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Amtraet 

The light.,a~tf rated degradation kinetics of quinoline were studied in detail on Hg lamp and Suntest solar-simulated in'adiation. Femor~ 
photo,assisted mineralization in homogeneous solution with a peroxide to quinoline ratio of approximately 50 (quinoliri¢, ap~xitmte[y 1 
lraM) was complete iu about 39 rain on Hg lamp iwadiation. Reactions activated by a solar simulator led to 80% mineralization of the mine 
qninoline solutions within me same time period due to a lack of a smmg UV eom~ncm. Heterogeneons ph~acataJytic TiO:.mediated 
degradation proceeded at a ~!ower r,~'e than the homogeneous reaction. The infl~nce of a number of factors, such as the suh,~ram eoneemmfio~ 
solW.ion pH, gas atmosphere and dynamics of H20 ~ addition, was investigated. The stoichiomelry of the mineralization reaction was amdysed 
as a fuacdon of the ga:, .~tmosphere used. Qainoline degradation was possible via dark and light-activated reactions, Quino~in¢ did not affec~ 
the H202 ~ onsumption ra~.. in the presence of Fe "~* ions. This suggests that, during degradation, the reaction of Fe 3 + ions with H,.O.z is the 
rate-determining step. Quinoliae di,1 not complex with Fe ~ ÷ ions in the dark, However, complex fonrmtion occurred during plmtodegradatioQ 
¢'ith Fenton-like reageras, st~eh as C: x'" or Cu z + ions and combinations of Ca :+ + Fe 3÷ ions, in the presence of H:Oz. The laver sygems 
were compared with th e classical Fenton reagent leading to quinoline mineralization. © 1997 Elsevier Science S.A. 

K~words: Ferric ions: HzO.. decomposi6om Photoassistsd mineralization; Qoinoline; Steady state kinetics 

I, Imroduetion 

Homogeneous and heterogeneous photocatalyses have 
['~en developed in recent years for the efficient detoxification 
of wastewater [ t -4] .  Theo,~ approaches provide an alterna- 
tive to filtration, reverse osmosis and incineration in environ- 
mental cleaning praees~s. In this w6rk0 O H  radicals ,,,.'ere 
generated via homogeneous and hetero~'/'neous systems, and 
the interaction of photons with qui~oline, leading to the min- 
eralization of this compound, was examined. Several studies 
have shown that Fenton-like reactions are efficient in the 
degradation of organic compounds and that these processes 
are enhanced by light irradiation [51. 

Qaltmline is present in the effluents or" "-e oil, chemical 
and pharmaceutical industries, and presents carcinogenic, 
toxic and recalcitrant properties. The tnchrfiques of ozoniza- 
lion [6], dark H202 oxidation [7], groundwater removal [8], 
bacterial degradation [9] and mixed bacterial strands [ 10] 
have been applied over the last 10 yeats for the degradation 
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of quinoline in the dark. in this study, we investigate the 
accelerated degradation of this substance via advanced oxi- 
dation technologies (AnTs) ,  

2. Experimental section 

2.1. Materials 

Quinoline (Fluka) was used as received.. FeCI3 and It202 
were of Flnka p.a. grade and were used as received, together 
with Na2CrO 4 and Cu(NO3),. P-25 Degussa Tin,_ with a 
surface area of 55 + 5 m 2 g -  t was used. 

Z2, Photoreacror and irradiation devices 

The irradiation of the solutions was carried out in cylin- 
drical flasks (volume. 60 ml) using 40 ml of solution in each 
case. The gases evolved during the reaction were measured 
in the 20 ml dead space above the solution. Two sources of 
light were used" 
1. a Stmtest solar simulator provided with an Xe !amp ( 1500 

W) with a spectral disifibutioe resembling the solar spec- 
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~ m  (30~800 rim) and a white light equivalent output 
of 96 mW cm-";  

2. an Hg medium pressure lamp (400 W) with an output 
between 250 ~ d  450 nm and a white light equivalent 
output of 250 mW cm-z: about 50% of the radiant UV 
energy is emhted at 366 n m (  15 W equivalent electric 
power). 

The temperature during the experiment was approximately 
46--47 ~C. The irradiated surface coffesponds to the total 
sol,flea surface (36 cruZ). 

the solution spectrophotometrically at 540 nm. The ammo- 
nium ion present was assessed via the Merckoquant® ammo- 
nium test. The lower limit of detection was 10 rag I-  ~. Total 
organic carbon (TOC) was monitored via a Shimadzu 500 
instrument, Spectrophotometric analysis was carried out 
using a HewletbPackard 8452A diode army. The detection 
of CO: was performed using a Gow-Mac thermal conductiv- 
ity detector with He as carrier gas and a Poropak Q column. 

2.3. Ano!vses 3. RemRs and "-discussion 

Peroxide [eft in the solution was determined by the Merck- 
oquant® peroxide test and by permanganate titration [ ! I ]. 
The absorption specuum of the permanganate solution used 
is shownin the inset of Fig, 1; pcmanganate absorbs between 
400 and 600 nm. This method is adequate for the H202 deter- 
urination in solutions containing iron salts (Fenton reagent) 
which absorb light at A <450 nm, i.e. not allowing the appli- 
cation of the iodide method. No effect of FeCl~ on MnO4- 
reduction was observe.  The permanganate in solution had a 
molar absorption coefficient (e) of 2240 M -  ~cm - ~ at 526 
nm. The value of H~O2 remaining in solution was found via 
therelation 2KMnO4/SH,_O.,. Fig. I showsthe lineardepend- 
ence between the optical density (D.s,_6) and the amount of 
peroxide consu:ned. Permanganate (0.8 mM) at ~. = 526 nm 
showed an opticai density D of 1.80 in a 1 cm cell. This 
solution was acidified with sulphuric acid (11%) to avoid 
l~ecipitation of MnO~. The H20~ was determined in the range 
0. I - i3  mM after a 5 rain reaction period. 

Nitrate and nitrites were date+mined in a Tecator titmlor 
using sulphanilamide and detecting the co[our intensity of 

3.1. Non-complexation between quinoline and Fe ++ ions in 
solution. Protonation of quinoline at acidic pH 

Fig. 2 shows die spectra of quinoline solutions in the pres- 
ence of various concentrations of FeCI.~. The increase in opti- 
cal density in Fig. 2 is due to the absorption of the added 
Fe 3+ ions. It can be seen that, when FeCh is added to quin- 
oline, no changes in the absorption spectrum am observed 
and no complex fomlation occurs. Furthermore, no decrease 
is observed when quinoiine-FeCl~ solutions are aged for sev- 
eral days in the dark, indicating that no long-term complex- 
ation occurs, The spectra of the quinoline solutions were also 
recorded on addition of Fe2(SO+) ~ or Fe(CIO+) ~ instead of 
FeCh, but showed no observable complexation in either ease. 

The absorption spectra of quinolina in aqueous solution at 
various pH values are shown in Fig. 3. The protonated form 
absorbs mum strongly in the uear-UV since the N lone pair 
electrons fomz er bonds with H + and cannot complex with 
the Fe 3 + ions present 
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Fig. I. Optical density of a permanga~e solution ( 0,8 .,rim ) ( I cm cell) at 526 nm vs. Ihe amount of H2Oz consumed. The inset shows the absorption sl~ctrum 
of'he permangafl~e solution used. 
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Fig 2. Op ca absorpt on spectra of ~ u ons zf aqueous qeinoline ( 0.22 mM) at pH 2.7 as a function of the amoum of FeCI~ added. 
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Fig. 3. Absorption sl~¢tra of quinoline solutions as a function of pH (for uther dclaiZs .see text). 
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Therefore in aqueous solulioa ( Fig. 3), quinoline exists in 
the protonated form at acidic pH values and, on moving to 
less acidic pH values, deprotonation occurs. Between pH 3 
and pH 5, a colloidal solution is fomled, which absorbs in the 
visible region as a function of the concentration of reactants 
used. Beyond pH 5, Fe(OH)3 formation occurs. 

Processes mediated by Fenton reagent in acidic media have 
been shown to lead to the efficient degradation of organic 
pollutants [ 12-141. Therefore it is of interest to examine the 
absorption properties of a quinoline solution as a function of 
the solution acidity. Quinoline is slightly soluble in water, 
but at acidic pH the solubility improves. At pH 2.7, the sol- 

ability at 20 °C is 37.5 mM or5 g I-  r. The titration curve for 
quinoline is shown in Fig. 4. The protonation of o3ainoline 
shifts the absorption sp~trum to longer wavelengths. The 
pK~ value obtained from the second derivative in Fig. 4 is 
43  +0.1, in line with the dependence of the optical detrains 
at 347 rim. This value is in reasonable agreement with the 
literature value of 4.90 [ 151. The dependence of the optical 
clensity is taken at a ~ 347 nm which is the wavelength of the 
laser used. Extensive work involving excitation at this wave- 
length has been reported previously [ 16]. 

3.2. Accelerated mineralization of quinotine via 
photoassisted Fenton reagent 

The accelerated mineralization ofquinoline viaphoto-Fen- 
ton processes is shown in Fig. 5. The aim of the experim~.t 
reported in Fig. 5 was to optimize the time neeessm'y for 
quinoline degradation. This, in an'n, minimizes the use o f  
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Fig. 4. Optical density at 347 nm of an 8.45 mM quinoline solution ( d -  1),5 cm ) aM a function ,~f pH. 
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Fig. 5- Typical degradalion Innfile a~s a function of time for a quinolin¢ solution ( 0,95 mM ) when H.,Oz ( t 2.7 raM ) is added ( ~ c  arrows ) in the presence of  
FeCl~ ( 1.5 raM) at pH 3. Hg lamp ~ d  saint simulator results are shown. 

expensive UV-visible photons. This is important since pho- 
t~)cgr-dation processes taking place within minutes have 
been ~eported to have the potential for economic utilization 
[2,3,10,131. In the dark, the initial TOC is reduced by less 
than 10% ( Fig. 5). When a 400 W Hg lamp ( integrated light 
output, 250 mW era -2) and a 1500 W Xe lamp Suntest 
simulator (integrated light output, 96 mW cm -2) are used, 
the mineralization kinetics are about the same up to 85% 
TOC decrease as shown in Fig. 5. 

The possibility of the direct photodecomposition of H2Oz 
was checked during the course of these experiments. In the 
absence of Fe 3+, the rate of HzO z consumption was more 
than an orderofmagnitude lower than in the presence ofFe 3 + 
(as in Fig. 5). 

The last slow photodegradation step observed beyond 17 
rain shows the difficuity in converting the N atom associated 
with quinoline into oxidized nitrogen compounds (see Sec- 
tion 3.6). Full miner~ization is observed within approxi- 

mately 30 rain using the Hg !amp with a strong line at A = 366 
nm. The action sp~,ctmm of the photoly~d solution changes 
during the course of the reaction due to the intermediates 
generated in the solution. The generated intermediates there- 
fore seem to be affected by the strong UV Hg lines but not 
by the weaker UV component of the Suntest simulator. Slow 
photocatalytic degradation of compounds containing C-N 
bonds has been reported recently for formamide [ 17] and 
Orange II [ 18]. As shown in Fig. 5, the most suitable pho- 
todegradation time found is slightly above 30 rain for a solu- 
tion of quinoline (0.95 raM) requiring about 50.8 mM of 
H202. The total degradation proceeds with an H202 to qain- 
aline ratio of approximately 50 (Fig. 5). The approximate 
mineralization stoichiometry can be suggested as 

CgH~N + 54H2Oz ~ 9COz + 57H:O + HNO~ + 1502 (2) 

The evolution of CO2 and NOf is reported in Section 3.6 
(Fig. 1O and Fig. 11). The photodegradation process is 
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Table i 
Comparison of Fenton-lik¢ syslems for the pl'~todegradation of quinoli,~e (on illumination with a 400 W mercury+' lamp} 

153:1 

System Initial TOC TOU after I,,~a injections Time necessliry for the z~ff~pt.lon ~f 
( ppm ) o f H_,O, (ppm) <me portlon at" H:O: ( 17.7 r~M ~ ( n ~  > 

0.3 mM NazCrO.~, pH 4.8 120 88 > t20 
1.5 mM Ca(NOn,,  pH 3 l IO 87 ' ~  
0.75 mM FeCI~+0.75 mM Cut NO+),, pH 3 1 l0 26 30 
1.5 mM F, eCl.~, pH 3 [03 19 8 

strongly affected by the initial quinoline concentration. When 
a solution containing quinoline ( 1.20 raM) is irradiated with 
the Hg lamp, about 9eh~ of the initial TOC is still present after 
42 rain and five H,O., additions. 

Other cations, such as Cr ~ +, Cu ~ + and Ca" * + Fe ~ + were 
used, together with Fe -~* ions, in Fenton-like photoassisted 
reactions. The results are shown in Table I. The most favour- 
able TOC reduction is observed for the combination of 
Fe ~+ +Cu 2+. However, the initial amount of HzO z in the 

• 3 +  solution is consumed over a longer time compared wtth Fe- 
lons alone. The couple Fe 3 + t2+ (0.77 V) therefore seems to 
provide the mnstsuitable couple from the viewpoint ofkinctic 
acceleration (see Eqs. (3)-(6)  below). The experiments 
were carried out at pH ~ 3, since it was the most suitable pH 
for the cations reported in Table i. When t~smg Co- , the 
formation of Cu ÷ in solution was observed. However, it 
seems unlikely that it would be possible to obtain high rates 
of quinoline photodegradation with copper ions, since the 
reaction rate between H=,O, and re-oxidized Cu -'+ has been 
reported to be slow i 19,201. 

3.3. Efficieno, of hydrogen peroxide ,tilization. Effect of 
oAB,gen 

In Fig. 6, H:O2 (30%) was present at a concentration of 
12.7 raM. The consumption of H:O.~ was followed via the 

permanganate test and Merckoquant® peru×kin l~per. Boda 
methods show similar results for the residual H.O: (wilkin 
the experimental error of the measuremems)+ Fig. 6 shows 
the HzO.~ concentration for an irradiated solution c~t~,hfing 
FeCb and quinoline ( i raM) (a), no quittoline (b) aml #g,r 
preliminary quinoline oxidation (e). On light irradiatkm, ffJe 
consumption of the HzO,. addod initially takes bevaeen 8 arid 
10 rain. inefficient H:O, consumption is observed during ate 
dark reaction as shown in the inset in Fig. 6. The ctmsumption 
of the oxidant and concomitant quinoline degradation are ~'t 
order of magnitude slower compared with the light-haduced 
reactions. The time necessary for H,Oa consumption d~ri~g 
dark or light-activated reactions is not affected significantly 
by the addition of quinoline. The absence of a noticeable 
quinoline effect on H_O= consumption suggests that H202 
decomposition is due to the reaction 

Fe "~+ + H , O , ~ F e  z~ + H O ; +  H+ (3) 

Fig. 6 suggests that quinoline does not enter into acomplex 
with Fe 3 + ions at the start of the reaction This has been 
mentioned previously in Section 3.1. The formation of inter- 
mediates is observed clue to the change in colour of the solu- 
tion [201. 

Kinetic plots nf the decrease in TOC in the solution as a 
function of time for At-. air+ and O2-samrated solutions of 

~'4mm~,~lll  o I l l lOl  ~ Ip4 ,~irk 1~(,{:I+1 L~, m M. iI}I ]} 

1,1 - - t - a  
--13"- b 11 

, , \  -.-o -++-.+° 

t0 \ ! ' i  ~ 
2: ,+ 

2'+ 

= 6 

4 

2 

I 2 3 4 S 6 7 8 9 tO 

mln 

Fig. 6. Consumption of peroxide on exposu re to light as a function of lime fi,r solutions of quino|ine ( i ~ ) in the pre,.~nce of FeCl, ( i .5 mM) at pl-t 3. The 
inset shows the results of dark runs. 
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Fig. 7. Effect of gas ar.mosphere on the TOC value.~ during the. phmodegradation of quinoline solutions ( 1.16 raM) in the presence of H~O: ( 12.7 raM) and 
FeCI~ ( [.5 r a M )  ( f a r  a~her deta~t~ see t e~ t ) ,  

quinoline are shown in Fig. 7. The gas atmosphere used has 
only a small effect on the photodegradation of qainoline. 
Therefore Oz is not a very active oxidant compared with H:O.~ 
in photoassisted Fenton reactions• The H,~Oz consumption 
during quinofine degradation can be accounted for by reac- 
tions (3) and (4) 

Fe a* +HaO2~Fe  ~* + OH'+OH-  (4) 

One electron is scavenged in the redaction of either HO'., 
or OH" radicals 

1 
HOa'+e-  ~ O H -  +~O2 (5) 

H O ' + e -  ---,OH- (6) 

It can be suggested from reactions (3 ) - (6 )  that, i fO, is a 
slow oxidative agent, it will only be marginally involved in 
the overall degradation process. If one electron is scavenged 
by one molecule of H202, four molecules of H202 will be 
required per molecule of O:. In Section 3.2, Eq. (2) shows 
that the mineralization of one molecule ofquinoline produces 
nine molecules of CO2 and one molecule of nitrate. The 

• 3 + -  - concentratton of Fe' ions used m approxtmately 50% higher 
than that of quinoline, Taking this and Eqs. (3 ) - (6 )  into 
account, the contribution of Fe ~ + cations to the overall stoi- 
chiometry is negligible. In this case, the H,_O2 to quinoline 
ratio will have a lower limit of approximately 48 if oxygen 
is not consumed during the degradation• 

The ~nformation presented in Fig. 5 suggests that the ratio 
of H:O, ~o qainoline changes during the course of the reac- 
tion. After two additions of H202, this ratio is about 33 as 
indicated by the an-ows in Fig. 5. This confirms the partici- 
pation of oxygen during quinoline phutodegradation. The 
most probable type of reaction will lead to the formation of 
calboxy or carboperoxy radicals [ ] 2.14,:201 

R'(carboperoxy) +O2---, RO2" (7) 

In Ar-purged solutions, oxygen originating from reaction 
(5) will be able to participate in the photodegradation. If all 
the added H,~O2 undergoes reduction, the following stoiehi- 
ometry will follow 

CgH7N + 24HzO 2 ~ 9COz + HNO3 + 27H20 (8) 

In this case, two electrons will be scavenged per molecule of 
HzOz. The lower limit for the H202 to quinnline ratio in this 
case is 24. 

3.4. Effect of pH on the rate of  TOC reduction 

After the addition of FeCI~ (1.5 mM) to quinoline (I  
mM ), a value ofpH ~ 3 is obtained. At more acidic pH values, 
the photodegradation of quinoline slows down as shown in 
Fig. 8. in separate experiments, it was found that the pH used 
had no effect on the rate of H202 consumption. This suggests 
that, at more acidic pH, the reactions leading to 02 formation 
become favourable. 

3,5. Effect of the light intensity on the photodegradation, 
TOC decrease observed with a Suntest simulator 

Fig. 9 shows the TOC reduction for the solution used in 
Fig. 8 (pH 3). The values plotted were taken at different 
times after the initial addition of H:O:. The Suntest solar 
simulator was used as light source in Fig. 9. The points in the 
curve correspond to the thil utilization of the H2Oz initially 
added. In agreement with Fig. 5, the TOC values are different 
for light and dark experiments. The results indicate a quan- 
titative dependence between the light intensity and TOC 
reduction. As observed in Fig. 6 and reactions (3 ) - (6 ) ,  the 
effect of the light intensity is important in the photoreaction 
of Fe 3÷ and H202, controlling the efficiency and availability 
of the oxi_dant in the solution daf.ng the photo,assisted Fenton 
reaction [ 12-14]. 
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Fig. 8. Effect of pH on the degradation of quinoline for the same solution as used in Fig. 5. 
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Fig, 9. Decrease in TOC of the quinolia¢ solution used in Fig. 8 on exposure to solar-simulated inadiation as a fuactio~ of the applied Uglg in~¢ns/~y. 

3.6. Nature of the products observed during mineralization 
in homogeneous medium 

3.Z Heterogeneous degradation of quinoline via irradiatea 
TiO z suspensions 

Fig. 10 presents the accelerated [ighbinduced CO,. evolu- 
tion for the quinoline solution used in Fig. 5. The stoichio- 
metric amount of carbon mineralizes within approximately 
30 rain. This agrees with the decrease in the TOC values 
observed, in the solution. The dam presented in Fig. 10 cor- 
respond to a stoichiome~c ratio of quinoline to COz of I : 9. 

Fig. I ! presents the data for nitrate evolution during the 
photonssisted degradation of the solution used in Fig. 10. 
Nitrate forms rapidly and is the only N-containing product 
observed in the oxidative reaction medium. Subsequcndy, 
80% of this intermediate decomposes within 15 min, Nitrite 
and ammonia are not observed, but N2 is evolved, lnlerest- 
ingly, nitrate degradation occurs within the range of the see- 
ondary slow C-N hydrolysis reaction(s) reported previously 
in Fig. L 

The degradation of quinoline solutions is also possibh~ 
using TiO~z suspensions as shown in Fig. 12. The addition of 
HzO~ alone in the dark or light does not l e ~  zo effi¢icm 
qttinoline degradation. However, when this oxidant is lgkled 
to a TiO~ suspension, effective aegradadon is observed. Fno- 
todegradation times of about 2 h a~  observed in Fig. 12. This 
is four times longer than that obtained using the Fenlon 
reagent with the same irradiation sontee (see Fig. 5). 

The use of Tie2 semiconductor particles has been exten- 
sively reported dining ~ last decade for tba h e t e r o g e r ~  
degradation of pollutants [2,3,21|. Titania absorbs lig,h~ 
below 385 nm leading to the production of OH* rJicals  on 
the surface (holes in the valence band oxidize surface OH- 
groups as shown below) 

h~ + (HzO) or O H - / T i e  2 ~ OI-I'~a~ + H~ (9) 
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Fig. 12 suggests that these radicals plus the radicals due to 
HzOz addition participate in the degradation. Other proce,~ses 
may also lake place through reaction intermediates on illu- 
minated TiO~ slurries. However, we were interested only in 
optimizing and comparing the time span of the heterogeneous 
and homogeneous processes. 

4. Conclusions 

The photo-oxidation ofquinoline via Fenton-like reagents 
has been reported in this study. The complete mineralization 
proceeds with the formation of CO2, water, nilrate and N2. 
The Fe ~ + ion-based photo-Fenton reagent suitably acceler- 
ates the degradation kinetics and the system is catalytic rather 
than stoichiomettic in iron. The pertinent reactions leading 
to degradation within minutes have been described. This 
observation and the fact that light reactions are effective in 
activating quinoline degradation provide the basis for possi- 
ble practical applications. The use of H~Oz as oxidant is 
discussed, The photocatalytic degradation of quinoline pro- 
ceeds at a faster rate than that observed with adapted micro- 
biat strains reported extensively [ 1-31. 
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