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Abstract

Solar TiG:-photocatalysis was applied to waters from a natural wastewater treatment plant located in the Universidad de
Las Palmas de Gran Canaria. Degussa P-25 @@ its mixture with activated carbon (AC—TiDvere used as catalysts. The
presence of ozone and certain ions such as phosphates on the photocatalytic degradation of organic matter was also studied

Disinfection experiments have provided interesting results, particularly when using the catalyst A@rdli@zone, since
total disinfection was achieved in less than 60 min. No bacterial reappearance at 24 or 48 h was observed. Additionally, this
catalyst gave important TOC and some ions concentrations reductions.

Studies in catalyst reuse revealed that the catalyst AG-3i@wed almost no deactivation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction containing activated sludge that is continuously aired
to treat its wastewate(§].

Currently, one of the most significant environmen- Another type of “natural” wastewater treatment
tal problems is wastewater treatment and depuration. takes advantage of chemical, physical and biological
This is not an easy task due to the high variety of con- processes to eliminate water contaminants. Biological
taminants present in such wasfés3]. processes such as the metabolic activity of bacteriae

Many wastewater treatment facilities rely on bi- and algae are key factors in these systems. Water
ological systems that tend to be cheap and easy tomacrophytes (helophytes) also play an important role
operatg4]. For instance, the dairy industry combines in natural wastewater treatments since they consume
different steps of decantation in addition to aerobic nutrients released by the microbial degradation of or-
and anaerobic biological treatmenfs]. Even, the  ganic matter and they are able to inject dissolved O
pharmaceutical industry has developed biocolumns through their root$7,8].

Ozonation is becoming more widely used for in-
dustrial wastewater treatment. Ozone can rapidly react
mponding author. Tek:34-928-45-44-37; with organic and |r_1(_)r_gan|c Comfim'”"?“{&lol and
fax: 434-928-45-29-22. shows a strong sterilizing and disinfecting effect. Also,
E-mail address: jaranaesp@hotmail.com (J. Arafia). it has proved useful in improving iron and manganese

0920-5861/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S0920-5861(02)00226-2



280 J. Arafia et al./Catalysis Today 76 (2002) 279-289

precipitation[11] and in eliminating organic traces in 2. Experimental
water[12].

Photocatalysis is considered an effective system for 2.1. Natural wastewater treatment
the mineralization of many organics through the gen-
eration of radicals such 8©H and Q~*. TiO; is the This system is loaded with about 3.8nper
most widely used semiconductor for photocatalytic day of raw wastewater by a timer-controlled pump
studies and applications, but in recent years efforts (Scheme ). Wastewater is pumped into a 1.8m
have been focused on developing new photocatalysts.facultative lagoon from which it flows through two
Many experiments employ individual test molecules, channels separated by roots and gravel filters. A third
but results from mixtures of different organics have gravel channel is used as a small subsurface flow
not always been satisfactof¥3,14] The application ~ system. Different wetland plants such Risragmites
of photocatalysis to municipal wastewaters has also spp.,Juncusspp.,Pontederia spp. andlypha spp. have
been started to be studigd5,16] We believe that  been planted on the shores of the lagoon and channels.
the applicability of photocatalysis or its combination The system has been operating for about 1 year.
with other methods for the treatment of real wastes
must be one of the main goals of future research. 2.2. Catalysts

In this paper we present the results obtained
from combining natural wastewater treatment with Degussa P-25 Ti®(80% anatase) (Tig), its (87%
TiO,-photocatalysis and ozonation for the depuration TiO>—13% activated carbon, w/w) mixture (AC-TiD
of raw wastewater from the University of Las Pal- and activated carbon (AC) alone have been tested as
mas de Gran Canaria. The efficiency of the system catalysts.
has been determined by measuring total coliforms,
biological oxygen demand (BDO), chemical oxygen 2.3. Microbiological analyses
demand (COD), organic carbon (total, inorganic and
non-purgable) and inorganic ions such as nitrites, Total coliforms have been determined by the mem-
nitrates, phosphates, etc. brane filter method. For total coliform determination,
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Table 1
Total coliforms (CFU/100 ml) after the different treatménts

281

Only air Bacterial reappearance Air + ozone Bacterial reappearance after
after only air air + ozone
Only solar light 35 x 10° 2.8 x 10° 2 x 107 2x10°
TiOL° 42 x 10* 2.8 x 10° 0 0
AC-TiO;P 2.4 x 10* 1.0 x 1¢° 0 0
AcP 1.9 x 104 1.1 x 10 1x 10 0

aLagoon input= 2.5 x 10’ CFU/100 ml, lagoon output 1.5 x 10° CFU/100 ml.

b Treatment was for 2 h.

endo agar base and 10% (w/v) in ethanol 96% (v/v)

fuchsin basic (Cultimed, Panreac, Spain) were em-

continuously stirred and air-bubbled (100 ml/min) or
air-ozone bubbled (80-20 ml/min). All irradiation

ployed. These media were disposed in plastic sterile experiments were carried out between 10 and 14 h by

Petri dishes and preserved in a refrigerator at@3
until filtration. Water samples were filtered through
0.45pm membranes (Millipore) and membranes dis-
posed on the growing media. Total coliforms repli-
cates with more than 80 CFUs (colony forming units)
and less than 20CFU were rejected (EPA, 1973).
Petri dishes were oven heated at 870.5°C for
24 h.

By air-bubbling the treated samples for 48 h, bacte-
rial reappearance experiments were carried out.

2.3.1. Experimental conditions

Reactors were 250 ml glass vessels. JIt@ncen-
tration was 2 g/l, AC—TiQ concentration was 2.3 g/l
and AC concentration was 0.3g/l. Samples were

employing solar light.
Data shown inTables 1 and 2vere obtained after
2 h of reaction under the indicated conditions.

2.3.2. Equipment

TOC (total organic carbon), TC (total carbon) and
IC (inorganic carbon) were made by using a TOC
Shimadzu 5000-A.

FT-IR analyses were made using a spectrophotome-
ter model RS/1 (UNICAM) equipped with two CaF
window devices in which the catalysts were placed.
Intervals of 2000-1000 cr, a resolution of 2 cm!
and a forward and reverse moving mirrors speed of 10
and 6.2 kHz, respectively were used. The ozone gen-
erator was an Azcozon HTC-500 ACPSE.

Table 2
Results from the analyses of the physico-chemical parameters after the different treatments
TOC (ppm)  Alk. (ppm}  pH Cond. WH (mg/I)° P03~ (mg/l)  COD (mg/l) NG~ (mg/l)
(mS/cm¥$

Lagoon input 130.21 315.22 8.02 2.04 125.41 30.23 660.01 6.42
Lagoon output 22.63 64.53 8.43 2.81 632.73 19.62 97.08 0.19
Only
Only solar light 22.63 62.57 758 276 632.78 19.64 96.03 0.55
Bare-TiQ 16.92 57.30 7.9 2.62 456.94 5.63 56.42 0.51
AC-TiOz 7.28 57.30 8.05 2.02 374.15 5.01 35.31 0.74
AC 10.71 57.30 8.06 2.66 616.85 19.81 85.42 0.34
Air + ozone
Only solar light 22.66 64.24 8.21 270 307.90 18.52 96.05 0.17
Bare-TiQ 22.66 57.95 8.16 2.50 270.64 7.95 86.00 0.17
AC-TiOz 9.64 55.28 7.88 1.97 261.83 7.23 58.24 0.21
AC 15.76 55.26 7.94 3.17 291.67 10.39 69.8 0.15

2 Alkalinity.

b Conductivity.

¢Water hardness: CaCQ + MgCOs.
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2.3.3. p-Nitrophenol and inorganic ions
determinations

p-Nitrophenol was directly determined by UV-Vis
spectrophotometryi( = 400 nm) in samples at pH
higher than 10. Nitrites\(= 543 nm) and phosphates
(A = 885nm) have been also determined by UV-Vis
after the formation of the proper colored complexes
spectrophotometrfl7]. Hardness was determined by
titration through the formation of G& and Md¢™*
etilendiaminetetracetic complexes and using murex-
ide as indicator[17]. Alkalinity was determined
by titration with bSOy and using phenolphthalein
and methyl orange as indicator. COD was deter-
mined by the proper digestion of the samples (2h
at 150°C) and later titration with an aqueous so-
lution of [Fe(NHy)2(SOy)2]*6H20 [17]. SOy~ ions
were analysed by turbidimetry (Hanna Instruments
LP-2000-11) and Ci and NG~ by selective elec-
trodes (Metrohm-LTD, Switzerland).

Results from the analyses shown in tables are the

mean of five measurements. The variation coefficient
was lower than 2% in all the cases.
3. Results

3.1. Bacterial disinfection

Mechanisms that explain the good levels of
pathogen elimination in wetlands are not fully un-
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[21,22] However, when this sample was only irradi-
ated with solar light the obtained reduction after 2h
was of 99.986%. The presence of the different cata-
lysts (TiO,, AC-TiO, and AC) gave lower reductions.
After these treatments the samples were air-bubbled
for 48 h in order to determine the bacterial reappear-
ance that was lower in samples containing 4O

Table 1shows the results obtained when ozone is
added to the treatment. As can be seen the combina-
tion of ozone and solar light gives a 17 times higher
efficiency than that with only air. Additionally, total
coliform concentrations in the samples containing
TiO2 and AC-TiQ were nil and reappearance was not
observed either. Samples containing only AC almost
reached total disinfection, since 10 CFU/100 ml were
counted after 2h of reaction. The catalyst AC—iO
achieves total elimination in less than 60 min, while
the catalyst TiQ obtains the same result after
120 min.

These results from the combination of photocataly-
sis and ozone are interesting because of the high effi-
ciency obtained and the notable effect of the catalyst
AC-TiOs.

3.1.1. Other parameters

In order to determine the efficiency of the pho-
tocatalytic application to the naturally treated waters
other parameters have been analyzed. These are TOC,
pH, conductivity (mS/cm), COD and concentrations
of HCO;~, POy3~, CI, NO;~, SO;=, NO3~, C&+

derstood. Physical, chemical and biological processesand Mg*. The concentration of S& ions was not
and factors such as sedimentation, adsorption, naturalmodified after any of the natural and photocatalytic

UV light, pH, presence of oxygen, predation, compe-
tition and the antibiotic action of plants exudates are
blamed for disinfection in wetlandgl8—-20] How-

treatments, while N@ concentration increased from
16 to 40 ppm in the natural system and did not change
after the photocatalytic treatmen®able 2shows the

ever, in many cases the disinfections obtained are notconcentrations of the different parameters in every
high enough to meet the standards for reuse of the treatment.

treated water.

Disinfection studies have been carried out by fol-
lowing the evolution of total coliforms in the different
treatmentsTable 1shows the results obtained after
treatments with air and ozone.

Raw wastewater gave a total coliforms concentra-
tion of 2.5 x 10’ CFU/100 ml (typical values range).
After the natural treatment a concentration o6 %
10° CFU/100 ml was determined. This gives a reduc-
tion ((in — out)/in x 100) of 99.4%, which is of the

same order of those shown by other natural systems

3.1.1.1. Organic matter. The organic matter present
in the natural system is composed of organic wastes
and new material synthesized by living organisms.
Dissolved organic matter may be divided in two main
groups:

(&) Nonhumic substances composed of carbohy-
drates, proteins, peptides, amino acids, and other
low weight compounds that can be easily de-
graded by microorganisms.
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(b) Humic substances of complex and diverse compo- Catalyzing treatment has also led to total water dis-
sition that give a characteristic brown-yellowish coloration.

color to the watef23-25]than can complex met- Finally, the test carried out with AC reduced TOC
als[26,27] and act as precursors of the mutation but less than the reduction achieved with catalyst
of halogenated compound®8,29]. AC-TiO». Furthermore, in this latter case, almost

no change was observed in water color. These cata-
Table 2shows the TOC results after the different lysts were filtered after being used and then reused
treatments. TOC has been measured as non-purgablén the degradation of the same residual water. In
organic carbon (NPOC) because of the high proportion the reuse tests carried out with catalyst AC—JiO
of IC of the samples. The natural system obtains a no- only limited variation was observed in the grade of
table reduction, from 130.21 to 22.63 ppm, attributable degradation. With catalyst bare-TiQhowever, no
to nonhumic substances. In fact, water from the nat- degradation was noted after reuse and with catalyst
ural system shows a yellowish color probably due to AC, reduction of TOC diminished 35% from its initial
the presence of humic substances. In the application capacity.
of only solar light+ air or only solar light+- ozone Thus these results seem to indicate that the TOC
no TOC reduction has been observed. In the experi- reduction observed with catalyst AC could only be at-
ment employing the catalyst bare-H@ air a TOC tributed to adsorption processes. Whereas in the case
reduction of about 25% was obtained. The addition of catalyst AC-TiQ elimination of yellow-colored
of ozone did not give any TOC reduction. In both the water, the greatest reduction of TOC compared to cat-
cases the yellowish color of the samples was slightly alyst AC and its capacity to continue degrading after
diminished. These results agree with those from the reuse, indicates existence of both combined degrada-
literature that indicate that TiQs able to degrade hu-  tion and adsorption process.
mic substances, but is hardly able to mineralize them  Subsequent degradation of humid acids was moni-
to COy [30]. tored by spectroscope. The capacity to absorb ranged
Moreover, in experiments carried out with the cat- from 254 to 400 nm[30]. In Fig. 1 the results ob-
alyst AC-TiQ, + air or ozone, important TOC reduc- tained from these acids are shown for the different
tions have been obtained (68 and 57%, respectively). tests performed with air alone.

2 -
1,81
16 -
1,4
’ —o—TiO2
812 —ACTO2
g, e AC
§ —— Only light
2 08- - - - - lagoon input
06 1 —a— lagoon output
04 -
02
0
200

Wavelength (nm)

Fig. 1. Comparison of spectra UV-Vis adsorption of the residual water samples after different treatment processes.
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The figure shows a significant peak in the 240 and
290nm region. This longitudinal wavelength range
indicates electronic transitions—* of phenol sub-
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and eliminated from the surface. The spectra of the
catalysts after degradation study are also shown in
Fig. 2 (bare-TiQ* and AC-TiQ*). These spectra are

stances, derived from aniline, benzoic acids, polyenes similar and attributed to HC§> presence adsorbed at

and aromatic polycycle hydrocarburatg®l]. The
280nm band is an important sign of the aromatic
level of the substances present.

As we see irFig. 1the spectrum, in the indicated
region, barely changes over the period in which the
water is in the lagoon and after treatment with light
only. The spectra obtained after catalyst baresTiO
and AC-TiQ treatments show absorbance reduction
in this region (especially with catalyst AC-T#D In
addition to the latter spectra, a reduction is also ob-
served in band intensity to 280 nm (characteristic of
the aromatic types) and a shoulder at 250-260 nm.

the surface of the catalyst due to its similarity to the
spectrum obtained in the carbonate hydrogen interac-
tion with TiO, (Fig. 2). The bands observed over the
catalyst formed only with active carbon are attributed
to non-coordinated carbonag?].

The presence of these types (HE£Oand CQ~)
adsorbed at the surface of the catalysts may explain
the slight decline in the alkalinity concentration deter-
mined in analyses of the samples after photocatalytic
treatments Table 2. Also the presence of carbonate
hydrogen adsorbed on TiOnay cause the deactiva-
tion of the catalyst bare-Ti©when it is reused. The

The appearance of this shoulder may be related to surface would be taken up by this type of species
the degradation products produced during the reac- and not permit adsorption of the organic molecules
tion. The spectrum obtained from the catalyst AC test presentin the residues. In catalyst AC—Tj@owever,
shows a reduction in the intensity of the shoulder in although the TiQ surface is occupied by carbonate hy-
the region between 240 and 290 nm but not the ap- drogen, in the active carbon, active centers must con-
pearance of the shoulder centered between 250 andtinue to exist where the molecules can be adsorbed and
260 nm since the reduction of organic material which attacked by radical oxidants to produce degradation so
takes place in this case, as indicated above, may only TOC reduction is observed after reusing the catalyst.
be attributed to adsorption processes.

3.1.2.1. Other parameters. Of the parameters and

3.1.2. FT-IR study
The catalysts’ surface area was studied with an

ions studied, we highlight the following results:

e The pHreduction after the different treatments, even

FT-IR spectroscope before and after photocatalytic
degradation studies. rig. 2we see the initial spectra
of the catalysts bare-Ti¥Dand AC-TIQ after being

in a watery solution which is shaken and gasified with
air bubbles for 30 min.

In the spectra of catalyst bare-TiOwe can
clearly identify bands attributed to adsorbed water
(1635cnT?) and to the presence of carbonates as de- ¢
scribed in the literaturg32]. Furthermore, in catalyst
AC-TiOg, in addition to observing carbonate related
bands, bands may be identified at 1690, 1408 and *
1148cntl. The band at 1690 cn is typical of the
vC=0 vibration of a carboxylic group and a band
at 1148cm it is found in the region of vibration

in the studies with light only.

e Reduction of the conductivity and COD with cata-

lyst AC-TiO, in comparison with other catalysts.

e Reduction of P@ in the photocatalytic stud-

ies with catalysts containing Tg(bare-TiQ and
AC-TiOy).

Increased hardness after coming out of the lagoon
and its subsequent reduction after different photo-
catalytic treatments.

A notable NQ~ concentration increase in the tests
carried out with air only, especially in those with
the catalyst AC-Ti@.

In these results, we did not anticipate the reduc-

pC—0. AC uses to have surfacial organic groups due tion of some ions present in media such ag#®0or

to oxidation during the carbon lifetime, since the car- the subsequent hardening, which are related to the de-
bonization process, to the later cooling and storing. crease in conductivity and COD, when the tests are
This happens when oxygen is present in the water or carried out, especially in catalyst AC-TiO

atmosphere around the carbon. Obviously, after the

The presence of inorganic ions may influence the

photocatalytic treatment these species can be degradedaatalytic behavior of TiQ. In fact, the notable increase
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Fig. 2. IR spectra obtained from the catalysts before and after photocatalytic degradation studies are observed; also the spectrum obtained
from the interaction of HC@~ with TiO,. * Spectra obtained after photocatalytic studies.

of NO2~ ion concentration could be due to the inter- present, it is difficult to determine how each one of
action of NH;™ ions with radical*OH as described  them influences the degradation process. In this paper
by other author$33]. we have also begun to study the influence of inorganic
In a depuration of residual water process where ions on the photocatalytic degradation of organic ma-
different inorganic ions and organic molecules are terial. Taking into account the significant reduction of
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phosphate ion concentration during the studies carried  In Fig. 4we show the P@#~ ions development dur-
out with catalysts bare-Tipand AC-TiQ, we have ing degradation. A rapid concentration reduction took
chosen to experiment with those ions. place during the first hour in studies with air only, with
very little variation in the rest of the reaction time. In
3.1.2.2. Sudies with PO43~ ions. To consider how  the ozone studies an initial significant reduction in ion
the presence of P&~ ions influences the degradation concentration occurred during the first hour of reac-
of organic material and the catalytic behavior of the tion, although less than the one observed in tests with-
catalysts, we have chosen a molecule which is simple out ozone, with a subsequent tendency to stabilize also.
and easy to monitor with a molecular composition =~ The same tests were carried out in darkness with
and characteristics similar to those of humic acids. and without catalysts. Hardly any reduction in phos-
The latter are substances containing carbon, hydro- phate concentration was observed. Also tests were per-
gen, nitrogen and oxygen as compounds and whoseformed with only phosphates (50 ppm), with catalysts
main functional groups are hydroxylic, carboxylic and solar light without the presence whitrophenol
and carbonylic[3]. With this in mind, we chose (Fig. 5).
p-nitrophenol (50 ppm) as a reference molecule. We  In these studies we noted that phosphate elimina-
studied degradation of this molecule with or without tion occurred, although this was less extensive than in

a set concentration of R&~ (50 ppm). InFig. 3we the studies withp-nitrophenol and air. However, we
show the results op-nitrophenol (50 ppm) degrada- continue to observe less elimination in ozone tests.
tion with air only+ozone, and with or without P&~ PO43~ ion elimination during the test reaction with
ions. only these ionsKig. 5 could be occurring due to the

As shown in the studies with ozone, the pres- directinteraction of phosphate ions whH radicals,
ence of PQ@~ ions encourages degradation of as indicated by some authdik2], favoring the ions
p-nitrophenol. Also, in the study with air only, with  adsorption during the irradiation.
catalyst bare-Ti@ the presence of these ions seems  Adsorbed ions Pg¢¥~ could be reduced:
to worsen catalytic behavior, whereas with catalyst

. . 3- - a -
AC-TiO, hardly any difference was detected. PO™ +2H0 + 26" — 30H™ + HPG; (1)
100+ .:‘0

A tae T2 @D
c < -A--- ACTIR (ai)
o
§ —&—— bare-Ti2 (arr+phosphate)
©
g’ - - -0~ - - AC-TIR (air+phosphate)
°
E’ ——bare-TiQ2 (ar +tozore)
[0]
.§_ ---0- - - AC-TQ2 (ar +oore)
-‘é —@— bare-TiQ2 (ar +ozone +
Q phosphate)

---0- - - AC-TIR (artozone +

phosphate)

Time(h)

Fig. 3. Results ofp-nitrophenol degradation with catalysts bare-Jiénd AC-TiQ with and without phosphate ions. These tests were
carried out with a mixture of air and ozone.
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Fig. 4. Evolution of P@*~ (%) ion concentration during-nitrophenol degradatiorF{g. 3).

through the & generated by Ti@ the TiO, conduction band is-0.52 V. These potentials
hv show the possibility of this process to happen.
TiOz=h" +e @ Even the HP@*~ ions could be interacting with

The apparent redox potential of reaction (1) at the the holes created and oxidizing again the phosphate
studied pH is—0.42V, while the redox potential for  ions which would explain the increase and reduction

100 -

——Ti02 + air
-« O = -AC-TiO2 + air

——TiO2 +air + 03

Phosphate concentration
reduction (%)

-« & AC-TiO2 + air + O3

Time(h)

Fig. 5. Evolution of PG~ (%) ion concentration with only phosphates (50 ppm), with catalysts and solar light without the presence of
p-nitrophenol.
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in phosphate ion concentration during some of these

tests. When thep-nitrophenol degradation reaction

J. Arafia et al./Catalysis Today 76 (2002) 279-289

We have also investigated how the presence of a
certain ion such as phosphate affects the catalytic be-

was tested in the presence of phosphate ions with havior of TiO, and mixes of TiQ with carbon. The

air only and the catalyst bare-TiQthe degradation

latter mixture did not inhibit degradation capacity. On

observed worsened compared to the tests withoutthe contrary it seemed to encourage its capacity to
phosphate ions. Thus the competence produced byeliminate organic material. In the catalyst bare-7,iO

the e and holes produced photocatalytically by 3iO

however, the presence of phosphate ions inhibited its

between the phosphates and hydroxylic ions seems tocapacity to degrade organic material. The reduction of

be limited for the degradation of thenitrophenol.

When the reaction is carried out with ozone
it is accompanied by significant improvement in
p-nitrophenol degradation. Ozone could be reacting
with e~ generated by Ti@and leading to the follow-
ing reactiond9,10,34]}

Oz3+e —037° (3
H* + 037 — HOg* (4)
HOs* — Oy + *OH )

The redox potential of reaction (3) is0.28V, lower
than that of reaction (1). This may indicate that ozone
could be reacting most quickly withrethan the phos-
phates ions favoring the formation of radi¢&H and
thusp-nitrophenol degradation.

phosphates byeproduced photocatalytically by T¥O
and its subsequent oxidation by means of the holes
generated could impede the formation of radf@H.

The study of how the presence of certain inorganic
ions, typically found in urban wastewaters, influences
the catalytic behavior of photocatalysts is a new re-
search field. We believe these studies are of vital im-
portance in the application of photocatalysis in real
residue.
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