waste-catalysts
suspensions were continuously stirred and air-bubbled 3. Results and discussion
(200 ml/min). Concentration of catalyst TiGand 0.15Fe—
TiO, was 2g/l. The concentration of Fe ions for The composition of the ammonia determination wastes
photo-Fenton experiments was 0.02g/l. The preparationis shown in Table 1. As it has been indicated in previous
and characterization of the doped catalyst has been alreadyvorks [8] ammonia wastes contain a large concentration of
described [9]. volatiles and consequently air-bubbling will result in their
Before switching the UV-lamp on the suspension was transfer to the atmosphere. Different reactors were disposed
air-bubbled and stirred for 15min in order to favor the or- as gas-traps in order to collect volatiles (Fig. 1). Reactor 1

ganics chemisorption onto the catalyst surface. was filled with 200 ml of ammonia wastes and reactors 2—4
were each filled with 200 ml of distilled water.
2.3. Equipments A first experiment was made by air-bubbling a waste sam-

ple placed in reactor 1 and collecting volatiles in reactors

An 800 W xenon UV-lamp (Solarium Facial UV-A HPA 2-4. Results after 7, 24 and 48 h are shown in Table 2.
8068, with maximum emission around 385nm, ENCO)
was employed as a UV light source. Remaining phenol ..,
and citrate concentrations at different reaction times were composition of ammonia determination wastes (%, wiw)
HPLC-measured by using a reverse phase column (C18)
Zorbax ODS % (Jones Chromatography) and a 0.2M
phosphoric acid mobile phase, using a UV detecior( Initial composition ~ 10.8 0.2 18.7 70.2
210 nm). TOC (total organic carbon), TC (total carbon) and _(%: W)
IC (inorganic carbon) were made by using a TOC Shimadzu
5000-A. ) . Table 2

FTIR studies of the catalysts were made by placing them toc measurements, in the different reactors, during air-bubbling a waste
between two Caj-windows. Spectra were obtained by using sample placed in reactor 1
an FTIR spectrophotometer model RS/1 (UNICAM). Every ;o ")
spectrum was analyzed using a resolution of 2 &rforward
and reverse moving mirrors speed of 10 and 6.2 kHz, respec-

Phenol Nitroprusside Citrate Ethanol

TOC (ppm)

Reactor 1 Reactor 2 Reactor 3  Reactor 4  Total

tively. Water reference spectrum has been subtracted to everyo 16550 0 0 0 16550
spectra. An internal reflection device (Standard Circle Lig- 7 15180 1023 204 15 16422
uid Analyzer, Spectra-tech) has been employed for the de-24 11278 3842 1100 201 16421
A ) 7593 3885 3014 1456 15948
termination of water dissolved substances. Kubelka—Munk
Air
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Fig. 1. Arrangement of reactors used in this study.
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Table 3 2145, 1937 and 1619 cm. The band at 2145cnt is at-

TOC measurements, in _th_e_ different reactor_s, during the _degradation of atributed to the vibration of the [@N]_ group, while bands

waste water (the same initial sample used in Table 2) with, T@y/l) at 1937 and 1619 crit are attributed to the [ROJ* group

Time (h)  TOC (ppm) co-ordinated or covalent bonded with Fe, respectively [10].
Reactor 1 Reactor 2 Reactor 3 Reactor 4  The spectrum obtained after impregnation (Fig. 2a) shows
(TiO2 + hv) (TiOz + hv) a change in the relative intensity of the present bands. But

0 16550 0 0 0 when the sample is aired and irradiated new bands at a

7 14512 1625 203 84 2060, 1560 and 1374cm are observed. Also the band

14 4 1214 549 141 at 1937 cm! is doubled in two new bands at 1952 and

aReactor 1 disconnected. 1924 cntl. After 30 min of aeration and irradiation the in-

tensity of the band at 2145 cmh becomes notably reduced,
the intensity of band at 2060 cthis enhanced and the band

; h th | ) at 1374 cm! becomes wider towards larger wavenumbers
After 48h the waste sample TOC (in reactor 1) was (about 1400cm?). After 1h the spectrum is dominated

reduced by a 54%. HPLC analyses of this sample (reac- by the wide band at 1400 cth. The band at 2060 cnt is
tor 1) show that phenol and citrate concentrations remain characteristic of the free cyanide ion [10], while bands at

constan.t._ Since ethanpl is the most. volatile component 1560, 1374 and 1400 cm may be attributed to N§" or
of the initial sample it can be considered that the or- NO3~ ions [10]

ganic carbon lose in this reactor, is mainly due to ethanol
volatilization. It is important to indicate that only a 3.64%
is transferred to the atmosphere the rest was collected in
reactors 2—4.

Consequently, it can be concluded that the combined in-
teraction of nitroprusside with Tig) O, and light results in
the decomposition of the nitroprusside to give nitrate, ni-
) .__trite and free cyanide ions. These could react with some of

_Later, the same (e.xperlment was repeated but addlngthe radicals produced during the photocatalytic degradation
TiO2 (29/)) and UV—|rra<_j|at|ng reactors 1 and 2. Reac-. of ethanol, phenol or citrate giving different intermediates
tors 3 and 4 were kept in the dark. Results are shown in from those produced during the individual degradation of

Table 3. :
these organics.
After this, reactor 1 was disconnected and the experi- g

m.ent was resumed with reactor 2 and collgcting volatiles 3.2. Nitroprusside+ Fe?*
with reactors 3 and 4 (Table 3). Results obtained after seven
more hours of reaction (14 h in total) indicate that TOC
reduction observed in reactor 2 coincide with TOC col-

lected in reactors 3 a_n_d 4. In_ previous experimen(t)s madej,jicated in previous works [8] the nitroprusside degra-
under .the same cgndltlons with only ethanol a 50% T,OC dation by the photo-Fenton reaction is scarcely effective
reduction was achieved after 7 h. The fact that the obta|ned(§40% after 3h). Fig. 3 shows the spectra from the solution

TOC reduction is not of the same extent of that achieved of nitroprusside+ Ee2+ ions after 15 min in the dark and

dIlJripg Fhe firsth7 h.Of tgz'e'xperimeﬂt Witlh ﬂ;]e waskt)e SaM- air-bubbled (a) and after being irradiated for 60 min (b). Im-

pie |nd_|cates that in addition to ethanol other su Stan_cesportant differences can be observed according to the initial

are being collected in reactor 2 that inhibit the degradation nitroprusside FTIR spectrum (Fig. 2a)

process. . . , The vC=N vibration band at 2145 crt (Fig. 2) disap-
Also, individual degradation studies of citrate and phe- pears and a new band is generated at 2341 dimat seems

nol at the slam(re] concentratlonsf of those found in the . accompanied by other bands at 1389 and 1353.cm

waste sample have been performed. Larger degrada-apier gomin of nitroprusside interaction with Fe ions

tioE_s thgn those ob;ainecrj] in previogs studies have beegthese three bands disappear (Fig. 3b). These bands can be
achieve [8]. B_Ut when these gxpenments were repeated, i ted to the formation of a nitrile N-oxide-C=N —
with nitroprusside no degradation was observed. Conse-o) [11]

guently, an FTIR individual study of this compound was
accomplished.

Also, the degradation of nitroprusside (50 ppm) in the
presence of P ions was studied by FTIR. As it has been

Also, a new band at 2100cm is formed during in-
teraction of nitroprusside with Bé& ions (Fig. 3a and
b). This band has a higher wavenumber than bands from
3.1. Nitroprussidet TiO; free C=N~ ions (2060 cm?). Different studies have indi-

cated that FECN)e®~ species absorb at 2114 ch[12].

TiO> was impregnated with a water—nitroprusside so- Nonetheless, when the cyanide groupslC™ is parallel
lution (1:5 w/w) and then UV-irradiated and aired. Fig. 2 oriented to the metal surface and interact with the metal
shows the FTIR spectrum from the so-treated catalyst afterorbitals by means of ther systems more strongly than
impregnation(r = 0) (a), and at different reaction times with the C atom shift towards lower wavenumbers takes
(b)—(d). The nitroprusside spectrum is dominated in the place [12]. Consequently, the band observed at 2100-cm
region between 2300 and 1000cthby three bands at can be attributed to the formation of a ferricyanide ion
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Fig. 2. IR spectra from the interaction of nitroprusside with Fi@ir and light after: (a) Omin (after catalyst impregnation), (b) 15min, (c) 30 min and

(d) 60 min.

[Fe(C=N)g]®~ in which groups &N are co-ordinated as
shown [13]:

Fe’l _C=N C=N
2114 cm’ l
Fe?'
2100 cm™!

Also, the vN-O vibration band at 1937 cm from ni-

attributable to the [I:Q] vibration is still visible though
slightly shifted toward higher wavenumbers. The band at
1619 cntt is not observed. Also, it can be observed a small
band at 2076 cm! increasing in intensity at the time that the
band at 1940 cm! diminishes. In some papers it has been
indicated that when the group=IN~ is bound to a molecule

in which the lower vacant orbital is antibonding with respect
to carbon and nitrogen atoms the vibratidd=N decreases

troprusside disappears (Fig. 3a) and new bands at 1651down to 2076 cm* [14,15]. So free &N~ groups present

1487, 1230 and 1043 cm are now visible and attributed
to different species such as Fe—-C~Ml or FeQ-NO
[10].

3.3. Ammonia wastes Fe?t

in the solution from the nitroprusside decomposition seem to
react with some of the olephinic groups from intermediates
generated from the phenol degradation to give compounds
such as [R-&N-Fef+.

In addition to this, spectra obtained after 15 and 30 min
or irradiation are mainly dominated by intense bands at

The application of the photo-Fenton reaction to ammo- 1120, 1076 and 987 cnt. These bands correlate quite well
nia determination wastes gave the spectra shown in Fig. 3cwith those from orthoformates (Fig. 3e). In the literature it
and d, after 15 and 30 min of irradiation, respectively. Af- has been described that=Gl~ groups react in acidic me-

ter the first 15min of irradiation the band at 1940¢m

dia with primary alcohols to give orthoformates through the
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Fig. 3. IR spectra from the interaction of nitroprusside (50 ppm) withtFens: (a) 15min (in dark with air), (b) 60 min (with air and light). IR spectra
from ammonia waste during photo-Fenton reaction: (c) 15min, (d) 30 min. IR spectrum from orthoformate is also shown (e).

following mechanism [16]:

+
) H'* 7 NH2
R—C=N + R-OH — | R-C
OR’
N OR’
y 2 / '
e + R-OH —» .. - . R-CYOR + NH,
AN OR OR’

Th|S Way =N groups generated from the nitroprusside A blue Solid was ﬁltered from the SOIUtion and |tS FTIR
decomposition may tend to react with radicals or intermedi- Spectra show an intense band at 2076 ¢rin addition to
ates from the degradation of other organics and to coordinateother bands of lower intensity at 1616, 1416 and 1383tm
Fe3+ ions. Also, a orange solid was separated from the solution.
Additionally, after 1 h of reaction of ammonia wastes with 1S FTIR spectrum (Fig. 4b) is dominated by a band at
Fet ions the presence of different suspended solids was 1676 cnT® with a shoulder centered at about 1600¢m
observable (Fig. 4). Three bands at 1422, 1383 and 1284 ¢rare also visible.
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Fig. 4. FITR spectra from solids precipitated during the application of the photo-Fenton to the ammonia wastes: (a) blue solid, (b) orange 9olid and (c
red solid.

Finally, a red precipitate was obtained and FTIR-analyzed in the literature [18-20] are hardly degradable by means
(Fig. 4c). Three intense bands in the region between 12000f photocatalytic mechanisms. This is due to the stabil-
and 1000 cm? are clearly visible in addition to other bands ity of N-H and C-N bonds which are stronger than the
at 1742, 1636, 1451 and 1393tk corresponding O—H and C-O. Consequently, the presence

Considering the similarity of the red precipitate spectrum of this kind of species together with the ability oG~
to the one of orthoformate (Fig. 3e) this red solid could groups to complex Fe ions and this way inhibiting the
be considered to be B ions precipitated as ferric or-  photo-Fenton reaction could be the reason why TOC was
thoformate. The orange precipitate shows a spectrum verynot reduced.
similar to those described in the literature for acetaoxime The application of the photo-Fenton reaction employing
and acetamides. The subtractiohaoH atom from a C-H ozone instead of air gave similar results to those using air.
group and the consequent addition of N atoms have already
been described in studies of photocatalytic degradation [17].3.4. Ammonia wastes TiO,
The blue precipitate showing a band at 2076¢ncould
be due to an organic molecule containing &KX group Similar experiments to those described for the photo-
co-ordinated to F&. Fenton reaction but using TiOor TiO, doped with Fe

All these experiments have been performed in the reac- (0.15%, w/w) instead of P& and HO, have been per-
tor arrangement described in Fig. 1. No observable organicformed. In these experiments no TOC reduction was neither
carbon reduction calculated from mass balances of the dif- observed. After 7 h of reaction catalysts present in the dif-
ferent reactors has been observed. Amines and amides acferent reactors were filtered and analyzed by FTIR (Fig. 5).
cording to what we have observed in different experiments The spectrum of the non-doped catalyst from reactor 1
(propanamide, propilamine, etc.) and to what is described was similar to the one observed from the orange precipitate
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Fig. 5. IR spectra from the catalysts Ti@nd doped-TiQ after the photocatalytic degradation of ammonia wastes: (a) Téactor 1, (b) TiQ reactor
2, (c) doped-TiQ reactor 1, and (d) doped-TiCreactor 2.

during the photo-Fenton reaction, but with bands showing 3.5. Toxicity studies

slightly different relative intensities probably due to adsorp-

tion effects. Oppositely, the spectrum from the non-doped  Toxicity of the samples before and after the application

catalyst in reactor 2 is dominated by bands at 1676, 1619, of different photocatalytic and conventional treatments has

1524, 1474, 1422, 1137 and 1060¢h Spectrum from  been measured. Toxicity tests were performed by determin-

the doped catalyst in reactor 1 is formed by bands at ing the inhibition of luminescence from the marine bacte-

1724, 1619, 1600, 1384 and 1212ch Bands at 1724  ria Vibrio fisheri and the growth of the marine micro alga

and 1210 cm? correlate well with those from formic acid.  Scendesmun tricornutunResults show that samples may

On the other hand, the spectrum obtained from this cata-become more toxic after the treatments [21] evidencing the

lyst in reactor 2 has intermediate features between the onetransformation toward of the initial compounds into more

observed from the non-doped catalyst in this same reactortoxic substances.

and the one obtained from the doped catalyst in reactor 1.

Bands between 1680 and 1300cThare similar to those

obtained from the photo-Fenton reaction studies and are at-4. Conclusions

tributable to nitrogenated species such as acetaoximes and

acetamides. The degradation of nitroprusside during ammonia de-
Consequently, it can be concluded that nitrogenated termination wastes treatment gives freeslL~ ions that

species could adsorb onto the catalyst surface this way poi-react with intermediates or radicals. These nitrile groups

soning active centers that would result in the inhibition of evolve to give amines, amides or other nitro-compounds.

the photocatalytic process. The degradation of these compounds by means of photo-
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