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ABSTRACT

This paper investigates the photochemical degradation of natural organic matter (NOM)
which impacts the production of drinking water. Two types of reactors (with or without
immobilised TiO2) and two types of 15W low pressure mercury lamps (one emitting only at
254 nm and the other emitting at both 254 and 185 nm) were used. After 150min of treatment
of NOM-containing waters, the achieved average removals were 77% for the UV-absorbance
at 254 nm (UV254), 83% for the colour and 70% for the dissolved organic carbon. Regardless
of the initial concentration, the colour increased until it reached a maximum value before
decreasing. It is believed that during degradation, aromatic components of the NOM struc-
ture are transformed into intermediates which have much higher absorbance at 410 nm than
their parent compounds. The investigation of the effect of various electron scavengers
(oxygen (O2), hydrogen peroxide (H2O2) and peroxodisulphate (S2O

2�
8 )) has shown that

S2O
2�
8 could increase the degradation rate by a factor 4 compared to the experiment without

addition of any electron scavenger, while it was only 2 and 3 for O2 and H2O2, respectively.
However, the use of S2O

2�
8 is limited by its cost and sulphate ion residual.

Keywords: Advanced oxidation; Electron scavenger; Natural organic matter; Peroxodisul-
phate; Photocatalysis; Vacuum UV

1. Introduction

Natural organic matter (NOM) occurs in all natural
water sources when animal and plant materials break
down. The main terrestrial NOM component is attrib-
uted to humic substances. Humic substances can be
divided into three groups depending on the method
of isolation from the original substance. These are ful-
vic acid, humic acid and humin [1]. The mechanism of
formation of humic substances and their structures are

not well described but they are known to contain high
carbon content (50–60%) of both aliphatic and aro-
matic character and to be rich in oxygen-containing
functionalities [2].

Humic substances represent a serious issue for the
drinking water production for several reasons. They
impart a brown/yellow colour to water [3,4], they can
complex with metals [5,6] and organic pollutants, such
as pesticides [7]. Moreover, they diminish the removal
of other contaminants, they foul membranes, they can
reduce the disinfection efficiency, and finally they are
the precursors of mutagenic halogenated compounds*Corresponding author.
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in water formed after chlorination (disinfection by-
products) [8,9]. In addition, recent data have shown
significant increase in NOM concentration and reactiv-
ity across Scandinavia [3,4] and Germany. However, it
is in the UK that the largest proportional increase has
occurred [3,10]. Indeed, this observation could be
attributed to climate change which certainly might
affect the treatment strategy to produce drinking
water from surface water [3].

Among methods for NOM removal, the most used
for practical and economical reasons is coagulation/floc-
culation. This method is effective at removing NOM but
only the large molecular weight hydrophobic fraction of
it, leaving the hydrophilic fraction behind. Hence, the
water treatment facilities need to invest in additional
NOM removal methods where the existing water treat-
ment process becomes inadequate. Recently, there is a
growing interest on the evaluation of the use of
advanced oxidation processes (AOP) to mineralise
NOM and other micropollutants. AOPs generate hydro-
xyl radicals (HO•) which are the second strongest oxi-
dant after fluorine and are able to oxidise and
mineralise almost every organic molecule, yielding CO2

and inorganic ions. The UV/TiO2 photocatalytic process
is among the most studied AOP. Literature reports that
it effectively treats NOM with up to 80% removal of
TOC and 98% of colour. However, if an insufficient
treatment time is used, easily biodegradable organic
matter may remain in the solution [11,12] that would
require a subsequent biological treatment. Vacuum
ultra-violet (V-UV) lamps can be used for water [13] and
air treatments [14]. By producing a large amount of HO•

via the photolysis of water, such lamps have a consider-
able potential for application [15]. Combining V-UV and
photocatalysis has shown to be very efficient [16].

In this work, we have used a commercial unit with
immobilised TiO2 (to avoid a separation step) irradiated
with a low pressure mercury lamp emitting at two
wavelengths 254 and 185 nm for the treatment of NOM-
containing water. To evaluate each process within the
commercial unit, a copy of the photoreactor without
immobilised TiO2 and another lamp emitting only at
254 nm have also been used. In addition, in order to
improve the oxidation, the effects of oxygen, hydrogen
peroxide and peroxodisulphate have been investigated.

2. Materials and methods

2.1. Chemicals

All the chemicals for these experiments were of
laboratory reagent quality. Hydrogen peroxide (35%
(v/v)), Phosphoric acid (85% (v/v)), potassium
peroxodisulphate, hydrochloric acid and sodium
hydroxide were purchased from Merck. The NOM con-

centrate used is a regeneration solution from an anion
exchanger for NOM removal at a drinking water treat-
ment plant in Meråker, Norway. Fractionation follow-
ing the method described in [3], was used to determine
the concentrations of four NOM fractions: very hydro-
phobic acids (VHA), slightly hydrophobic acids (SHA),
charge hydrophilics (CHA) and neutral hydrophilics
(NEU). The results showed that the VHA fraction was
the dominant fraction (64%) followed by the SHA frac-
tion with 16%, then the CHA fraction with 11% and the
NEU fraction with 9%. Further comparison of the raw
water used in this study with natural water, obtained
from a lake near Trondheim, Norway, showed no sig-
nificant differences. Indeed, for this natural water,
VHA fraction was also the dominant fraction (71%), fol-
lowed by the SHA fraction with 14%, then the NEU
with 10% and the CHA fraction with 5%.

2.2. Experimental set-up

Experiments were conducted in batch mode using
an annular reactor (M300 water purifier�) provided by
Wallenius Water AB. The photoreactor was 330mm
high, with an inner diameter of 44mm and the lamp
was placed in the centre of the photoreactor with a
quartz tube protection (diameter 22mm). In order to
investigate the importance of each process involved
(namely photolysis, photocatalysis and V-UV photoly-
sis of water) during the degradation of NOM by this
system, different configurations were used. As previ-
ously mentioned, two types of reactors (with or without
immobilised TiO2) and two types of 15W low pressure
mercury lamps (one emitting only at 254 nm and the
other emitting at both 254 and 185 nm) were used. The
two lamps had an approximate photon flux of (1.2 ±
0.1) × 10−5mol s−1 at 254 nm. The available water vol-
ume of the photoreactor was 0.34 L and the total vol-
ume of the batch was 10 L. Gases (N2, air or O2) were
added at a flow of 250mLmin−1 before the inlet of the
photoreactor. A schematic sketch of the reactor and the
complete system set-up is shown in Fig. 1.

The solution was continuously re-circulated
through the photoreactor using a pump at a flow rate
of 800 L h−1 corresponding to a turbulent flow regime
(Re ~ 18,000), which allowed an efficient transport of
NOM towards the oxidation sites. The temperature of
the solution was maintained at 20˚C.

2.3. Preparation of NOM solutions

The water solutions used in this study were
prepared by mixing distilled water and the NOM
concentrate (Origin provided in section 2.1). Before
mixing with water, the concentrate was acidified to
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pH 7 (by adding HCl) in order to reduce the
carbonate to an acceptable level by stripping off the
CO2. The characteristics of the resulting water quality
were as follows: Colour: 50mg Pt L−1; Conductivity:
590 μS cm−1; DOC: 6.3 mg L−1; and UV254: 0.37 cm−1.
The resulting alkalinity was between 0.3 and 1mM
depending on the amount of added sodium
bicarbonate.

2.4. Addition of hydrogen peroxide and potassium
peroxodisulphate

2.4.1. Hydrogen peroxide (H2O2)

Various amounts of H2O2 (35% v/v) were used
to have an initial concentration varying from 0.25 to
1.5 mmol L−1. The H2O2 was directly added to 10 L
of NOM-containing water.

2.4.2. Potassium peroxodisulphate (K2S2O8)

A stock solution consisting of 3 g of K2S2O8 dis-
solved in 1 L distilled water was prepared. The stock
solution was then diluted by 1/10 (v/v) with NOM-
containing water to give a total volume of 10 L with a
final concentration of 300mg L−1 (or 1.1 mmol L−1) for
the K2S2O8 and the correct NOM content (Colour 50
mg Pt L−1 and DOC = 6.3 mg L−1). Peroxodisulphate is
not commonly used for the drinking water treatment
but commonly employed for the treatment of fluids in
the petroleum industry [17] for the treatment of haz-
ardous wastewater [18–20] and as reaction initiator
[17]. The peroxodisulphate (S2O

2�
8 , Eo = 2.01 V) is a

strong oxidant that can be activated to generate an

even stronger oxidant known as a sulphate radical
(SO��

8 , Eo = 2.4 V) [21].

2.5. Analyses

Samples were taken from the feed tank during
irradiation and filtered through 0.45 μm Millipore
membrane filters. Alkalinity and pH were analysed
using Metrohm Titroprocessor 726 equipped with
sample changer 717 and Dosimat 685. Dissolved
organic carbon (DOC) was analysed using a carbon
analyser Tekmar Dohrmann Apollo 9,000 total
organic. Prior to the DOC analysis, pH was adjusted
to 2 using phosphoric acid. Turbidity was measured
using a HACH 2100N turbidimeter. Colour (which is
the number representing the platinum concentration—
mg Pt L−1—in a platinum cobalt chloride solution that
has the same absorbance at 410 nm as the sample)
and UV254 (which is the absorbance at the wavelength
254 nm) were measured using a Hitachi U-3000 Spec-
trophotometer. Prior to UV254 and colour measure-
ments, the samples were adjusted to pH 7 using HCl
and NaOH.

3. Reaction mechanisms

In one of the experimental configurations, the unit
used combines a lamp emitting at 185 and 254 nm and
a reactor with immobilised TiO2 on the internal sur-
face. Under such experimental conditions, three differ-
ent processes can take place in the reactor and
degrade the organic compounds contained in the
water: UV photolysis and two AOPs: TiO2 photocatal-
ysis and V-UV water photolysis. One may also envis-
age that ozone could be formed from oxygen
absorbing V-UV irradiations. However, due to low
dissolved oxygen concentration in water and its weak
absorption coefficient at 185 nm (about 0.1 cm−1 atm−1

in the gas phase [22]) compared to the much larger
water concentration and extinction coefficient at 185
nm (1.8 cm−1) [23], the production of ozone is not
believed to occur in the aqueous phase.

3.1. Direct UV photolysis

NOM are conjugated olefinic, aromatic, phenolic-
semiquinone-quinone structures containing macromol-
ecules of humic acid with a wide spectrum of
functional groups (−C=O, −COOH, −OH, −NH−,
−N=) and chromophores that are capable of absorbing
electromagnetic radiations [24]. Consequently and
according to the UV–visible spectrum of the NOM

Fig. 1. (a) Schematic sketch of the annular V-UV/UV/TiO2

reactor. When using the UV or the V-UV system with or
without TiO2. (b) Experimental set-up.
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solution, (Fig. 2, t = 0min) a direct photolysis of NOM
by the irradiation at 254 nm could occur.

3.2. V-UV photolysis of water

Since the 185 nm irradiation is situated in the
V-UV, the photolysis of water occurs and leads to the
formation of hydroxyl radicals with a quantum yield
of 0.33 (Eq. (1)) [25]. In turn, generated HO• oxidises
the NOM.

H2Oþ hv ðV�UVÞ ! HO� þH� (1)

3.3. UV/TiO2 photocatalysis

During excitation, the energy is transferred to the
semiconductor (TiO2) through UV irradiations with
sufficient energy (λ ≤ 380 nm) and electrons are
excited and leave the valence band (VB) for the con-
duction band (CB) leading to the creation of positive
holes (h+) in VB and a liberation of electrons (e−) in
the CB (Eq. (2)). On the TiO2 surface, the holes (h+)
react with H2O or OH− engendering hydroxyl radi-
cals (HO•) (Eqs. (3) and (4)). At the same time, elec-
trons transferred into the CB, can react with oxygen
and form superoxide anions (O��

2 ) (Eq. (5)). The
superoxide ion can further react with water giving
additional hydroxyl radicals, hydroxide ions and oxi-
des (Eqs. (6) and (7)). OH− from the latest reaction
can react with the holes in the VB generating even
more hydroxyl radicals (Eq. (4)). The hydroxyl radi-
cals with their strong oxidising capacity together

with the oxidising capacity of the positive holes gives
powerful oxidation of the organic compounds
adsorbed to the TiO2 surface [26].

TiO2 þ hvðk 6 380 nmÞ ! hþ
ðVBÞ þ e�ðCBÞ (2)

hþ þH2O ! HO� þHþ (3)

hþ þOH� ! HO� (4)

e� þO2 ! O2
�� (5)

2O2
�� þ 2H2O ! H2O2 þ 2OH� þO2 (6)

H2O2 þ e� ! OH� þHO� (7)

4. Results and discussion

4.1. Degradation of NOM by the V-UV/UV/TiO2 reactor

4.1.1. UV254, colour and DOC removal

The changes in the absorption spectrum of the
NOM during the photodegradation process at differ-
ent irradiation times are shown in Fig. 2. The spec-
trum of NOM in the UV–visible region displays a
superposition of absorption bands corresponding to a
composite local-excitation band, a composite benze-
noid band and a composite electron-transfer band, as
reported in the literature [27]. During the irradiation,
the decrease of absorption peaks (Fig. 2) indicates a
rapid transformation or degradation of the NOM
chromophores.

Fig. 2. UV–visible spectrum of the NOM solution at different irradiation times using the (UV/V-UV/TiO2) system, (pH 7;
Colour 50mg Pt L−1; and DOC = 6.3mg L−1).
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The changes in UV254, colour and DOC have been
monitored during the degradation, and the results are
shown in Fig. 3. DOC was less frequently analysed,
for the reason that a large reaction volume is required
per analysis. According to UV254 and colour measure-
ments, the degradation of the NOM appeared to be
near completion after 150min, with reduction of 77
and 83%, respectively. However, DOC analysis sug-
gested that mineralisation is lower, reaching 70%
removal. These results indicate that significant chemi-
cal changes have occurred in the NOM structures via
oxidation due to HO• or photo transformation since
the conjugated bonds (including unsaturated alde-
hydes and aromatics) absorb at 254 nm. In contrary to
absorbance at 254 nm, colour does not follow a first-
order kinetic but a more complex kinetic. Regardless
of the initial concentration, the development of the
colour (Fig. 3) and the absorbance in the region of 400
nm (Fig. 2) show an increase until it reaches a maxi-
mum value before decreasing. To our knowledge, this
phenomenon has not been reported in the literature. It
is believed that, during the degradation of some aro-
matic compounds within the NOM structure, there is
a production of intermediates which have a much
higher absorbance at 410 nm than the parent com-
pounds. Further research will be carried out to investi-
gate the intermediates formed and to bring answers to
this phenomenon.

DOC was reduced at a rate slower than the reduc-
tion of both UV254 and colour, reaching a removal of
approximately 70% after 150min, which confirms that
the NOM is not degraded directly to carbon dioxide
and water but via various reactions leading to the
formation of many intermediates having different
removal rates and contributing to the DOC level and
to the UV–visible absorbance. Indeed, it is well known

that oxidation and photolysis break down large mole-
cules into smaller intermediates which are character-
ized as low molecular acids and neutral compounds
[28,29].

4.1.2. Kinetic study

In general, the photocatalytic degradation can be
well described by the Langmuir–Hinshelwood kinetic
model, in which the reaction rate (r) varies proportion-
ally with the surface coverage (θ) and is a function of
the concentration C [26]:

r ¼ dC

dt
¼ krh ¼ krKC

1þ KC
(8)

where C is the concentration of pollutant (mol L−1), t
is the irradiated time (s), kr is the Langmuir–Hinshel-
wood photocatalytic rate constant (mol L−1 s−1) and K
is the adsorption constant (Lmol−1). However, accord-
ing to [26] at low concentration (C < 10−3 M), the prod-
uct KC is negligible with respect to unity, leading to
Eq. (9) which describes the first-order kinetics as
follows:

r ¼ krKC ¼ kPhotocatalyseC (9)

The absorbance at 254 nm has been used as a measure
to assess the kinetics and establish the efficiency of the
different processes involved.

Results in Fig. 4 obtained using different configura-
tions (without addition of gas), show that the two
other processes (photolysis and V-UV) follow also a
pseudo-first-order kinetic. Consequently, when the
complete process (V-UV/UV/TiO2) is used for the
removal of the UV254, a pseudo-first-order reaction
kinetic can be employed:

r ¼ dUV254

dt
¼ �ðkPhotocatalyse þ kPhotolyse þ kV�UVÞUV254

¼ �kappUV254

(10)

Thus, the development of the UV254 is modelled by
the Eq. (11):

ðUV254Þt ¼ ðUV254Þ0 e�kapp:t (11)

All the degradations have been found to be well mod-
elled by the pseudo-first-order kinetic (Fig. 4) and the
rate constants are reported in Table 1.

It is obvious that the most efficient process for
NOM removal in this unit is the V-UV process which

Fig. 3. Changes in colour, UV254 and DOC of NOM-con-
taining water during irradiation using the (UV/V-UV/
TiO2) system, (pH 7; Colour 50mg Pt L−1; and DOC = 6.3
mg L−1).
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represents 76% of the total removal efficiency at a
given time. The photolysis and photocatalysis contrib-
ute considerably less to the NOM degradation than
the V-UV process. However, generated HO• from V-
UV is only able to oxidise NOM in a layer close to the
quartz sleeves of the lamp. Indeed, 99% of the irradia-
tion at 185 nm is absorbed in 10mm thickness due to
the high absorptivity of water at 185 nm (3.2 cm−1)
[23].

4.2. Effect of pH

The results in the Fig. 5 show that the rate of deg-
radation is increasing with the pH and this phenome-
non could be explained as follows:

� A majority of acidic groups will be ionised above
pH 4 and a majority of phenolic groups will only
be ionised above pH 9 [30]. This ionisation will
lead to a negative charge on the humic acid mol-
ecules and consequently to repulsions, engender-
ing linear humic acids [30–32]. This linear
conformation offers the oxidants better accessi-

bility to the double bonds than in coiled mole-
cules at lower pHs [33–35].

� Another contributing effect is the higher concen-
tration of hydroxyl anions at higher pH giving
increased generation of hydroxyl radicals (Eqs.
(4) and (12)) [30].

OH� þ hvð185 nmÞ ! OH� þ e�ðsolvatedÞ (12)

4.3. Effect of carbonates

Carbonate and bicarbonate ions are known to be
radical scavengers, and since CO��

3 (1.78 V/ENH) is
much less reactive than HO• (2.8 V/ENH), inhibition
by carbonate ions influences the degradation. Results
in Fig. 5 illustrate that the effect of added sodium
bicarbonate is more pronounced at pH 10 than at pH
7 and 5. This is caused by the relative distribution of
carbonate species, and the fact that CO2�

3 is a more
efficient HO• scavenger than HCO�

3 . According to
some authors [36,37], carbonate ion has a more

Fig. 4. Normalised experimental and calculated (—) absor-
bance at 254 nm for NOM in the feed tank vs. irradiation
time using different reactor configurations (pH 7; Colour
50mg Pt L−1; and DOC = 6.3mg L−1). Calculated absor-
bance vs. time was determined using Eq. (11).

Table 1
Pseudo-first-order rate constants for the different reactor configurations

UV254

(Photolysis)
UV185+254 (Photolysis +
V-UV)

UV254-TiO2 (Photolysis +
Photocatalysis)

UV185–254-TiO2 (Photolysis +
Photocatalysis + V-UV)

kapp 5.4 × 10−4

min−1
5.3 × 10−3 min−1 9.7 × 10−4 min−1 6.2 × 10−3 min−1

Fig. 5. The effect of pH and carbonates on the apparent
photodegradation rate constants of NOM using the (UV/
V-UV/TiO2) system (Lamp 185 + 254) and (Colour 50mg
Pt L−1). Calculated kapp was determined using Eq. (11).
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important effect than bicarbonate ion which is illus-
trated by reaction rates for Eqs. (13) and (14).

HCO�
3 þ�OH ! CO��

3 þH2O

k1 ¼ 8:5� 106 M�1 s�1 (13)

CO3
2�þ �OH ! CO3

�� þOH�

k2 ¼ 3:8� 108 M�1 s�1 (14)

Hence, the presence of carbonate species in the water
can result in a significant reduction in the removal
efficiency of NOM. In order to avoid such reductions,
the pH in waters highly carbonated should be as low
as possible to convert carbonate and bicarbonate to
bicarbonate and carbonic acid, respectively. However,
in less-carbonated water a higher pH is recom-
mended.

4.4. Effect of added electron scavengers

During the operation of the V-UV/UV/TiO2 reac-
tor, electrons are transferred to the conduction band
(Eq. (2)) and solvated in water (Eqs. (15, 16)).

H2Oþ hmð\200 nmÞ ! ½e�; H2O
þ� þ ðH2OÞ (15)

½e�; H2O
þ� þ ðH2OÞ ! e�aq þHO� þH3O

þ (16)

Therefore, a recombination of electrons with positive
holes (Eq. (17)) and with hydroxyl radicals (Eq. (18))
could occur and reduce the available amount of
hydroxyl radicals.

TiO2 ðhþ þ e�Þ ! TiO2 (17)

HO� þ e�ðsolvatedÞ þHþ ! H2O (18)

The only way to avoid or limit such recombination is
to scavenge the electrons formed by adding a com-
pound which is an electron acceptor. Three different
electron scavengers namely O2, H2O2 and S2O

2�
8 have

been evaluated for this purpose. Fig. 6 reports the
obtained results with respect to UV254 and colour
removal. The effects are discussed in the following
subsections.

4.4.1. Effect of oxygen

The oxygen concentration is a very important
parameter for both the photocatalysis process [38] and
for the V-UV process [39,40]. It could play a key role

in the adsorption onto TiO2 [30], for the formation of
oxidising species [13,15], and on the mineralisation of
organic pollutants [38,40]. Indeed, oxygen reacts with
an electron to form a superoxide anion (Eq. (5)), or
with hydrogen peroxide formed in situ leading to HO•

(Eq. (7)). These reactions limit the recombination
between the different charges (e− with h+ or HO•). Its
effect has been assessed using three different condi-
tions namely, addition of air (before and during the
irradiation experiment), oxygen and nitrogen, allowing
different oxygen concentrations in the photoreactor.
Fig. 7 confirms a faster degradation with oxygen than
with air or nitrogen addition. Therefore, an addition
of oxygen could be considered to optimise the effi-
ciency of such unit when treating NOM-containing
waters. An even more improved oxidation could also
take place if the oxygen is added directly in the reac-
tor, as under V-UV irradiations (<200 nm) oxygen bub-
bles generate ozone [41], which is known to be a
strong oxidant able, in turn, either to oxidise directly
the NOM molecules or indirectly by generating more
HO•. Ozone is not produced in the configuration
tested in this study, as the oxygen is introduced in the
solution prior to enter the reactor.

4.4.2. Effect of H2O2

Added H2O2 enhances the UV and colour removal
significantly as shown in Fig. 6. The reaction kinetic
obeys a first-order reaction with respect to UV254. In
addition to scavenging electrons (Eq. (7)), H2O2 is
transformed into hydroxyl radicals via the same reac-
tion (Eq. (7)) but also via the photolysis (Eq. (19)) and
via attacks of hydrogen radicals (Eq. (20)).

When using an addition of hydrogen peroxide
there is a large potential to optimise the use of irradia-
tions emitted to produce hydroxyl radicals. However,
the applied hydrogen peroxide dosage should be opti-
mal to avoid a reduced degradation rate due to an
excess of H2O2 which scavenges HO• (Eq. (21)) [42].

H2O2 þ hv ð185þ 254Þ ! 2 HO� (19)

H2O2 þH� ! H2O þ HO� (20)

H2O2 þHO� ! HO�
2 þH2O (21)

Hence, different experiments using various concentra-
tions of H2O2 have been carried out in order to deter-
mine the optimal dose. The results reported in the
Fig. 7 show that the UV removal improves by aug-
menting the H2O2 concentration. However, from this
figure the optimal concentration seems to be close to
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1mM (34mg L−1) which is within the range that is
typically used in the literature. Indeed, when increas-
ing further the dose of H2O2, the rate does augment
but in a smaller extent. Nevertheless, the optimal dose
allows an increase in the rate of a factor 2 compared
to the experiment with O2 and of a factor 3 compared
to the experiment without added oxidant. The same
tendency was obtained for the colour removal. Fur-
thermore, one may note that at a low concentration,
the hydrogen peroxide might limit the recombination
of charges before acting as a significant additional oxi-
dation process.

4.4.3. Effect of peroxodisulphate

Compared to the experiment free of added
oxidant, the addition of S2O

2�
8 clearly enhances the

removal of UV254 and colour, as shown in Fig. 6.
Furthermore, no increase in colour has been observed
during the first stage of the treatment as was the case
for other combinations (Fig. 6). The fact that electrons
on the TiO2 conduction band and solvated electrons
are scavenged by the S2O

2�
8 (Eqs.(22–24)), avoiding

e−/h+ or e−/HO• recombination, may explain the
faster removals. Nevertheless, one may note that
photolysis of S2O

2�
8 also produces two sulphate radical

anions (Eq. (23)) which are also strongly oxidising spe-
cies (Eo = 2.6 V) that are able to oxidise directly the
NOM or via the generation of hydroxyl radicals (Eq.
(24)).

e� þ S2O
2�
8 ! SO2�

4 þ SO��
4 (22)

Fig. 6. The effect of addition of different electron
scavengers using the (UV/V-UV/TiO2) system
(Lamp 185 + 254), ([H2O2] = 1.5mmol L−1; [K2S2O8] = 1.1
mmol L−1; [O2] = 0.3mmol L−1; without gas addition; pH
7; Colour 50mg Pt L−1; and DOC= 6.3mg L−1) on the (a)
UV254 reduction and (b) colour removal.

Fig. 7. The effect of different O2 levels and addition of
hydrogen peroxide at different concentrations on the
apparent rate constant of photodegradation of NOM using
the full system (UV/V-UV/TiO2) system (Lamp 185 + 254),
(pH 7; Colour 50mg Pt L−1; and DOC= 6.3mg L−1). Calcu-
lated kapp was determined using Eq. (11).
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S2O
2�
8 þ hv ð185þ 254Þ ! 2 SO��

4 (23)

SO��
4 þH2O ! SO2�

4 þHO� þHþ (24)

S2O
2�
8 seems to be much more efficient than H2O2 for

the same initial concentration of nearly 1mM which
assures being within the allowed limit of residual sul-
phate concentration. Indeed, although sulphate does
not pose any health risk, the USEPA has listed it
under the secondary drinking water standards with a
maximum concentration of 250mg/L (1.43mmol L−1)
based on aesthetic reasons, such as taste and odour
[43,44].

Addition of S2O
2�
8 should, as addition of H2O2, be

considered for potential improvement of the process.
The only limiting factors are the high cost of peroxodi-
sulphate (30–35 $/kg) compared to hydrogen peroxide
(0.6–1.3 $/kg) [45], and high residual concentration of
sulphate ions in the treated water [19,45].

5. Conclusion

The Vacuum-UV/UV/TiO2 reactor (M300 water
purifier unit) originally designed for ballast water
treatment and disinfection, using a combination of
Vacuum-UV and UV/TiO2, has been shown to be
effective for the degradation of NOM. Within this sys-
tem, V-UV is the most efficient process in comparison
to photocatalysis and photolysis. Addition of electron
scavengers has shown to improve the efficiency of the
system by limiting the recombination or by producing
more HO• via different mechanisms during the irradi-
ation. Oxygen increased the degradation rate by a fac-
tor of 2, H2O2 by a factor of 3 and S2O

2�
8 by a factor of

4 compared to the rate of the experiment without any
added electron scavengers. Peroxodisulphate has been
shown to be the most effective electron scavenger.
However, there are two factors which could limit its
use, which are the chemical costs and the residual sul-
phate ion concentration in treated water. Overall,
based on these results, it can be concluded that such
systems are not an alternative for conventional water
treatments. Indeed, for the water quality used within
this study (80% hydrophobic acids), enhanced coagu-
lation remains the most suitable treatment technology.
Nevertheless, these systems could be considered as a
polishing step to remove remaining humic fractions
and other persistent organic compounds that may be
present. This is very relevant for several industrial
applications, as e.g. microelectronic or pharmaceutical
productions, where ultra-pure water is required.
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peroxide evolution during V-UV photolysis of water,
Photochem. Photobiol. Sci. 4 (2005) 406–408.

2656 K. Azrague and S.W. Østerhus / Desalination and Water Treatment 54 (2015) 2648–2657



[14] P. Monneyron, A. De La Guardia, M.H. Manero, E.
Oliveros, M.T. Maurette, F. Benoit-Marquié, Co-treat-
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