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ABSTRACT
A low-pressure (LP-UV) and medium-pressure UV lamp (MP-UV)
were compared on the formation of nitrite, AOC and mutagenicity
using pre-treated surface water in a bench-scale UV unit. The
results have been compared with the by-product formation in a MPUV pilot installation at WTP Berenplaat of Water Supply Company
Europoort. It was found that although significant nitrite formation
occurred in the MP-UV bench-scale experiments, it remained below
the standard (0.1 mg/L NO2-) in the pilot plant. LP-UV gave no or
very low amounts of nitrite. The AOC and mutagenicity increase
with LP-UV was negligible. However, the AOC content and
mutagenicity after MP-UV irradiation in the bench-scale unit was
significant. AOC formation also occurred in the pilot installation.

The mutagenicity was elevated but not significant. Distribution of
biologically stable water is realized by reducing the AOC
concentration using GAC filtration after UV disinfection.
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INTRODUCTION
Since the early eighties of the last century, water utilities in the
Netherlands

are

using

ultraviolet

radiation

primarily

for

groundwater disinfection (E. coli, Aeromonas) and for reduction of
heterotrophic plate counts (HPC) in riverbank filtrate after GAC
filtration. UV fluences between 200 and 400 J/m2 were applied.
Examples are the locations of De Landeus (E. coli) and Hardinxveld
(HPC).

For

Zevenbergen

post

disinfection

Water

Supply

of

surface

Company

water

at

location

North-West-Brabant

(nowadays Brabant Water) built a demonstration UV plant for the
reduction of HPC counts up to 5000/ml (22 °C) in GAC filtrate. UV
was studied on full scale as an alternative for post chlorination to
avoid side effects like mutagenicity and the formation of significant
amounts of adsorbable organohalogens (AOX). At UV fluences
above 100 J/m2 a 3.5-log reduction was achieved, while a complete
elimination was measured at UV fluences of 160 – 230 J/m2. At this
fluence level, by-products measured as AOC and mutagenicity
(Ames) were insignificant (1).

Since the early nineties several studies have been started on the
applicability of direct photolysis and UV-driven oxidation of
dissolved micropollutants (2 – 5). During application of these
processes (MP-UV, 7500 – 15000 J/m2, up to 25 g/m3 H2O2) for the
degradation of recalcitrant compounds like pesticides and solvents
(i.e. 1,4-dioxane), AOC formation occurs up to concentrations of
100 µg AcC eq/L or higher (4). Although these UV-doses are much
higher than those currently applied for disinfection purposes, it
suggests that by-product formation may occur to a certain extend
during UV disinfection at fluences >400 J/m2.
Until a few years ago, UV disinfection was not considered
applicable for primary disinfection of surface water because of the
extremely high doses needed to inactivate protozoan oocysts.
Campbell and co-workers reported that UV fluences of 87480 J/m2
were needed to realize >2 log inactivation of Cryptosporidium
parvum oocysts (6). However, the discovery in 1998 that
Cryptosporidium parvum oocysts are readily inactivated by
medium-pressure UV irradiation has rendered UV as a primary
disinfection barrier, since these oocysts are highly resistant to
conventional disinfectants (7).
Recently,

Water

Supply

Company

Europoort

studied

the

applicability of UV for primary disinfection of surface water for WTP
Berenplaat. It was found that an UV fluence of 1200 J/m2 was
needed to achieve a 1.5-log inactivation of sulfite-reducing
clostridia spores (SSRC).
This paper focuses on the side effects of UV disinfection of pretreated water using both low (LP-UV) and medium-pressure UV (MPUV) lamps for fluences up to 900 J/m2. The formation of
biodegradable organic carbon, measured as assimilable organic

carbon (AOC), formation of nitrite by reduction of nitrate as well as
the effect of UV radiation on mutagenicity are presented.

MATERIALS AND METHODS
Experiments on by-product formation using low (LP-UV) and
medium-pressure (MP-UV) UV lamps were performed with a benchscale UV unit. This unit was equipped with one UV lamp surrounded
by 3 small quartz cells which could be used in series. The water
depth is very low (~ 2 – 3 centimeter) causing the water to pass the
lamp at very short distances. The UV lamps used were a LP-UV
(B160VIK from Berson, 130 W output) and a MP-UV (B2020 from
Berson, output 2 kW, F200 quartz tubes). The pilot UV installation
(180 m3/h) was equipped with 4 MP-UV, which were identical to the
MP-UV as applied in the bench-scale unit. Figure 1 shows the
emission spectra of the UV lamps used in this research.
Biesbosch water, after storage pre-treated by microstraining,
coagulation (Fe(III)) and floc blanket clarifying in the full-scale WTP
Berenplaat was applied for this study. During all experiments the
UV transmission (254 nm, 1 cm path length) of the pre-treated water
was 90%.
Biodosimetry tests were performed using Bacillus subtilis spores
(ATCC 6633) calibrated by the University of Vienna. The spores
were either dosed to a large volume of water (bench-scale unit) or
injected to the water flow (pilot installation). The concentration of
the spores was measured in the non-irradiated and in the UVirradiated water. For the AOC analyses strains of P17 and Nox were
applied, using the standardized method as described by Van der

Kooij (8). Nitrate was analyzed with ion chromatography and nitrite
was measured spectrofotometrically. Mutagenicity was measured
with the Ames test (Salmonella typhimurium strain TA98, with and
without in vitro microsomal activation (S9 mix) and extracted at pH2
and pH7).
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Figure 1: Emission spectra of the LP-UV (left) and MP-UV (right)
lamps.

RESULTS OF MEASUREMENTS
BIODOSIMETRY
The delivered UV fluences in both the bench-scale UV unit and the
pilot installation were measured by means of biodosimetry with
Bacillus subtilis spores as described in the previous section. Table
1 shows the corresponding Reduction Equivalent Fluences (REF)

using the low-pressure (LP-UV) and medium-pressure UV lamps
(MP-UV).
Table 1:

REF by biodosimetry with Bacillus subtilis spores in the
bench-scale UV unit.

Type of UV lamp
LP-UV

MP-UV

Log inactivation Bac.

REF

subtilis spores

(J/m2)

2.52

470

4.56

760

5.56

910

1.18

270

4.35

730

5.55

910

BY-PRODUCT FORMATION
Nitrite
The formation of nitrite was measured with both the low and the
medium-pressure UV lamp under disinfection conditions with REF’s
between 200 and 900 J/m2 (see figure 2 and table 2). Figure 3 shows
the concentrations of nitrite in the water after UV treatment in the
pilot installation.
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Figure 2: Nitrite

concentrations

in

UV

irradiated

pre-treated

surface water measured in the bench-scale UV unit.
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Figure 3: Nitrite

concentrations

in

UV

irradiated

pre-treated

surface water measured in the MP-UV pilot installation.
[NO3-] = 13 – 15 mg/L.

Table 2:

Nitrite and AOC formation in the bench-scale unit and in
the pilot installation.

UV fluence

Nitrite formation

AOC formation

(J/m2)

(µg/L)

(µg AcC eq/L)

Bench-scale

Pilot unit

unit

Bench-scale

Pilot unit

unit

Low-pressure UV lamp
470

< 31

-

3.6

-

760

< 31

-

4.0

-

910

< 31

-

4.7

-

Medium-pressure UV lamp
3.6

8.7

-

270

119

600

-

~ 23

-

730

528

~ 23

11

-

910

871

~ 20

18

-

10 – 18

Assimilable Organic Carbon (AOC)
Organic matter as present in any kind of natural water absorbs UV
radiation mainly at wavelengths below 250 nm (see figure 4). This
might result in degradation of natural organic matter causing the
formation of low-molecular or assimilable organics, in particular on
application of MP-UV. It is well known that the formation of such
organics may cause regrowth in the distribution network (9). Figure
5 presents the AOC formation in the MP-UV pilot installation
whereas figure 6 shows the AOC concentrations versus the REF in
the bench-scale unit.
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Figure 4: UV scan of a typical natural water.
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Figure 5: Amount of AOC in the untreated and UV treated water in
the UV pilot installation at a REF of 600 J/m2.
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Figure 6: Amount of AOC in the raw (0 J/m2) and irradiated water
(a) LP-UV, (b) MP-UV, and (c) MP-UV discriminating
between the P17 and Nox strain. Markers in the bars
indicate the analysis error.

Mutagenicity
The number of spontaneous revertants and induced revertants after
UV irradiation are presented in table 3.

Table 3:

Number of revertants in pre-treated water before and
after UV irradiation at pH 7 based on the TA98 strain
without S9.
Mutagenicity
(revertants/L)

Type of

REF

UV lamp

(J/m2)

Bench-scale unit

Pilot plant

LP-UV

470

17

-

910

20

-

270

109

-

600

-

42

910

142

-

-

17

30

MP-UV

-

(spontaneous revertants)

DISCUSSION
NITRITE FORMATION
Research performed by Von Sonntag and co-workers (10) showed
that UV radiation at wavelengths <240 nm enables the cleavage of a
nitrogen – oxygen bond in a nitrate molecule resulting in the
formation of nitrite. Also DOC and dissolved inorganic carbon like
CO2 seem to have significant effects on the nitrite level in the UVirradiated water during photolysis of nitrate-containing water (11).
From this it is expected that nitrite formation will occur during UV
irradiation

of

nitrate

in

waters

using

non-filtered

MP-UV

(200 – 320 nm). No or very low levels of nitrite will be formed by LPUV.
The results of the measurements with the bench-scale UV unit show
significant amounts of nitrite after irradiation with MP-UV using UV
fluences up to 910 J/m2. However, the nitrite concentrations found
in the water after UV irradiation at 600 J/m2 in the MP-UV pilot
installation are considerably lower, 0.03 mg NO2-/L (pilot) versus
0.53 mg/L NO2- in the bench-scale unit (730 J/m2), respectively. The
standard for nitrite in drinking water in the Netherlands is 0.1 mg
NO2-/L. Based on this study, it can be concluded from these results
that nitrite formation can be controlled under practical conditions.
In contrast to the fluence in the bench-scale unit and the pilot
installation (730 vs. 600 J/m2), the nitrite formation in the benchscale unit is more than 20 times higher than in the pilot unit (see
table 2). Considering this might be due to the difference in set-up of
both UV-units, the effect of the absorption of nitrate between
200 – ~250 nm on the average irradiance through the water was
modeled (12). Using an arbitrary lamp flux, absorption coefficients
of natural water, a nitrate factor (instead of the germicidal factor)
and a divergence factor, it was found that the average irradiance in
the bench-scale unit was only a factor of about 2 higher than in the
pilot unit. Since this does not account for the large difference in
nitrite formation as described above, an explanation for this
discrepancy has not been found.

AOC FORMATION
As predicted AOC formation may occur during UV irradiation of pretreated water. The majority of AOC formed originates from
dissolved organic carbon (DOC) which absorbs UV radiation
predominantly between 200 and 250 nm (see figure 4). Using the LPUV (bench-scale unit) at REF’s of 760 and 910 J/m2 AOC increases
of 0.7 and 1.4 were measured, respectively. Based on the analytical
error of both values, e.g. 0.4 µg AcC eq/L, these values cannot be
fully distinguished. Therefore, it can be concluded that using LP-UV
systems AOC formation is limited. The AOC concentration
increased to about 18 µg AcC eq/L in the bench-scale UV unit using
MP-UV at 910 J/m2. On application of MP-UV in the pilot installation
an AOC concentration of 10 – 18 µg AcC eq/L (influent AOC
concentration 5 – 15 µg/L) was measured at a REF of 600 J/m2. This
suggests that the AOC formation in the pilot system is less
prominent than in the bench-scale system as has been observed for
nitrite formation. Moreover, after GAC filtration, the concentration of
15 – 20 µg AcC eq/L was reduced to <10 µg AcC eq/L (see figure 5).
From the AOC analyses it was found that especially the Nox strain
contributes to the AOC concentrations found in the treated water. It
is well known that the Nox strain grows pre-dominantly by
consumption of carboxylic acids (13), suggesting that these
compounds are produced by UV irradiation of this type of water. If
UV-GAC treated water has a biofilm formation potential, additional
precautionary actions (measures) may be necessary. On the other
hand, the formation of AOC out of DOC may be limited by using
quartz tubes with coatings filtering out wavelengths lower than 240
or 250 nm.

MUTAGENICITY
The number of induced revertants as measured with the MP-UV in
the bench-scale UV unit and in the pilot installation were 142
(versus 17 spontaneous revertants) and 42 (versus 30 spontaneous
revertants) respectively. This indicates that the results obtained
concerning mutagenicity are comparable to the results with nitrite
and AOC formation in the bench-scale installation: no or negligible
increase with LP-UV but significant increases with MP-UV. The
number of revertants was increased in the MP-UV pilot installation
but this was not significant. It may be concluded that, although
limited, mutagenicity may occur using MP-UV systems. As
concluded earlier with the formation of AOC, application of GAC
filtration and coated quartz tubes with a cut-off at 240 nm may
prevent the occurrence of mutagenicity in such systems. No
increase in mutagenicity was found using low-pressure UV lamps
(14).
As is for nitrite and AOC formation, the cause of the significant
difference in mutagenicity of the UV-irradiated water in the benchscale unit compared to the pilot installation is unclear.

CONCLUSIONS
During UV disinfection of pre-treated natural waters by-product
formation may occur. This research focussed on the formation of
nitrite, assimilable organic carbon (AOC) and mutagenicity using a
low-pressure (LP-UV) and a medium-pressure UV lamp (MP-UV) in a
bench-scale UV unit. The results have been compared with the

results of a pilot UV installation equipped with the same mediumpressure UV lamps as the one used in the bench-scale UV unit.
On application of the LP-UV (bench-scale unit), AOC and nitrite
formation and mutagenicity was insignificant. However, with the
MP-UV bench-scale set-up AOC and nitrite formation as well as
mutagenicity appeared to be significant. Concerning these byproducts, the formation level in the MP-UV pilot installation was
either insignificant (nitrite, mutagenicity) or controllable based on
an additional post GAC treatment (AOC).
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