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Abstract

The photochemical and photocatalytic degradation of aqueous solutions of Solophenyl Green (SG) BLE 155%, an azo dye preparation
very persistent in heavy colored textile waters, has been investigated by means of ultraviolet (UV) irradiation. The pure photochemical
process demonstrated to be very efficient for low initial concentrations of the dyestuff. For higher concentrations the photocatalyitic
degradation was carried on using commercial titanium dioxide, and mixtures of this semiconductor with different activated carbons (AC)
suspended in the solution. The kinetics of photocatalytic dyestuff degradation were found to follow a first-order rate law. It was observed that
the presence of the activated carbon enhanced the photoefficiency of the titanium dioxide catalyst. Differently activated carbon materials
induced different increases in the apparent first-order rate constant of the process. The effect was quantified in terms of a synergy factor
(R) already described in the literature. The kinetic behavior could be described in terms of a modified Langmuir—Hinshelwood model. The
values of the adsorption equilibrium constants for the organic moled(deand for the reaction rate constaris, were 0.0923 Img! and
1.58 mg X min—1 for the TiO,/UV process and 0.0928 | md and 2.64 mgt! min~! for the TiO, + AC/UV system with highest synergy
factor, respectively. The mechanism of degradation was discussed in terms of the titanium dioxide photosensitization by the activated carbon.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords:UV photodegradation; Photochemistry; Photocatalysis; Titanium dioxide; Activated carbon; Azo dyes

1. Introduction The development of AOPs based on ultraviolet (UV) pho-
tolysis, capable of mineralizing a wide range of recalcitrant
Removal of color in waste water from textile industries or hazardous organic compounds, had a strong impact on the
is a current issue of discussion and regulation all over the progress of the technology associated with photochemistry
developed societies. Colored waters have a strong impactand photochemical processes.
in the population and generate strong popular complaints. A powerful and clean oxidizing agent is the UV radiation
Allied to public relevance of the topic, the growing aware- itself. It has a tremendous oxidation potential (a 253.7 nm
ness that water will became a valuable asset in the future,photon provides 4.89 eV) which is normally enough to in-
prompted the scientific and technological communities for teract with the electronic structure of the matter. The degra-
serious research on the domain of waste waters treatmentlation of the organic pollutant is normally initiated from
and recycling. Because the costs involved are normally strin- an electronic excited stat&g. (1)) which can undergo ho-
gent for most of the medium to small size textile factories, molytic bond scission to form radicals that will react towards
so efficient and economic ways of treatment are sought. Thefinal products in a chain reaction with the participation (or
attractiveness of the advanced oxidation processes (AOPs)0t) of molecular oxygenHg. (2), or initiate a process of
[1-3] in providing a definite solution for the conversion of electron transfer to a ground state oxygen molecule.
many organic (or inorganic oxidazible) compounds, lies in hv

the fact that if they are used as tertiary treatment (spemally —R )
in the textile industry) the resulting water can be recycled g+ _, R1® + Ro* — products )
or re-used in a competitive way.
R*4+ 0, > R*T + 0y~ (3)
* Corresponding author. Tek+351-225-081-645; . . . .
fax: +351-225-081-449. The resulting radical cation can undergo hydrolysis
E-mail addressjlfaria@fe.up.pt (J.L. Faria). or mesolytic bond scission to low weight products. The
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superoxide radical ion (§7) is known to be capable of 50% of the worldwide production and correspond to an im-
degrading aromatic molecules. Although the emission of a portant source of contamination considering that approxi-
low pressure Hg arc at 253.7 nm alone is not very effective mately 15% of the synthetic textile dyes are lost in waste
for the removal of simple organics from water, more com- streams during manufacturing or processing operafititis
plex substituted aromatics with a more favorable absorption This work follows a series of case studies recently reported
spectra can undergo efficient degradation. in literature[13-16] in which kinetic and mechanistic as-
The degradation capability of 253.7 nm irradiation can pects of dye degradation are investigated with the aim of
be enhanced in semiconductor mediated photocatalytic ox-elucidating the potential applications of advantageous pho-
idation processes. After the first report on a titanium diox- tocatalytic processes.
ide (TiO,) application for the photocatalytic purification of A series of works on the effects of adsorbents—mainly
waters containing cyanidé,5], this material has been ex- carbon—used as supports for B photocatalytic degra-
tensively used on environmental applications. What makesdation reactiong17-19] attracted our initial attention to
TiO» (specially in its anatase form) so attractive for this en- the fact that the conversion of organic pollutants could be
vironmental applications are its attributes of photo-stability, drastically enhanced by this novel approach. More recent
non-toxicity, low cost and water insolubility under most con- reports on the photocatalytic degradation of phgg6121]
ditions. The heterogeneous photocatalytic process is welland other model pollutantfl0], in aqueous suspended
described in the literature and has been subject of many re-mixtures of TiQ and activated carbon, make reference to
views (examples ars,7]) and reports concerning the tech- remarkable effects in the kinetics of disappearance of the
nical aspects involve{B,9]. The process is initiated upon pollutants, each pollutant being more rapidly photodegraded
UV irradiation of the semiconductor with the formation of in the mixed system which contained activated carbon. This
high energy state electron/hole pairs {&"), which migrate so designated synergy effect was explained by an important
to the surface, ready to initiate redox chemistries. Oxygen adsorption of the pollutants on the activated carbon followed
is present all over the Ti©and acts as electron acceptor by a mass transfer to the photoactive TiMifferent AC
to form the superoxide radical ion ¢©~) while adsorbed induce different effects suggesting that the properties of the
OH~ groups and HO molecules are available as electron co-adsorbent may play a significant role upon the photoeffi-
donors to yield the hydroxyl radical (HQ Both species are  ciency of the associated T¥OThis observation prompted us
strongly oxidizing and capable of degrading aromatic com- to study the effect of different types of activated carbons in

pounds. the photocatalytic degradation of Solophenyl Green dyestuff.
(O2)ads+ TiO2(e7) — TiOz + O2*~ (4)
(H20 = HT + OH )ads+ TiO2(h¥) 2. Experimental

— TiO2 + H* + HO® ®)  2.1. Materials

Some of the adsorbed aromatic compounds will also un-
dergo direct oxidation by electron transfer to the surface The Solophenyl Green BLE 155% dyestuff is an odor-
holes. less green powder obtained from Ciba-Geigy (a gift from

, i , ot Ciba Portuguesa Lda) and was used as received. The ther-

Rads+TiO2(h") — TiO2 + Ry ©) mal stability is guaranteed until 473K and has a solubility
The radical cation produced this way is prone to the samein water of 10gt? at 303 K. The UV-Vis spectrum of the
processes as described in the case of direct UV irradiation. aqueous solution of dyestuff at room temperature shows two

The high rate of electron/hole pair recombination reduces absorption maxima at 382 and 610 nm. The molar absorp-
the quantum yield of the Ti@process and represents its ma- tion coefficients are, respectivebgg, = 28,950 andg10 =
jor drawback. A way to possibly increase the photocatalytic 27,560 M~Xcm~1, based on the given molecular weight of
efficiency of TiQ, consists on adding a co-adsorbent such as 1338 g mot! for a preparation containing the Solophenyl
activated carbon (AC). This effect has been explained by the Green dye molecule~g. 1).
formation of a common contact interface between the differ-  Titanium dioxide (Degussa P-25) was supplied by De-
ent solid phases, in which AC acts as an efficient adsorptiongussa Portuguesa. The material is mainly anatase, with a
trap to the organic pollutant, which is then more efficiently BET surface area of 55%y~! and a mean particle size of
transferred to the Ti@surface where it is immediately pho- 30 nm (manufacturer data).

tocatalytically degradefl0]. In the present paper, we ex- Three different commercial activated carbons from
amined the oxidative degradation of the azo dye Solophenyl NORIT Nederland B.V. were used. Some were subjected
Green (SG) BLE 155% by the described techniques. to different chemical oxidation treatments as described in

Textile azo dye$11] are pollutants of high environmental the following. All the carbon materials were ground to
impact, because of their widespread use, their potential topowder in a mortar prior to use. They were labeled as
form toxic aromatic amines and their low removal rate dur- indicated next: AC1, a granular activated carbon (NORIT
ing primary and secondary treatment. They represent aboutC GRAN) with a high adsorptive capacity, produced by
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Fig. 1. Electronic absorption spectrum of the aqueous solution of Solophenyl Green BLE 155% dyestuff. Inset: Chemical structure of Solophenyl Green
dye molecule.

chemical activation using the phosphoric acid process, hav-lamp, located axially and held in a quartz immersion tube.
ing an open (macro/mesopore) porosity with a BET surface The radiation source was a Heraeus TNN 15/32 low pres-
area of 1400rhg! (supplier data); AC2, a granular ac- sure mercury vapor lamp with an emission line at 253.7 nm
tivated carbon (NORIT GAC 1240 PLUS) acid washed (3W of radiant flux). The solutions/suspensions were mag-
with good adsorption properties and a very high purity, netically stirred. Typically irradiation was done in open air
produced by steam activation, containing a BET surface conditions with continuous stirring, which proved to supply
area of 1000rhg~! and a total pore volume of 0.9 mtg enough oxygen for oxidative photodegradation. In case of
(supplier data); AC3, an extruded activated carbon (NORIT need there was a feeding system connected to the reactor, for
ROX 0.8) acid washed, produced by steam activation and bubbling through the solution/suspension a controlled flow
normally used in our laboratory for the preparation of car- of an oxygen containing mixture at different partial pres-
bon supported metal catalysts, having a BET surface areasures.

of 1100n? g~ (supplier data); AC4, AC3 oxidized in the

liquid phase with 10 M solution of D, at room tempera-  2.3. Photochemical degradation experiments

ture, determined BET surface area 908gn!; AC5, AC3

oxidized in the liquid phase with 5M nitric acid at the The SG dyestuff solutions were prepared by weighing the
boiling temperature for 3h, determined BET surface area necessary amount of material and dissolving it to the de-
8937 g~1; AC6, AC5 re-oxidized in a second stage with sired volume of water. Solutions with an initial concentra-
fresh 5M nitric acid at the boiling temperature for another tion ranging from 5 to 50 mgi* were used throughout this
3h, determined BET surface area 833gn’; AC7, AC5 study. Fresh solutions were prepared before use and diluted
treated under nitrogen at 973K for 3h, determined BET according to the requirements of the experiments. The reac-
surface area 947%y1; AC8, ACS5 treated under hydrogen tor was feed with 800 ml of the solution, stirring was initi-
at 973K for 3h, determined BET surface area 9&gmt; ated and finally the source was turned on and the time count
AC9, AC5 reduced with ammonia at 473K, determined initiated. Samples (ca. 5 ml) were withdrawn at regular times
BET surface area 87799~ . The BET surface area deter- for UV-Vis analysis.

mination based on the N\adsorption isotherms is described

elsewherd22]. 2.4. Photocatalytical degradation experiments
2.2. Photoreactor bench for standard During the experiments of UV irradiation in the presence
degradation experiments of TiO, alone 1 gt suspensions of the semiconductor were

used. The initial concentration of SG dyestuff was varied
The experiments were carried out in a 11 glass immer- from 30 to 80 mgt?. Before illumination was turned on, the
sion photochemical reactor, charged with 800 ml of aqueous suspension was stirred for 30 min to let the solids adsorb the
solution/suspension. The reactor was equipped with an UV organic compound. A first sample was taken at the end of
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the dark adsorption period, just before the light was turned recorded about 256 scans for each spectrum with a4cm
on, in order to determine the concentration of dye in solution resolution. The interferograms were converted by the in-
(non-adsorbed). Samples of the suspension were withdrawnstrument software (OMINC) to equivalent absorption units
regularly from the reactor and centrifuged immediately for in the Kubelka—Munk scale.
separation of the suspended solids. The clean transparent
solution was analyzed by UV-Vis spectroscopy as described
in Section 2.5 3. Results and discussion

In the experiments involving the biphasic catalyst Ti©
AC, the AC prepared as described and ground just before3.1. Photolytic degradation by UV radiation
use, was added to the Ti@uspensions. The concentrations
used of AC and Ti@ were 0.2 and 1gi’, respectively, The degradation curves of the SG dyestuff by UV radia-
accounting for a 1/5 mass ratio. The initial concentration of tion are well fitted by a mono-exponential curve, suggesting
SG dyestuff was varied from 20 to 60 mgtl The prepared  that a pseudo-first-order homogeneous reaction model can
suspension was left to equilibrate for 30 min before light be taken in consideration for describing the kinetic behavior.
was turned on. The analysis of the samples followed exactly Considering that the UV radiation is the sole responsible for

the same protocol as in the case of Ti@one. dyestuff bleaching from the solution, accordingHEgs. (1)
and (2)and considering that the limiting step is the scission
2.5. UV-Vis spectroscopic analysis of the starting material the kinetic equation that describes

the process is

The UV-Vis spectrum of the SG dyestuff solutions and

centrifuged samples was recorded on JASCO V-560 UV-Vis ——— = kuvC (7
. dr

spectrophotometer, with a double monochromator, double
beam optical system. The full spectra (250750 nm) of the With kuv the pseudo-first-order rate constant &hthe con-
each sample was recorded and the absorbance at selectegentration of SG BLE 155 in each moment where O.
wavelengths registered. Repetition tests were made to ensure Integration ofEq. (7) with the usual restriction af = Co
reproducibility. For kinetic analysis proposes each sample atz = 0, will lead to a linear plot of InCo/C) versust with
taken from the reactor was divided into three different vials @ slope ofkyy the pseudo-first-order rate constafiy( 2).
and the final absorption was given by the arithmetic average The photodegradation experiments under conditions of
over the three measurements. constant UV irradiating flux for different initial concen-

The UV-Vis diffuse reflectance spectra of the solid (pow- trations of dyestuff, show a variation in they values
der) materials was recorded on the same JASCO V-560(Table ). A 10-fold increase in the initial concentration of
UV-Vis spectrophotometer equipped with an integrating the SG dyestuffleads to a 6-fold decrease on the rate constant
sphere attachment (JASCO ISV-469). The powders were notof the process. The observed decreasé@nas the initial
diluted in any matrix to avoid a decrease of the absorbance.concentration of the dyestuff increases can be explained in
The reflectance spectra were converted by the instrumentterms of the less availability of photons as the color of the
software (JASCO) to equivalent absorption Kubelka—Munk solution gets more intense.

units. At the reaction conditions, it is reasonable to assume that
photon absorption is instantaneous compared to bond scis-
2.6. DRIFT analysis sion, since the lifetime of the excited state is normally sta-

bilized by solvent interaction. In the presence of an external

Diffuse reflection infrared Fourier transformed (DRIFT) ©0Xidizing agent in large excess, such as molecular oxygen,
spectroscopic analysis of the solid materials was done on athis excited state will be quenched at diffusion rate according
Nicolet 510P FTIR Spectrometer, with a KBr beam splitter 10 EQ- (1) This will resultin a similar rate law, replacing in
for mid-IR range and a DTGS with KBr windows equipped Ed- (7)kuv by kapp = k[O2], taking in accountgs. (1)—(3)
with a special beam collector (COLLECTOR from Spectra considering the second-order rate constant for the diffusion
Tech), fixed on a plate for consistent experimental condi-
tions. The collection angle is a full pi steradians, collecting Table 1
max 50% of the available diffuse energy and reducing the Apparent first-order kinetic rate constanksy) and conversion at 15min
spot size of the FTIR beam by 1/6. When required the after turning on illumination x15) in net photochemical experiments with
specular component was dealt with the blocker device, different initial concentrations of SG dyestuff

which minimizes the distortion. The instrument was always Co (mgi~*) kov (min~1) x15 (%)
purged with dry air, which was passed through a filter to 5q 0.042 48
partially remove CQ@ and moisture (Balston air purifier 30 0.068 66
with filter). Ground samples were used in a micro-cup and 20 0.086 75
spectra taken at room temperature. Adequate background10 8;3 gé

materials were chosen as appropriate. Typically there were
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Fig. 2. Kinetics of SG dyestuff degradation (linear transfornC4rC vs. t) in net photochemical experiments for different initial concentratios) ((
Co=5mgl?; (O) Cp=10 mgl?l; (@) Co=20 mgt?t; (O0) Co =30 mgt?l; (M) Co =50 mgt?).

process Eq. (3) and assuming that the oxygen concentra- experiments with different initial bulk concentration of
tion is kept constant during the process. Experiments madedyestuff is shown irFig. 3. The values okapp can be ob-
where the oxygen partial pressure was increased five timestained directly from the regression analysis of the curves in

show no effect on the apparent rate const&gggl, which

the plot (Table 2.

leads to the conclusion that the reaction rate of degradation The initial concentration of the dyestufCg’) was ob-

is of pseudo-zero-order in oxygen.
3.2. Photocatalytic degradation in water by HO

The results fronSection 3.Iclearly show that direct pho-

served to decrease after a period of dark adsorption. Pre-
liminary kinetic analysis showed that the equilibrium was
reached after 15min time. Therefore, for kinetic analysis
of the photochemical experiments the initial concentration
(Cop) was taken as the concentration of the dyestuff in so-

tolysis cannot be excluded when studying the degradationlution, determined by the absorption of the aqueous solu-
process by the UV radiation. As showed, in the absencetion (centrifuged) after 30 min timeT@ble 2. This initial

of TiO2 (neatphotochemicategime) there is a significant

concentration of the dyestuff has a fundamental effect on

degradation of the dyestuff. In this case, it is clear that the the degradation rate, i.e. the kinetic rate constant decreases

system containing Ti@could not be working in a pungho-

with the concentration. Or from a practical standpoint, at the

tocatalyticalregime. Nevertheless, since the photochemical same illumination time the relative amount of SG dyestuff
regime is characterized, it is possible to obtain meaningful decomposed is less for the more heavy colored solutions.

information about the photocatalyitc process.
The degradation experiments by UV irradiation of SG
BLE 155 aqueous solutions containing pifdllow identical

The adsorption of SG dyestuff on Ti@vas characterized
by means of the variation in the infrared spectrum of the
semiconductorKig. 4). Comparing the spectrum of the pure

pseudo-first-order kinetics with respect to the concentration TiO> (Fig. 4A) with that of the same material after the 30 min

of the dyestuff in the bulk solutiorQ):
dc

dr

Integration of that equation (with the same restriction of
C = Cp att = 0, with Cy being the initial concentration
in the bulk solution after dark adsorption) will lead to the
expected relation:

n(2) = koo ©

in which kapp is the apparent first-order rate constant and
t the reaction time. A plot of Info/C) versust for all the

Table 2

Apparent first-order kinetic rate constankspf) and conversion at 15 min
after turning on illumination x15) in photocatalytic experiments using
TiO, with different initial concentrations of SG dyestuff beforg() and
after (Cp) dark adsorption

Co’ (mgl™) Co (mgl™) Kapp (Min™™) x15 (%)
80 49 0.024 27
60 34 0.039 41
50 20 0.047 48
40 11 0.072 71
30 8 0.078 72
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Fig. 3. Kinetics of SG dyestuff degradation (linear transfornChiC) vs. t) in photocatalytic experiments using TiQor different initial concentrations
of the dyestuff (&) Co =8 mgi?; (O) Co =11 mgl?; (@) Co =20 mgt?; () Co =34 mgt?; (M) Co=49 mgt?).

time of black adsorptionHig. 4B), it is visible the differ- partially lost after 30 min of reaction time as the azo bands
ence due to the adsorption of the dyestuff. The new bandschange in intensityKig. 40). Visually, it was confirmed that
visible in the region 1660—1000 cth can be ascribed to the  as the reaction time increases the color of the aqueous so-
different functional groups of the dye. The 1300-1000¢m lution faints. The 1504-1478 and 1413chbands and are
region includes the vibrational modes of the aromatic struc- completely removed at the end of the reactibig( 4D), but

ture of the dye that are obscured by some bands from thethe resolution of the spectrum is not recovered. This can be
azo and amino substituents. The characteristiblStretch- attributed to fact that the N bonds are being efficiently
ing mode[23] in the vibrational spectrum gives rise to the broken and consequently the dye degraded. Parallel to this
peaks in the region 1504-1478 and 1413¢émwith some degradation, there is also a change in the vibrational struc-
loss of definition due to existence of three different types of ture of the TiQ, as the bands at 1625 and 1380cnare

azo bonds in the compound. The resolution of the spectra isgetting less defined. Finally, when the color is completely
removed from the solution the bands characteristic of the
SG dyestuff disappeared, although some color was retained
by the TiG. This is confirmed by comparing the spectra of
the initial TiO, (Fig. 4A) to that after the reactior~{g. 4D)
there is no perfect match between them which can derived
from eventual adsorption of degradation products.

Under the experimental conditions, taking in account the
amount of dyestuff present in solution after dark adsorption,
it can be calculated that >95% of the incident photons are
absorbed by the Ti® Which means that we are basically
in the presence of a heterogeneous photocatalyitc process
and the experimental results can be explained in terms of
two elementary mechanisms: (i) oxidation of the dyestuff
through successive attacks by the hydroxyl radical {HO

Kubelka-Munk (arb. units)

1 2 1 L 1 L 1

2000 1800 1600 1400 200 1000 (ii) direct reaction of the dyestuff with photogenerated holes
in a process similar to the photo-Kolbe reacti@d]. The
first process requires that the dyestuff molecules and the
Fig. 4. Diffuse reflectance infrared Fourier transformed (DRIFT) spectra other oxygen containing species adsorb in neighbor sites.
of the catalyst TiQ@ during several steps in the photocatalytic experiment Oxygen is in fact omnipresent on the BiGurface and in

Wavenumbers (cm™)

with a € = 50 mgl? of SG dyestuff. (A) TiQ naked catalyst; (B) . -
TiO, sample at the end of the 30 min dark adsorption period; (Cy TiO its molecular form acts as electron acceptor, contributing

sample at 30 min after turning on illumination; (D) TiGample at the Vi the SuperOXide radical_ QO_) to the fqrmation Qf hy-
end of the reaction, 120 min. drodioxyl radical (HQ*) which is a known intermediate for
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Fig. 5. Determination of the adsorption equilibrium const#g, and the reaction rate constakg, following the modified Langmuir—Hinshelwood kinetic
model.

the HO radical [13]. However, the H® radical should be  whereCy is the initial concentration of SG BLE 155. Now
mainly formed from the adsorbed OtHand HO molecules substitution ofEq. (12)into Eq. (11)results on the expres-
by electron donation to the photogenerated holes. Con-sion

sidering the above processes, the reaction rate for surface KcC
decomposition of SG dyestuff may be written as the sum " = kClJr—KcCo = kappC
of the contributions of a Langmuir-Hinshelwood type of

kinetics and a first-order decomposition following direct With kc = kno + k’. The relationship betweekypp and Co
bond breaking at the Ti@surface: can be expressed as a linear equation:

r =k"¥odsg + k'dsc (10) i = L + @ (15)
kapp kCKC kC

(14)

wherek’ andk” are, respectively, the first and second-order
surface rate constantdo the fractional site coverage by  In Fig. 5is shown a plot of KappversusCo. The values of the
HO* radicals anddsg the fraction of sites covered by SG adsorption equilibrium constaritc, and the rate constant,
dyestuff. Owing to the fact that water is the solvent (i.eCH kc, were obtained by linear regression of the points calcu-
and OH" are in large excess) and the oxygen partial pressurelated byEq. (15) The values wer& ¢ = 0.0923Img* and
remains the same in a given experiment, the fractional site kc = 1.58 mg ! min—.

coverage by HOradicals is also constant, afd). (10)can

be arranged as 3.3. Photocatalytic degradation in water by Hi@nd

r = knoVsc + k'dsc (11) activated carbon

with kyo includes the second-order rate constant. On the  The kinetics of color removal of the dyestuff solution
other hand, the fractional site coverage by the SG dyestuff containing the mixtures of Tipand the activated carbons

is given by followed an apparent first-order rate, so it is reasonable to
. KcC 12 evaluate the efficiency of degradation based on the appar-
T 1+ KcC+ YKl (12) ent first-order rat'e. constant of the process. The extent of the
. ) o . effect was quantified in terms of a synergy facRrR =

in which K¢ and K; are _equm_brlum aqlsorptlon constants kapp(TiO2 + AC)/ kapp(TiO2)) as suggested in the previous
and “I" refers to the various intermediate products of SG |iieratyre[20]. For solutions with the typical concentration
degradation. If it assumed that the adsorption coefficients ¢ dyestuff around 50 mgt, and a mass ratio AC/Tigof

for all organic molecules present in the reacting mixture are 15 "3 systematic increase on the first-order constant was ob-
effectively equal, the following assumption can be made: served, although with different magnitudegable 3. The
KcC + Z Ki[l;] = KcCo (13) ROX 0.8 activated carbon (AC3) use_d before With success

: as support for noble metal catalysts in the catalytic wet air

Vsc

1



140 C.G. da Silva, J.L. Faria/Journal of Photochemistry and Photobiology A: Chemistry 155 (2003) 133-143

Table 3 the samples oxidized with D, (AC4) which normally pro-
Apparent first-order kinetic rate constankgy) and synergy factorR) in vides a milder oxidation and lesser acidic carbon surface. It
photocatalytic experiments using mixtures of Fiénd different activated . . . . o .

carbons (AC) for different initial concentrations of SG dyestuff before IS.nOtlceable that the sample oxidized with nitric acid 5M,
(Co) and after Co) dark adsorption without any further treatment (AC5) shows no synergy fac-

tor at all. It should be stressed that tRdactor is not pro-

’ —1 —1 in—1

Catalyst Colmgl™) ~ Co(mgl™)  kapp (Min™) R portional to the textural properties of the modified carbons.
TiO, 80 49 0.0243 - Looking at the set of modified carbons composed by AC5,
1!82 +2§; ?8 Z‘j 8-8‘3‘22 i-g AC6 and AC9, the first ones were high temperature modi-
T:Oz iACS 20 46 0.0457 1o fied, have the smaller surface area, and displaiR &actor
TiO, + AC4 70 42 0.0435 1g  of 1.0-1.1; the last was modified at low temperature, result-
TiO; + AC5 75 41 0.0245 1.0 ing in an intermediate surface area and displayR éector
TiO, + AC6 80 42 0.0276 1.1 of 1.7.
1!82 iﬁg; ;g 28 g-gggg ig The GAC 1240 PLUS (AC2) is an acid washed granular

102 . . . . .
Tio, + ACO 73 a3 0.0403 17 activated carbon produced by steam activation and shows a

R factor of 1.6.

Comparing all the different brands of AC, the more posi-
tive effect(R = 2.0) was observed for the C-GRAN carbon
oxidation of model compound pollutanfg5], was tested  (AC1). This carbon has a very open (macro/mesopore) struc-
after different type of liquid phase treatments, which con- ture, being specially effective adsorbing higher molecule
sisted mainly in chemical high temperature activation. The weight organics. It has a special surface chemistry resulting
liquid phase activation treatments here employed are knowfrom a controlled chemical activation, using the phosphoric
to increase the acidity of the activated carbon surface due toacid process. From the present results, it follows the conclu-
a substantial increase in the carboxylic acid and anhydridesion that the surface properties of the AC are determinant
type of functional groups (other groups such as phenol, andfor the observed photoefficiency.
lactone are also present in significant amounts). This type of For the materials used (Tg® AC1 and TiQ + AC1)
treatment is know to have no significant impact on the tex- the diffuse reflectance spectra expressed in terms of
tural properties of this type carbon materif2§], although Kubelka—Munk equivalent absorption units are presented in
some decrease in the BET surface area is actually observedFig. 6. As expected Ti@ has no absorption above its fun-
The results Table 3 show that no significant increase in damental absorption sharp edge raising at 400nm. On the
R is visible on the treated ROX 0.8 carbons relative to the other hand, for the AC1 the absorption is total over the all
non-treated commercial AC3, meaning that the developmentrange of the UV-Vis spectrum. The TiGr AC1 catalytic
of an acidic surface on the carbon rich in carboxylic acid system shows basically the same absorption pattern as the
groups does not increase the photoefficiency of the processbare TiQ. At wavelengths below 320 nm the two spectra
In fact, it is observed that the best results are obtained for are identical. For the rest of the spectrum there is an increase

AC

Kubelka-Munk

TiO,+AC

Tio

300 400 500 600 700 800
(nm)

Fig. 6. Diffuse reflectance electronic absorption spectra of the activated carbon AC1, the naked catalgsidltbe mixed catalyst T+ AC1.
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by linear regression of the experimental are 0.09281tng
and 2.64 mgt! min~1, respectively.

It is to be noticed that while the kinetic rate constant in-
creased (relative to the TiCalone situation), the values of
Kc are comparable in the cases of %i@nd TiQ, + AC1
suggesting that the thermodynamics of adsorption are sim-
ilar, the difference being in the kinetics of the process. The
conclusion that follows is that the AC does not dramatically
change the adsorption properties of the resulting catalyst
with relation to the initial pollutant molecule, but it plays an
important role in the kinetics of the photocatalytic process.

The concentration of dyestuff on the aqueous solutions
containing TiQ + AC1 (Table 4, after the 30 min period
T T T e . of dark adsorption, is comparable to that of Fi@lone
(Table 3, which means that no additive effect is obtained in

Time (min) . . .
the absorption capacities of both materials. In fact the obser-
Fig. 7. Kinetics of SG dyestuff degradation (linear transformCytC) vation that the amount of SG dyestuff adsorbed in the, O
vs. t) in photocatalytic experiments using Ti&@ AC1 for different initial AC1 suspensions is even lower to that observed in the TiO

concentrations of the dyestuff&)Co = 10mg ; (O) Co = 20 mgt?;

(@) Co= 28 mgi™: (L) Co= 38 mgl: (M) Co= 44 mgi), case, suggests a reduction of the number of active sites of

adsorption in the presence of such effective adsorbent which
is the C-GRAN. It is remarkable that the inclusion of an ac-

in the residual absorption on the visible range, together with tlvat_ed carbon material, a very_efflment co-a_dsorbent, does
not increase the adsorption ability of the semiconductor sup-

light onset of the diff reflectan trum to the red. . . . .
a slight onset of the diffuse reflectance spectrum to the red port. This sustains of the explanation advanced previously

These observations lead to the conclusion that the fundamen{ . : )
tal process of electron/hole pair formation should apply, the based on the creation of an interface betweery Bt AC at

energetics of the process being slightly changed due to the}f{vr::]CuhstSSeBsLtlrEezgg dmtck)llaetcglse?hcea?r::g;?gsemdb].elgﬁme::/grr{cen-
experiential onset. Since, the irradiation is carried on with y

. . s tration increases the fractional coverage also increases for
he 253.7 nm light, the ch h I fth - . . .
the 253.7nm lig .t’t © change in the visible par_to the spec the same AC/Ti@ ratio; for the 30 mgt! concentration the
trum should not interfere with the photocatalytic process.

Following the absorpton of the aqueous solutant  JHEIL T TEESR B PO RECEEe e S
610 nm), after centrifugation of the suspension containing

TiO, + ACL, the calculated plot of I@/C) versust gives a reduction of 3—30% of the total area of catalj€t]. Mass

straight lines for all the experiments with different initial transfe_r I|m|tat|qns are not I|keI_y o mte_zrfere because d_urlng
. . the entire experiment the solution is stirred. It was confirmed
concentration of dyestuff as shown Iig. 7. From the

slopes, apparent first-order rate constant valudg,gfcan that different stirring speeds had no effect on the kinetics.

be obtainedTable 4. Considering the description of the ki- on _the other hand, ltwas verified (not a detailed kllnetlc
netic behavior in terms of a modified Lagmuir—Hinshelwood experiment) that the kinetic rate constant increases with the

model as discussed in Section 3.2 (in agreement with a sur-ﬁqaar.tt';l rslf?:l:;z Oaéﬁﬁ%e?éjgt?(mnﬁ ggt dO)eqs/?ueffn plays a
face reaction), a first-order kinetic equation with respect to FJrom the res I'E)s here gresented it can b)é conc.l ded that
dye concentration will be obtained, exactly the same as in . u P : u

Eq. (14) A plot of the 1Kqps versusCo will follow a linear the chemical nature of the AC and the presence of oxygen

relationship (as if£q. (15) and the values of the adsorption are d?tem.“”a”‘ for the degradauon process, V\_/h'Ch can be

equilibrium constant{c, and the rate constark, obtained explained in terms of two different mechanisms:

1. The SG dyestuff adsorption on the AC is followed by a
transfer of the compound to the TiQvhere undergoes
a photocatalyzed surface reaction of degradation. The
driving force for this transfer is probably the difference

Table 4
Apparent first-order kinetic rate constanksyf) and conversion at 15min
after turning on illumination x1s) in photocatalytic experiments using

TiO, + AC1 with different initial concentrations of SG dyestuff before in the dy(‘?‘ Concentration betwee_n AC and Fi€ausing
(Co') and after Co) dark adsorption surface diffusion of the dye to Ti©

/ - - - 2. The AC acts as a photosensitizer which injects an elec-
Co’ (mgl™) Co (mgl™) Kapp (min~1) x15 (%) . . ) .

° P 15 tron in the conduction band of TiCand triggers the pho-

60 44 0.048 40 tocatalytic formation of the very reactive MQadical,
50 38 0.055 56 N : ;
0 28 0065 61 which is responsible for the degradation of the dye.
30 20 0.094 mn While the first mechanism has been discussed in relation
20 10 0.120 83

with systems similar to the ones here descrifig20,21]
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the second was proposed for coke-containingyTé&talysts
[27], conceptually very different from the present ones. In
the case of the first mechanism degradation may proceed via
the process describedlify. (6), or also trough reaction with

the HO radical formed by the process describeHas. (4)

and (5) The later will justify the necessity of oxygen in the
overall degradation process.

The AC tested here are typically used for adsorption of
large organic molecules, including several type of dyes. Pre-
liminary investigations on an extensive set of dyes, including
the one used in the present study, do show that the kinet-
ics of the adsorption over AC are in fact slower than over
TiO». Based on this result, 30 min was the time length cho-
sen for the period of dark adsorption. In this way it was
ensured that the adsorption over the AC will not compete
significantly with TiG. Additionally, it was noted that AC
with identical textural properties favoring the adsorption of Fig. 8. Comparison of the apparent first-order rate constants for the
Iarge dye molecules, display different behaviors towards the kinetics of_color r(_emoval on th_e dy(_astuff solutions wi_th diff_erent initial
same dye depending on chemistry of the surface. In view of cpncentratlons, without Ti® with TiO, alone and with mixtures of

o ! TiOy 4+ ACL.
all these results, the contribution of the first of the two pro-
posed mechanisms described in the previous paragraphs, is
expected to be less important. The AC systems with best per-due to the introduction of the AC is visible over the all range
formances are the ones were the surface is basic, or slightlyof dye concentration for the photocatalytic procdsig(8).
acid (from a Lewis standpoint), therefore the ones with some
electron availability. This is in line with the possibility of an
electron transfer process from the carbon to the;Téon- 4. Conclusions
duction band, as suggested by the second mechanism. The
electronic changes observed in the diffuse reflectance spec- Photochemical degradation of an azo dye can be achieved
trum of the TiQ + AC1, are also in agreement with a de- efficiently by three different processes. Direct UV irradi-
crease of the band gap of the semiconductor favoring theation is very effective at low dye concentrations, but for

k (min™")

process of electron transfer to the conduction band. heavily colored systems a photocatalytic process is more

efficient. Irrespective of the process chosen a color removal
3.4. Comparison of the photoinduced processes for of practically 100% was always possible. The experimen-
degradation of the SG dyestuff tal results indicated that the kinetics of three degradation

processes, UV, TiguUV and TiO, + AC/UV, fit well

A global comparison between the kinetic rate constants for a pseudo-first-order kinetic disappearance, which means
three oxidation systems is showhig. 8 From the analysis  that from a practical standpoint it is possible to obtain
of the results presented there is clear that for the for aqueousdecolored water in a convenient time scale. The photocat-
solutions with a low dye content (not heavily colored) the alytic degradation processes can be explained in terms of
photolytic degradation is by far the most efficient process. a modified Langmuir—-Hinshelwood model for the surface
This is not surprising in view of the particular nature of the reaction between the dyestuff and the oxidizing agent. The
azo dyes: the RN bond is conjugated with the aromatic sys- values of the adsorption equilibrium constanits;, and
tem and upon excitation of the molecule becomes very labile. the second-order rate constanks, were 0.09231mg?!
As the dye concentration increases the heavy coloration andand 1.58 mgt'min~1 for the TiG/UV process and
formation of agglomerates play a role inhibiting the pho- 0.0928Img?! and 2.64 mgtimin~1 for TiO, + AC/UV
tolytic process. As the concentration of the dye increases ap-system, respectively. The addition of powdered activated
proaching values typically found in textile washing baths, the carbon to TiQ under UV irradiation induces a beneficial
efficiency of the processes levels down, with an advantage toeffect on the photocatalytic degradation of SG BLE 155.
the TiO; + AC system. Globally, the results show that there Both, the presence of oxygen and the chemical nature of the
is a relationship between the initial concentration of the dye AC surface are found to be important in the photoefficiency
in the solution and the rate of its degradation: as the concen-of the process.
tration of the initial solution raises the dye degradation pro- From an applied standpoint, this result shows that even
cess becomes slower, which is attributable to the inner filter for a model solution containing no other than the dyestuff,
effect for the photochemical process, and to the decrease otthe efficiency of water cleaning is strongly dependent on
the relationship active sites per organic molecule in the caseits concentration in the stream. In the case of very heavy
of the photocatalytic experiments. Actually a synergy effect colored streams the fact of having a adsorbing material, with
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energy very efficiently using low lamp power and match the __ Seé'Pone, Pure Appl. Chem. 71 (1999) 321.
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