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Abstract 

The kinetics ofphutobleachin G ( by spectrophotometfic analysis ) and integral photomineralization (by total organic carbon (TOC) a,'m~ysis ) 
of azohenzene (1) and substituted azohenzenes in aqueous solution were followed in ]ahomtery-scale runs on photneata[ytJc men~anes 
immobilizin G 30 + 3 wt.% of semiconductor TiOz. Experiments were carried out by the technique de~rihed in preceding papers of this series, 
employing stoichioteetfic hydrogen peroxide as the oxygen donor. The following azobenze~s were examined: (4-diethyl,~'~0)- 
phenylazobenzene ( IlL 4'-( ((4-diethytamino)pheayl)azo) benzoic acid (!il), 4'-( { (2-ateino-5-dieti'iylarnino)phenyl)azo) benzoic 
(IV), 4'-( ( { 2-acetamido-4-diethylamino)phenyl )azo) benzoic acid ( V 1, 4'-( ((4-dimethylamino)phenyl)azo) benzenesu|phonic acid, 
sodium salt (VI) and 4'-(((2-acelamido-4-diethylateino)pheny|)azo) benzencsulpfionic acid, ,-~dium salt (VII), From the ~ -  
Hinshelwood treatment d the initial rate data as a function of the initial concentration { ( O. !0-t .0) × 10 - ~ M). the kinetic p~amctcr.~ and 
the pseudo-thermedynamic parameter K lbr photobleaching were obtained. 

With regard to phutobleaching. I and I! were certainly the most reactive, followed by IV. The remaining molecules showed a phou> 
oxidation rate of one-third to one-quaxler of that of I chosen as reference structure. Consequently, the presence of an amino group in the 
4-posilion (it) does not stabilize the azohenzene structure against photo-oxidatiou leading to bleaching, whereas the same grot~ in the 
2-posifiou (IV) decreases the photobleaching rate by about 40% when a carboxylic group is also present in the I'-position. Acetyl~km of 
thir amino group, such ~s in V, decreases the photobleaehing rate more markedly. 

With regard to photominemlization, it was observed that, when photobleaching was virtually complete, a certain amoum of TOC was 
already mineralized. The maximum amount of TOC remaining at the end of photobleaching ranged from about 9 ~  to about 30%. varying 
with the dye structure and initial concentration as well n~ wkh the power and type o1" irradiation source. 

By examining the TOC concentration profiles as a function of the substituted azobenzene structure, the folk,wing hypotheses were proposed: 
I. d~ri~g the ph~t~b~eaching peri~d` the ring containing the diethy~amin~ gr~up ~reaks d~wn ~ m~re tearked~y if furthe~ amin~ ~t ~`~tar~a~ 

groups are present in the structure), and photomineralization of the other ring occurs more slowly: 
2. both rings break down, within certain limit~ during photoblenching; however, the aliphetic fragment~ containing carboxyl or sullfi~nic 

groups are mineralized more slowly. 
The fact that a small initiaJ~ plateau in the TOC profile is followed by another more evident plateau at ~he end of the p~otobleaching period, 
for both VI and VII. suggest., that hypothesis ( I ) is more probable in these eases. When the second plateau is reduced to a signmJdal curve 
or an inflection point, hypothesis (2) also needs to be cousidared. © 1997 Elsevier Science S.A. 
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1. Introduction 

The widespread interest in azo dyes .~s due to many factors. 
Firstly, they represent the largest cl;.:.~ c~f dyes used in indus- 
try. being valuable for polyesters in view ot';heir ready avail- 
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ability, cheapness and good stability towards both light and 
oxidation [ 1,2]. Furthenaore, they have found extensive 
application in analytical chemistry as acid-base, redox 
metallochromic indicators. They are of interest from a theo- 
retical aspect in view of the ~nsifivity of  their physical and 
chemical properties to changes in the substituent~ and 
medium, as well as other perturbing agents [ 1,3L From the 
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environmental viewpoint, it is estimated that t0%-15% of 
the dye is lost daring the dyeing process and is released as 
effluent, being resistant to aerobic degradation [4]. The haz- 
ard represented by the potential for azo dyes to be reduced 
under anaerobic conditions, as well as in mammals, to car- 
cinogenic aromatic amines has been highlighted [5 ]. 

With regard to the treatment methods for dye elimination 
from wastewater, it has been reported [5] that flocculation 
with lime or activated carbon adsmption require costly dis- 
posal technologies, and biotreatment, due to the resistance of 
the dyes to aerobic biodegradation, is unlikely to be e ffecti re. 
A derailed study Ms been carried out recently [ 5 ] to examine 
tim suitability of the Fenton process for the advanced oxida- 
tion of some model azo dyes. A probable mechanism for the 
generation of aromatic byproducts in this process, where the 
degradation of azo dyes with a phenylazo substituent is per- 
formed, has been suggested [5 ]. 

Advanced oxidation processes generally include the addi- 
tion of oxidizing agents, such as hydrogen peroxide, ozone 
or oxygen, in the presence of a catalyst or UV radiation or 
both. From earlier technologies based on the use of Fenton's 
reagent, these have led to photocatalytic oxidation, mostly 
with a freely suspended semiconductor photocatalyst, such 
as Tie, ,  or with the photocatalyst immobilized in thin films 
[61. PhotocataIytic methods, based on the use of suspended 
Tier.  have been extensively applied mainly to the photo- 
bleaching step of azo dyes, without following their mineral- 
ization [7- t4] .  A marked and decisive advancement was 
achieved [15-22[ by immobilization of the Tie2 semi- 
conductor in microporuus membranes, prepared by photo- 
grafting onto suitable supports. This approach has allowed 
the transt0rmation of a photocatalytic process into a reliable 
technology. 

in this paper, a laboratory-scale study of photobleaching 
is described. Also considered is the successive integral pho- 
tominemlization of azobenzene and substituted azobenzenes. 
the structures of which are reported in Table I. The approach 
involves the examination of the respective kinetics in order 
to determine the classical Langmuir-Hinsbelwoed parame- 
tot's and to provide in|brmafion on the rates of breakdown 
relative to that of azobenzene considered as the reference 
structure. 

Table l 
Structural formulae and IUPAC mimes of azobenzene and substituted azo- 
henzenes employed in the pholobleaching and pholominer'alization experi- 
ments (concentration range, (0. I0--I.0) X 10- 3 M J 

Dye ~¢;tructural formula IUPAC name 

, © , _ _ ©  ..o.0..0e 

It (E t ) ,N~N=N O <4.,diethylarrltna) 
phen#~zo~nzene 

Ill { ~ I ] I O N = N O C O O H  

IV ( E Z ~  N:  NOCOOH 
NHa 

V ( E t ) , N ~ N = N O C O O H  
NHCOC.H I 

VII (Et)zk(~ N-'= N~SO=Na 
PC.tCOCHt 

4'(((4~ietrlylamino) 
phe rlyl)a zo)l:ze r~zoie 

ac~ 

d,'{{(2-arnino, 
S-diettly~amina) 

t~henyl)a?o) bertzo~ acict 

~,'(((2.acetamido. 
d,Kliell)ylamino) 

phenyl)azo~bl~zo~ acicl 

4'(<{4.climelh¥1a mino) 
phanyl)azo}~azene 

sulphonic acid,sodium salt 
4'(((2-acet am ~la, 
4-diathylamh',o) 

phenybJazo)~nzene 
sul~onic ac~i,soSum salt 

prepared by adding 0.00l M Na..HPO.~ and 0.00l M NaH2PO4 
buffer, or 1 N HCI. to obt.',iu clear solutions. For ! and I l l -  
VII, the pH was 8.0_+0.1 in the kinetic runs; for 1. further 
addition of 2 M KCI and 2 h sonication at 60 °C were 
necessary to reach the optimal conditions of solubility in the 
range of concentrations examined. For !!, the pH was 
2.0_+ 0.1. No satisfactory solubility could be obtained for the 
latter at higher pH values, The concentrations tested in the 
kinetic runs were kept constant for all of the dyes in the range 
(0.10-1.0) X I0 -3 M. 

2.2. Photocatalytic membranes 

The photocatalytic membranes supplied by Chimia Pro- 
dottie Processi, Milan, i were standard membranes immo- 
bilizing 30+3 wt.% Tie2 without any photocatalytic 
promoter ( used and described in previous studies [ 16] ). 

2. Experimental details 2.3. Appam, ts and prot'edares 

2.1. Materials 

A,~o~enzene d )  and 4'4 ((4-dimethylammo)phenyl)- 
ate) benzenesulphonic acid, sodium salt (VI) wereobtained 
from Fluka (Switzerland) (purity, greater than 99.5%). 
These were used as received. The other substituted azoben- 
tunes (II-V and Vii)  ( see Table 1 ) were supplied by ACNA 
S.p.A. (Milan, Italy). They were purified by repeated crys- 
tallization from I-butanol [23,24]. Due to the differences in 
structure and solubility, solutions in bidistillcd water were 

The laboratory-scale reactor was the same as that described 
in Ref. [ 16]. It could be equipped with either a 500 W 
medium-pressure mercury arc lamp, for which the polychro- 
matte spectrum below 400 nm corresponded to an emitted 
energy of 145 + 5 W (obtained actinometrically) or a 20 W 
low-pressure mercury arc lamp, which emitted, monochro- 
matically, 8 +  1 W m 254 nm, in the absorption range of the 
semiconductor. Given the overall energy output of the 
medium-pressure lamp and the refrigerating water flow in the 
reactor jacket, the temperature of the photoreactor could be 
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well regulated at 313+2 K when employing this radiation 
source. When using the low-pressure lamp, no cooling was 
necessary, and the temperature was 296 + 2 K. In all of the 
kinetic runs, the volume of solution treated was kept constant 
(4.001). 

The zero-order initial rate ofphotobleaching (re) was eval- 
uated from curves of the concentration of the dye vs. time, 
determined spectrophotometrically, in the initial linear range, 
Experiments were repeated for each set of conditions, essen- 
tially for each value of the initial concentration Co of the dye, 
so that the mean initial rate and its standard deviation could 
be estimated. The usual Langmuir-Hinshelwood kinetic rate 
law, combining the apparent adsorption equilibrium constant 
(K) and the appar~.lt zero-order surface reaction constant 
(k) in the initial stage of photodcgradation (Eq, (1)),  was 
used 

1 tro = ( I / k )  + ( ! /AKC~)  ( 1 ) 

Eq. ( I ) was used to obtain the values of k and K for the 
photobleaching step. 

The total organic carbon (TOC) disappearance was fol- 
lowed by TOC analysis, carried out by a Shiraadzu TO(? 
5000 instrument, from which the contribution of inoqganic 
carbon was evaluated ( TOC was obtained from the di florence 
between the total carbon and inorganic carbon determina- 
tions). Information on the rate was obtained by comparing 
the TOC values remaining at the end of photobleaching for 
the various substrates, as well as the half-times t;/, corre- 
sponding to 50% mineralization of TOC. 

3.  Res u l t s  a n d  d i scuss ion  

The initial rate of photobleaching of azobenzenes I-VII in 
aqueous solution ( structural formulae in 'Fable I ) was stud- 
ied as a function of the initial concentration of the substrate 
using the lineafized form of the Langmuir-H[nsheiwood 
equation (Eq. ( I ) )  during both monochromatic and poly- 
chromatic irradiation. The k and K parameters of Eq. ( 1 ), 
obtained by regression analysis of the experimental data, are 
reported in Table 2. 

For l, the K parameter is not dependent on the radiation 
intensity or wavelength. This behaviour was also observed in 
the study on trichloroethene [ 16]. For all the othersubstrates, 
however, the larger (IV, V and VII) or sm~:iler ( I l l  and VI) 
K values obtained are influenced by the radiation wavelength 
and/or intensity. The latter type of hehaviour seems to be the 
most general [20-22]. This, together with the experimental 
evidence of a critical K dependence on the flow rate [20], 
suggests the abandomnentofthe concept of the truly physical 
meaning of the adsorption constant for the K parameter. A 
kinetic significance, as proposed [ 25] on the basis of kinetic 
models, is justified. Strictly speaking, the dependence of g 
on the wavelength and/or radiation intensity may be 
explained, alternatively, in terms of the photoadsorption of 
substrates, intermediates, products and/or radical species. 

Fable 2 
Paramclers k and K of the Langmuir-Hinshelwood eqt~io~ (Eq. { I) ) for 
the phmobleaching of l--VII by namochrom~ic irradiation t254 am) 
2964-2 K and by polychromatic itra~ation ~t 313±2 K. U ~  
expressed as probable errof~ were detained by the theory of 
transmission 

Dye kx 10 s KX lO -4 
(seeTable l) (molmin =} time| -~) 

Monochromatic irradiation 
I 4_2 4- 0.2 0.63 ±0:03 
II 4.2 :t:O.2 0,85 + 0:~, 
Ili I.d.4- 0.3 0.42 ::[: 0.1)2 
IV 2A4-0.7 3.7+0.3 
V I.|±0.l 154.2 
Vl I.I ±0.I 0.53=[=0.03 
VII 1.2+0.4 16+2 

Polychromatk irradhdon 
I 18+ 1 0 , ~  4. 0,04 
It 
! I I  5,9 4- 0,4 0,65 ± 0.05 
IV lO± I 0.b5 ± 0.07 
V 4.0±0.2 1.1+0.1 
¥1 5.2 ± 0,3 0.0/2 4- 0,07 
VII 6. I ± 0.4 0.63 ± 0.(]6 

This is because the dependence e l k  on the c o n c e n ~  of 
hydrogen peroxide (oxygen donor) [ 16,201 may be imer- 
preted in terms of competitive adsorption. However, it is hard 
to rationalize the dependence of a pmely then'aodynamic 
parameter on the flow rate. 

In order to compare the experimental results, reactivity 
rados R were calculated, Thc~c were defined as the runes of 
the initial rates of photobleaching of H-VIL eXln'essed by 
the respective k values, to that of I, considered as the most 
easily photodegmdable reference structure. This corresponds 
to the calculation and evaluation of the reactivity rat ios at 
"infinite" concentration of substrate, i.e. concentrat ions of 
the order of IO -2 M or higher. The R values are given in 
Table 3. 

It can be readily observed that, within experimental uncer- 
tainty, there is practically no difference in behaviour between 
monochromatic and polychromatic irradiation. F u ~ ,  
the following conclusions may be drawn concerning 
photobleaching. 

Table 3 
Reactivity ratios R between the k values related to the pho~Qb~c~hing of 
lt--Vll and of I tbr the 1we irradiation conditions ( monochromatic, within 
the range of semicor~luctor absorption, and polychmmatic) 

Dye MonocM~matie Polyc htom~ic 
{ see Table l "l irradiation R in'a~efion R 

It 0.96 - 
I11 0.33 0.33 
IV 0.57 0.56 
V O.26 0.22 
VI 0.26 0.29 
VII 0.29 0.34 
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i. Substra~r !I has substantially the same photobleaching 
rate as that of azobenzene. This ~tsscrtion must be treated 
with caution, however, as II was the only molecule exam- 
ined at a pH different from that of all the other azo com- 
pounds. The influence of pH on the rate has not been 
ascertained for any of the investigated substrates. 

2. Substrata IV, with a rate about 40% less than that of !, is 
the mt~t reactive compound after I, 

3. A earboxyl group in the l'-position (Il l) ,  a sulphonic 
group in the I'-position (VI),  a further acetamido group 
in the 2-position in addition to the sulpbonie group in the 
1 '-position (VII) and a further acetamido group in the 2- 
position in addition to the carboxyl group in the ! '-posi- 
tion (V) affect the photobleaching rate, decreasing it by 
about the same amount (from one-quarter to one-third) 
with respect to I ( if, ~; described above, the dialkylamino 
group in the 4-position (II) has the same photobleaching 
activity as l).  This results in an indirect confirmation of 
( 1 ) above. The presence of a further acetamido group in 
the 2-position does not seem to exert any clearly appre- 
ciable stabilizing or destabilizing influence on the dye 
structure, with respect to photobleaching, outside a small 
experimental uncertainty (cf. i l l  with V or VI with VII 
in Table 3). Consequently, the strongest influence on the 
stabilization of the dye structure against bleaching through 
pholo-oxidation is exercised by the carboxyl group or the 
sulphonic group in the I '-position. 

4, The presence of an amino group in the 2-position (IV), 
compared with its acetyl derivative, appears to destabilize 
the dye structure, as it leads to a decrease in the photo- 
bleaching rate ( see (2) above) with respect to ! less than 
that induced in V (if the effect of the diethylamino group 
in the 5-position is comparable with that of the same sub- 
stitoent in the 4-positionL Acetylation of the 2-amino 
group ( V ) leads m a sensible decrease in the plmtobleach- 
ing rate. Thus stabilization of the dye structure occurs. 

From the environmental viewpoint, the overall photo- 
mineralization is much more important than bleachiag, it was 
found that, at the end of the bleachi~Ig period, a certain amount 
of TOC was already mineralized, as shown by the data in 
Table 4 in which the half-times t , :  of photomineralization 

repo~d.  
Typical profiles of T o e  vs. time, such as that illustrated 

in Fig. 1 for VI, show that the concentration of TOC remains 
practically constant for a sm',dl interval of time, at the begin- 
ning of the ph~odegradation experiments, during which pbo- 
tobleaching occurs. TOC then decreases with progressive 
bleaching. At the end of bleaching, the TOC values, shown 
in Table 4, are, less than those present initially, with a maxi- 
mum amount of residual TOC ranging from about 90% to 
about 30% for Vl on polychromatic irradiation. A further 
TOC plateau is then observed (see Fig. I), which finally 
gives rise to a decrease until mineralization is complete. This 
second plateau is not always evident as shown in Fig. I. 
Depending on the dye structure and concen~tion, the plot 
sometimes appears to be sigmoidal with an inflection point 

Table 4 
Total organic carbon (TOC (%)) remaining in kinczic runs al the cad of 
photobleaching of 1-VII. expressed as a percentage of that initially pm~nt 
(at initial concentration C,~of substrata). H',df-tirnes t~., (rain) cor~spond- 
ing to 50% minerulizalion of TOC as a function of the initia[ concentrations 
C,, of the substrates 

Dye C. TOC h,2 
(see Table 1) {moll-l)xl0 ~ (%) (min) 

Monochromatic itradialion 
1 1.0 g3±4 210± 15 

3.0 874-4 275 4- 26 
II 1.0 694-5 135+9 
III 3.0 68.-1:5 5004-45 

l0 404-4 110o: 1:Irj0 
IV 3.0 554-5 2144-16 

I0 48::[7 456+58 
v i.I) 484-7 170,t.~ 

3.0 41 ::1:8 230:1:25 
Vi 1.0 71 4-6 - 

3 .0  66+5 - 

VII  LO 91 4- 15 1864-69 
3.0 72+ 12 422+65 

Polyc~ornatic irradiation 
I 1.0 81 +q 824-8 

3,0 8g±9 1094-12 
II ~ 
l i t  1.0 56:1:5 44.:1:5 

3.0 51 +4 664-9 
io 31 +4 1024-14 

IV [.0 6g+5 355:6 
3.0 48+4 484-8 

10 37:1:3 924-9 
V l.O 454-4 324-4 

3.0 42:1:3 41+5 
l0 42+4 794-8 

V! iO 89:1:7 35+6 
3.0 43+4 53+7 

10 29+3 108:1:15 
VII 1.0 84::t:7 59:1:8 

3.0 73+6 75+9 
10 62+5 I48+24 

/ 
| DYE Vt 

~ Co ''O'~'~M 

l I\ 

TIl~/rr~ 
Fig. I. Profile of total organic carbon (TOC. ppm) vs. time (rain) during 
pholobleaching and ~otomineralization of a ! .0  X l 0  - ~ M aqueous solution 
of 4'-( ((4-dimethylamino)phenyl)azo) benzenasulphnnic acid, sodium 
salt (VB. ~© Table I for rarucmtal formula) on a photoeatalytic membrane 
immobilizing 30 wt.% of titanium dioxide semiconductor, inr'adiated 1~oly- 
chromatically, in tl~ presence of stoJchiometric hydrogen peroxide us oxy- 
gen donor. 
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The TOC plateau or inflection point, corresponding to a 
decrease in rate, indicates that hydroxylation (reaction with 
hydroxyl radicals) of a chemical group, such as an aromatic 
ring, is taking place. This event does not resort in a decrease 
in the organic carbon content of the resulting intermediates, 
or an increase in the production of carbon dioxide. Theexper- 
|mental observations can be interpreted as follows. 
|. During the photobleaching period, the aromatic ring con- 

mining the dialkylamino group, and predominantly this 
ring only, breaks down into fragments, lfa hydrogen atom 
of this ring is substituted by an amino or acemmido group, 
the rate of TOC decrease daring this period is even more 
marked. This is shown by the residual TOC values in 
Table 4 for IV, V and VII. Photomineralization of the 
other ring occurs more slowly. 

2. Both of the aromatic rings of the azohenzene structure 
begin to break down during the photobleaching period. 
However, certain aliphatic intermediates (probably those 
containing carboxyl or sulphonic groups) are photomin- 
eralized more slowly. 
Interpretation ( i ) is probably closer to the truth for sub- 

stratus showing a second TOC plateau, relatively persistent 
with time, such as VI ~ ee Fig. l ) or VII and, less markedly, 
IV and V. When the second TOC piateau of the mineraliza- 
tion profile, such as that in Fig. 1, is reduced to an inflection 
point, mechanism (:2) should also be taken into account. The 
general dependences of the TOC values remaining at the end 
of bleaching and the tt/2 values on the initial concentration 
of the dye and type of irradiation (see Table 4) indicate the 
necessity of considering the role of both mechanisms as a 
function of the dye substituant and experimental conditions. 

The risk that benzene may cesult from hydroxyl radical 
attack of azo dyes containing phenylazo substituents in 
advanced oxidation processes [5l does not appear to be a 
real problem for the process investigated in this paper, in 
which the residual organic carbon may he reduced to as low 
a value as desired, even if the starting substrate is aromatic 
[ 15,19,20]. This has been shown not only for benzene, tot- 
uene and phenols, but also for molecules much more toxi.c 
than benzene itself, such as pentachlorophenol, which has 
been smoothly and fully mineralized to carbon dioxide, chlo- 
ride ions and w~tc' without any inconvenience [26] with 
quantum yields of up to 3 I% of the maximum allowable, In 
the present work, no evidence of incomplete mineralization 
was observed for any of the dyes tested. 
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