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Abstraci

The light-act /ated degradation Kinetics of quinoline were studied in detail on Hg lamp and Suntest solar-simulated iradiation. Fenton-
photoassisted mineralization in homogeneous selution with a peroxide to quinoline ratio of approximately 50 (quinoline, approximaiely !
mM) was complete its about 30 min on Hg lamp irradiation. Reactions activated by a solar simulator led to 80% mireralization of the same
quinoline solutions within the same time peried due to a fack of a strong UV component. Heterageneous photecatalytic TiQ,-mediated
degradation proceeded at a s'ower ra‘e than the homogeneous reaction. The influence of s number of factors, suchas the substrate concentration,
soluzion pH, gas atmosphere and dynamics of H,0, addition, was investigated. The stoichiometiy of the mineralization reaction was analysed
as a funcion of the go: atmosphere used. Quinoline degradation was possible via dark and light-activated reactions. Quinoline did not affect
the H,0, : onsumption rat. in the presence of Fe** jons. This suggests that, during degradation, the reaction of Fe'* jons with Hy0» it the
Tate-determining step. Quinoline did not complex with Fe** ions in the dark, However, complex formation sccurred during phatodegradation
vith Fenton-like reagerts, such as Cr** or Cu** jons and combinations of Cu** +Fe* ™" ions, in the presence of Hy(,. The latter systems

were compased with the c'assical Fenton reagent leading to quinoline mineralization. © 1997 Elsevier Science S.A.

Kevwords: Ferric ions: Hy0, decomposition: Phote

1 mi: lization; Qui

Steady state kinetics

1. Introduction

Homogeneous and heierogeneous photocatalyses have
been developed in recent years for the efficient detoxification
of wastewater [ 1-4]. The<= approaches provide an alterna-
tive to filtration, reverse osmosis and incineration in environ-
mertal cleaning pracessss. In this werk, OH radicals were
generated via homogeneous and heterog,eneous systems, and
the interaction of photons with quinoline, leading to the min-
eralization of this compound, was examincd. Several studies
have shown that Fenton-like reactions are efficient in the
degradation of organic compounds and that these processes
are enhanced by light irrndiation {5].

Quinoline is present in the effluents of **e eil, chemical
anq pharmaceutical industries, and presents carcinogenic,
toxic and recalcitrant propesties. The techriques of ozoniza-
tion [ 6], dark H,O, oxidation [ 7], greundwater removal [ 8],
bacterial degradation [9] and mixed bacterial strands [ 1G]
have been applied over the Iast 10 vears for the degradation

* Corresponding <tithor.
' On leave of absence from the AN. Back Instinte of Biochemistry,
Leninsky Pr. 33, Muscow 117071, Russia.

1010-6030/97/$17.00 © 1997 Elsevier Sciznce 85.A. All rights reserved
FII51010-6030(97)00174-3

of quinoline in the dark. In this study, we investigate the
accelerated degradation of this substance via advanced oxi-
dation technologies { AOTs).

2. Experimental section
2.1. Materials

Quinoline (Fluka) was used as received. FeCl; and 1,0,
were of Fluka p.a. grade and were used as received, together
with Na,Cr0, and Cu(NO;},. P-25 Degussa Ti0, with 2
surface area of 55+5 m* g~ was used.

2.2, Photoreactor and irradiation devices

The imadiation of the solutions was carried out in cylin-
drical flasks (volume, 60 ml) using 40 m! 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 Suntest solar simulator provided with an Xe lamp (1500
W) with a spectral distribution resembling the solar spec-



150 A Nedolowiko, 1. Kiwi / Journal of Photochemisiry and Pholobiology A: Chemisiry 110 (1997) 149-]57

trum (300-800 nm) and a white light eguivalent cutput
of %6 mW cm ™2

2. an Hg medium pressure lamp (400 W) with an output
between 250 and 450 nm and a white light equivalent
outpat of 2580 mW cm™7; abeut 50% of the radiant UV
energy is emitted at 366 nm (15 W equivalent electric
power}.

The temperature during the experiment was approximately

46-47 °C. The irradiated surface corresponds to the total

solution surface (36 cm?).

2.3. Anglvses

Peroxide left in the sojution was determined by the Merck-
cquant® peroxide test and by permanganate titration [11].
The absorption spectrum of the permanganate solution used
isshownin the insct of Fig. 1; permanganate absorbs between
400 and 600 nm. This method is adequate for the H,0, deter-
mination 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 MnO;
reduction was observad. The permanganate in solution had a
molar absorption coefficient () of 2240 M~ em ™' at 526
am. The value of H,0, remaining in solution was found via
the relation 2KMnO,/SH.0:. Fig. 1 shows the linear depend-
ence between the optical density (Ds,) and the amount of
peroxide consuined. Permanganate (0.8 mM) at A=526 nm
showed an optical density D) of 1.80 in a | ¢cm cell. This
solution was acidified with sulpheric acid (11%) to avoid
precipitation of MnQ),. The H,0, was determined in the range
0.1-13 mM after a 5 min reaction period.

Nitrate and nitrites were determined in a Tecator titrator
using sulphzanilamide and detecting the colour intensity of

the solution spectrophotometrically at 540 nm. The ammeo-
rium ion present was assessed via the Merckoguant® ammeo-
nium test. The lower limit of detection was 10 mg1~'. Total
organic carbon (TOC) was monitored via a Shimadzu 500
instrument. Spectrophotometric analysis was carried out
using a Hewlett-Packard 8452A diode array. The detection
aof CO, was performed using a Gow-Mac thermal conductiv-
ity detector with He as carrier gas and a Poropak Q column.

3. Results and discussion

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

Fig. 2 shows the spectra of quinoline solutions in the pres-
ence of various concentrations of FeCl,. The increase in opti-
cal density in Fig. 2 is due to the absorption of the added
Fe** ions. It can be seen that, when FeCl, is added to quin-
oline, no changes in the absorption spectrum are observed
and ro complex fermation occurs. Furthermore, no decrease
is observed when quinoline—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 an addition of Fe,(50,), or Fe(ClO,), instead of
FeCl;, but showed no observable complexation in either case.

The absorption spectra of quinoline in agueous solution at
various pH values are shown in Fig. 3. The protonated form
absorbs more strongly in the near-UV since the N lone pair
electrons form o bonds with H* and cannot complex with
the Fe’* ions present
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Fig. 1. Optical density of a permanganate solution (0.8 mM) { | cm cell) at 526 nm vs. the amount of H,0, consumed. The insct shows the absorption spectrum

of the permanganate solution used,
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Fig. 2. Optical absorption spectra of solutions of aqueons quinoline (0.22 mM) at pH 2.7 as a function of the amount of FeCl, added.
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Therefore in aqueous solution (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 $, a colloidal solution is formed, which absorbs in the
visible region as a function of the concentration of reactants
used. Beyond pH 5, Fe(OH); formation occurs.

Processes mediated by Fenton reagent in acidic mediahave
been shown to lead to the efficient degradation of organic
pollutants [ 12-14]. Therefore it is of interest to examine the
absorption properties of a quinoline solution as a function of
the solution acidity. Quinoling is slightly seluble in water,
but at acidic pH the solubility improves. At pH 2.7, the sol-

3t0
nm
Fig. 3. Absorption spectra of quinoiine solutions as a funciion of pH {for other details see text).

330 356 370

ubility at 20 °C is 37.5 mM or 5 g 1 *. The titration curve for
quinoline is shown in Fig. 4. The protonation of quinoline
shifts the absorption spectrum to longer wavelengths. The
pK, value obtained from the second derivative in Fig. 4 is
4.7 +0.1, in line with the dependence of the optical densities
at 347 nm. This value is in reasonable agreement with the
literature value of 4.90 [15]. The dependance of the optical
density is taken at A =347 nm which is the wavelength of the
laser used. Extensive wotk involving excitation at this wave-
length has been reported previously {16].

3.2, Accelerated mineralization of quinoline via
Photoassisted Fenton reagent

The accelerated mineralization of quinoline via photo-Fen-
ton processes is shows in Fig. 5. The aim of the experiment
reported in Fig. 5 was to optimize the time necessary for
quinoline degradation. This, in turn, minimizes the use of
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Fig. 4. Opticat density at 347 nm of un 8.45 mM quinoline solution (4=(1.5 cm) as a funciion of pH.
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Fig. 5. Typical degradation profile as a function of time for a quinoline solution (0.95 mM) when HQ: (12.7 mM) is added (see arrows) in the presence of

FeCl, (1.5 mM) at pH 3. Hg lamp and solar simulator results are shown.

expensive UV-visible photons. This is important since pho-
todegradation processes taking place within minutes have
been reported to have the potential for economic wilization
[2,3,10,13}. 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 cm™?) 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 H,0.
was checked during the course of these experiments. In the
absence of Fe**, the rate of H,0, consumption was more
than an order of magnitude lower than in the presence of Fe?*
(as in Fig. 5).

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

mately 30 min vsing the Hg lamp with a strong line at A = 366
nm. The action spzctrum of the photolysed 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 streng 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 1 {18]. As shown in Fig. 5, the most suitable pho-
todegradation time found is slightly above 30 min for a solu-
tion of quinoline (0.95 mM) requiring about 50.8 mM of
H,0,. The total degradation proceeds with an H,0, to quin-
oline ratio of approximately 50 (Fig. 5). The approximate
mineralization stoichiometry can be suggested as

CyH;N +54H,0, »9C0, + 57TH,0+ HNO, + 150,  (2)

The evoiution of CO, and NOy is reported in Section 3.6
(Fig. 10 and Fig. 11). The photodegradation process is
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Table 1

Comparison of Fenton-like systems for the photodegradation of quinoline { on illumination with 2 100 W mercury lamp)

System Initiai TOC TOZ after two injections Time aecessary for the consumption of
{ppm} of Hy0, (ppm) one portion of H;D, (12.7 mM) (min)

0.3 mM Na,CrQ,, pH 4.8 120 a8 > 120

1.5 mM Cu(NO;),, pH 3 110 87 90

0.75 mM FeCl;+0.75 mM Cu(NO;),, pH 3 110 26 30

1.5 mM FeCl,, pH 3 103 19 8

strongly affected by the initial quinoline concentration. When
a solution containing quinoline { 1.20 mM) is irradiated with
the Hg lamp, about 9% of the initial TOC is still present after
42 min and five H,0, additions.

Other cations, such as Cr**, Cu®* and Cu®* +Fe** were
used, together with Fe** ions, in Fenton-like photoassisted
reactions. The results are shown in Tabie 1. The most favour-
able TOC reduction is observed for the combination of
Fe’* +Cu?*. However, the initia} amount of H,O- in the
solution is consumed over a fonger time compared with Fe**
ions alone. The couple Fe**/2* (0).77 V) therefore seems to
provide the most suitable couple from the viewpoint of kinetic
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 1. When using Cu®*, the
formation of Cu” in solution was observed. However, it
seems unlikely that it would b= possible to obtain high rates
of quinoline photodegradation with copper ions, since the
reaction rate between H,0, and re-oxidized Cu®* has heen
reported to be slow [19,20].

3.3, Efficiency of hvdvogen peroxide utilization. Effect of
oxygen

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

permanganate test and Merckoguant® peroxide paper. Both
methods show simitar cesults for the residual H.O. (within
the experimental error of the measurements). Fig. 6 shows
the H,0, concentration for an imadiated solution containing
FeCl, and quinoline (1 mM) (a), no quinoline (b) and after
preliminary quinoline oxidation (¢). On light irvadiation, the
consumption of the H,O, added initially takes between 8 and
10 min. Inefficient H,0, consumption is observed during the
dark reaction as shown in the inset in Fig. 6. The consumption
of the oxidant ard concomitant quinoline degradation arc an
ovder of magnitude slower compared with the light-tnduced
reactions. The time necessary for H,0, consumption during
dark or light-activated reactions is not affected significantly
by the addition of quiroline. The absence of 2 noticeable
quinolire effect on H.O» consumption suggests that H.O,
decomposition is due to the reaction

Fe't +H,0,—Fe?” + HO, +H* (3)

Fig. 6 suggests that quinoline does nat enter into acomplex
with Fe’™ jons at the start of the reaction This has besa
mentioned previously in Section 3.1, The formation of inter-
mediates is ohserved due to the change in colour of the solu-
tion [20].

Kinetic plots of the decrease in TOC in the solution as a
function of time for Ar-, air- and Q--sawrated solutions of

Coatumption of Oy n the dark [Fe(lml.% oM. p3H 33

- wicheut additian

= with qumolie {1 1N}

min

Fig. 6. Consumption of peroxide on exposure to light as a function of time for solutions of quinofine (1 mM) in the presence of FeCl, (1.5 mM) at pH 3. The

inset shows the results of dark runs.
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Fig. 7. Effect of gas aunosphere on the TOC values during the photodegradation of quinoline solutions (1.16 mM) in the presence of Hy0; (12.7 mM) and

FeCl; { 1.5 mM) (for other details see text).

guinoline are shown in Fig. 7. The gas atmosphere used has
only a small effect on the photodegradation of quinoline.
Therefore O, is not a very active oxidant compared with H,0,
in photoassisted Fenton reactions. The H,O, consumption
during quinoline degradation can be accounted for by reac-
tions {3) and (&)

Fe** +H,0,—~Fe** + OH' +OH "~ (4

One electron is scavenged in the reduction of either HO;
or OH radicals

HO, +e™ - 0OH™ +%02 (5)

HO +e~ —OH~ (6)

It can be suggested from reactions (3)-(6) that, if O, isa
slow oxidative agent, it will only be marginally involved in
the overall degradation process. If one electron is scavenged
by one molecule of H,Q,, four molecules of H,0, will be
required per molecule of Q. In Section 3.2, Eq. (2) shows
that the mineralization of one molecule of quinoline produces
nine molecules of CO, and one molecule of nitrate. The
conceniration of Fe** ions used is approximately 50% higher
than that of quinoline. Taking this and Egs. {3)~(6) into
account, the contribution of Fe®* cations 10 the overall stoi-
chiometry is negligible. In this case, the H,0, to quinoline
ratio wiii have a lower limit of approximately 48 if oxygen
15 not consumed during the degradation.

The information presented in Fig. 5 suggests that the ratio
of H;0, 10 quinoline changes during the course of the reac-
tion. After two additions of H,0,, this ratio is about 33 as
indicated by the arrows in Fig. 5. This confirms the partici-
pation of oxygen during quinoling photodegradation. The
most probable type of reaction wili lead to the formation of
carboxy or carboperoxy radicals [12,14,20]

R'{carboperoxy) +0,—~RO, ()

In Ar-purged solutions, oxygen originating from reaction
{5} will be able to participate in the photodegradation. If all
the added H,0, undergoes reduction, the following stoichi-
ometry will follow

CyH;N +24H,0, ~9C0, + HNO, + 27TH,0 (8)

In this case, two electrons will be scavenged per molecule of
H,0,. The lower limit for the H,0, to quinoline ratio in this
case is 24.

34, Effect of pH on the rate of TOC reduction

After the addition of FeCl, (1.5 mM) to guinoline (1
miM), avalue of pH ~ 3 isobtained. At more acidic pH values,
ine 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 H,O, consumption. This suggesis
that, at more acidic pH, the reactions leading to O, formation
become favourable.

3.5. Effect of the light intensity on the photedegradation.
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,0,. The Suntest solar
simulator was used as light source in Fig. 9. The points in the
curve correspond to the full utilization of the H,0, 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** and H,0,, controiling the efficiency and availability
of the oxidant in the solution during the phetoassisted Fenton
reaction [ 12-14].
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3.6. Nature of the products observed during miineralization
in homogeneous medium

Fig. 10 presents the accelerated light-induced CO, evolu-
tion for the quinoline solution used in Fig. S. The stoichio-
metric amount of carbon mineralizes within approximately
30 min. This agrees with the decrease in the TOC values
observed in the solution. The data presented in Fig. 10 cor-
respond to a stoichiometric ratio of quinoline to CO, 0f 1 : 9.

Fig. 11 presents the data for nitrate evolution during the
photoassisted degradation of the solution used in Fig. 10.
Nitrate forms rapidly and is the only N-containing product
observed in the oxidative reaction medium. Subsequently,
80% of this intermediate decomposes within 15 min. Nitrite
and ammonia are not observed, but N, is evolved. Interest-
ingly, nitrate degradation occurs within the range of the sec-
ondary slow C-N hydrolysis reaction(s) reported previously
inFg. 5.

3.7. Heterogeneous degradation of quinoline vig irvadiatea
Ti0, suspensions

The degradation of quinoline solutions is also possible
using TiQ, suspensions as shown in Fig. 12. The addition of
H,0, alone in the dark or light daes not lead to efficient
quinoline degradation. However, when this oxidant is added
to a TiO, suspension, effective degradation is observed. Pho-
todegradation times of about 2 h are observed inFig. 12. This
is four times longer than that obtained using the Fenton
reagent with the same irradiation source (see Fig. 5).

The use of Ti0Q, semicouductor particles has been exten-
sively reported during the last decade for the heterogeneous
degradation of pollutants [2,3,21]. Titania absorbs light
below 385 nm leading to the production of OH' rudicals on
the surface (holes in the valence band oxidize surface OH™
groups as shown below)

h+ (H;0) or OH™ /TiO, — O + H %)



156 A. Nedoloujko, J. Kiwi / Journal of Photochemistry and Photobiology A: Chemisiry 110 (1997} 149-157

1 1.0

L . 160% 0 CO1 solchiomettic SMOUML  gerereveerens

03 r 08
¥ 074 %
g ost =~ CQuiasline (TOC) fos 3
B usi ~»— Carbor dioxide s
] w i
& o3 g

0.2 1 102

01

[} 00

[} 5 i) 15 20 25 30 35 40
min
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Fig. 12 suggests that these radicals plus the radicals due to
H,0, addition participate in the degradation. Other processes
may also take place through reaction intermediates on iltu-
minated TiQ, sturries. However, we were interested only in
optimizing and comparing the time span of the heierogeneous
and homogeneous processes.

4, Conclusions

The photo-oxidation of quinoline via Fenton-like reagents
has been reported in this study. The complete mineralization
proceeds with the formation of CO,, water, nitrate and N,.
The Fe’* ion-hased photo-Fenton reagent suitably acceler-
ates the degradation kinetics and the system is catalytic rather
than stoichiometric 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,O, as oxidant is
discussed, The photocatalytic degradation of quinoline pro-
ceeds at a faster rate than that observed with adapted micro-
bial strains reported extensively [ 1-3].
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