
Environmental
Science
Water Research & Technology

PAPER

Cite this: Environ. Sci.: Water Res.

Technol., 2020, 6, 829

Received 2nd December 2019,
Accepted 20th January 2020

DOI: 10.1039/c9ew01068h

rsc.li/es-water

Impact of vacuum UV on natural and algal organic
matter from cyanobacterial impacted waters†

Flavia Visentin, *a Siddharth Bhartia,b Madjid Mohseni,b Sigrid Peldszus,c

Sarah Dornera and Benoit Barbeaua

Cyanobacterial blooms are a growing concern around the world. A feasible approach for small treatment

plants fed by sources contaminated with cyanobacteria is vacuum UV (VUV). VUV is a promising advanced

oxidation process used to treat water impacted by cyanobacterial blooms, with potential applicability in

small and remote communities because of its simplicity. In this work, water samples from three Canadian

lakes periodically affected by cyanobacteria were used to assess the impact of natural and algal organic

matter (NOM/AOM) on treatment with VUV. NOM and AOM were characterized before and after VUV

treatment by size exclusion chromatography (SEC) and fluorescence emission–excitation matrix (FEEM).

FEEM spectra were analyzed with the parallel factor analysis (PARAFAC) tool. As a result, we found seven

principal components describing the whole dataset. Disinfection by-product (DBP) formation after VUV

treatment was analyzed and trihalomethanes (THM) yield was calculated. THM yield increased by 15–20%

after VUV treatment. Regarding DBP formation and NOM/AOM fractions from SEC, we found that humic

substances are the most important fraction causing the increase in DBP formation with at least 3 times

higher yield than the other fractions: biopolymers, building blocks, low weight molecular acids and

neutrals.

Introduction

Cyanobacteria affect freshwater resources from an esthetic
perspective and are a health and safety concern. The World
Health Organisation (WHO) has proposed two guideline
alerts for managing drinking source waters containing
cyanobacterial cells.1 In Quebec (Canada) the Ministry of
Environment developed a guidance manual for municipal
drinking water treatment plant managers in which they
suggest different actions ranging from: monitoring raw water
quality, protective measures for the water intakes and

implementation of treatment solutions.2 The presence of
cyanobacteria in the raw water could lead to toxins
(cyanotoxins) in drinking water.

Amongst potential treatment options for cyanobacterial
effected sources, advanced oxidation processes (AOP), such
as ozone (O3) + hydrogen peroxide (H2O2), ultraviolet light
(UV) + O3, UV + H2O2, are promising alternatives. AOP relies
on hydroxyl radicals (˙OH) to oxidize contaminants present in
water and they have also been proposed to simultaneously
control taste and odors (T&O) and cyanotoxins.3 However,
they can add complexity to drinking water treatment due to
the need to rely on on-line chemical injection which may vary
with water characteristics. In contrast, vacuum UV (VUV) is a
robust and simpler AOP alternative that does not require
chemical addition.4 VUV relies on the use of a standard UVC
lamp with a high purity quartz envelope and sleeve that
enables a portion of short wavelength (<200 nm) photons to
irradiate the water. These high energy photons react with
water molecules to produce ˙OH from the water itself.5 This
characteristic simplifies the operation of the system, and this
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Water impact

Cyanobacterial blooms are a growing concern around the world. These blooms events produce toxins and taste and odor issues, disturbing drinkable water
quality. Vacuum UV (VUV), an ultra violet light technology, is a promising advanced oxidation process used to treat water impacted by cyanobacterial
blooms, with potential applicability in small and remote communities because of its simplicity. Natural and algal organic matter affects VUV performance.
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process is deemed effective against pathogens (as most of the
fluence is UVC)6 and micropollutants.7 Given its non-
selective oxidant characteristic, ˙OH will react with other
compounds present in water, such as natural organic matter
(NOM).

NOM is a complex mixture of organic substances in
surface waters. Its presence adds color to water and may
create aesthetic problems, such as T&O. In addition, NOM
acts as a reservoir of precursors for the production of
disinfectant by-products (DBP) following its reaction with free
chlorine during oxidation.

The main goal of oxidation is the reduction of harmless
inorganic or organic species found in water. Ideally, oxidation
should convert toxic compounds to carbon dioxide and
mineral acids and reduce T&O compounds.8 Other reason
why oxidation is applied for disinfection. The presence of
pathogens in drinking water is responsible for numerous
diseases in consumers.

There are three types of oxidation processes: conventional
oxidation processes, oxidation processes carried out at
elevated temperatures and/or pressure, advanced oxidation
processes (AOP). The most common conventional oxidation
processes applied during drinking water treatment are:
chlorine (Cl2), chlorine dioxide (ClO2), chloramine (NH2Cl),
and permanganate (MnO4).

The main purpose of AOP is to degrade micropollutants
but inevitably ˙OH radical will oxidize NOM due to its non-
selective nature. NOM degradation by AOP is site-specific as
it is highly related to the water matrix. In theory, VUV can be
efficient for NOM degradation because complete
mineralization can be achieved9 but the very high fluence
needed makes this option costly. Hence, at the common
fluences applied the reactions lead to a partial oxidation of
NOM with an impact on DBP formation potential. In
consequence, special attention must be given to DBP
formation in VUV-treated waters as NOM oxidation may
increase its reactivity with chlorine.9

The NOM fraction originating from algal growth is known
as algal organic matter (AOM). AOM extracted from algal
cultures consists mainly of biopolymers (>50%) while the
remaining fractions are comprised of humic-like substances
and/or low molecular weight (LMW) compounds.10 AOM is
composed of intracellular organic matter (IOM) and
extracellular organic matter (EOM).11 During bloom season,
EOM presence (its composition and concentration) affect
water drinking treatment performance in a different way (in
comparison when only background NOM is present).12 Thus,
it can be useful to distinguish AOM from other background
NOM to establish an appropriate water treatment strategy
during bloom season. Henderson et al. (2008) demonstrates
that AOM is of a very different character than NOM,11 which
can, in turn, could be impacted differently by VUV.

The significant variety of compounds present in NOM
makes impractical the determination of its exact
composition. Therefore, there exists a wide range of
characterization techniques. The denominated bulk

parameters such as total, dissolved, biodegradable and
assimilable organic carbon, UV absorbance at 254 nm
(UVA254), and specific UV-absorbance (SUVA) are used to
determine the amount or characteristic of NOM within a
sample.13 These parameters are simple to measure and
provide a general idea of what is present in the water. On the
other hand, numerous methods are currently available for a
more profound characterization, for example: hydrophobicity,
size exclusion chromatography (SEC), nuclear magnetic
resonance (NMR) spectroscopy, and fluorescence
spectroscopy such as fluorescence emission–excitation matrix
(FEEM). Among different techniques available for FEEM data
processing, PARAllel FACtor analysis (PARAFAC) has received
a lot of attention. PARAFAC is used to decompose trilinear
multi-way data arrays. The decomposition allows to identify
independent underlying signal components. According to
Murphy et al. (2013) between 2011 and 2012, 70% of the
studies where PARAFAC was applied were related to the study
of NOM fluorescence.14 Khan et al. (2019) applied PARAFAC
to investigate the possibility of using fluorescence to
characterise the AOM released by cyanobacterial and algal
species. They observed that certain wavelengths could help
for AOM monitoring in conjunction with cell pigments. For
example, the fluorescence of amino acid-like material at Ex :
Em = 290 : 345 nm dominated the AOM originating from
Chlorella vulgaris, while that of Microcystis aeruginosa was
dominated by fluorescence at Ex : Em = 355 : 475 nm
(previously been associated only with terrestrially delivered
substances). They proposed that fluorophores typically
associated with “terrestrially-derived or humic-like”
fluorescence (335 : 438; 355 : 475 and 300 : 390) can also be
produced by microorganisms.15 Henderson et al. (2008) had
reported a similar observation. They characterized AOM from
algae and cyanobacteria species and found that tryptophan-
like rather than humic/fulvic acid-like fluorescence
dominated. In relationship with AOM fluorescence from
Microcystis aeruginosa, they noted that it was similar to that
obtained for cyanobacteria in previous studies. However,
additional fluorescence was detected in locations attributable
to humic/fulvic-like.11

Regarding SEC, carbon detection by chromatography is
sometimes applied in drinking water to study NOM.13 SEC
coupled to three detectors (organic carbon, organic nitrogen
and UV-absorbance), better known as LC-OCD-OND, allow to
separate five NOM fractions: humic substances (HS),
biopolymers (BP), building blocks (BB), LMW organic acids,
and neutrals.16 The OND provides information about the
nitrogen content of the biopolymer and HS fractions.16

Although the impact of AOP on NOM has been
studied,17,18 understanding the impact of AOM on VUV
performance using algae-laden surface waters have yet to be
reported. In order to understand how NOM and AOM
characteristics were modified after VUV treatment, three
Canadian lakes were selected with the objective of testing
waters with dissimilar characteristics: i) lake A: low
cyanobacteria concentration (<20 000 cells per mL) but high
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inorganic anion concentrations (chloride and alkalinity) as
they are well known to impact negatively VUV performance,
ii) lake B: high total organic carbon (TOC) concentration
(14.7 mg C per L) during a cyanobacterial bloom condition
(195 000 cells per mL); iii) lake C: medium TOC concentration
(5.6 mg C per L) and low cyanobacteria concentration (16 000
cells per mL); iv) lake C*: similar TOC concentration (6.2 mg
C per L) as earlier conditions for lake C but with a higher
cyanobacteria concentration (33 000 cells per mL). Natural
cyanobacterial bloom conditions were tested because
previous studies showed that cyanobacterial cells and toxins
from environmental blooms were more resistant to oxidation
as compared to laboratory-cultured cells mixed with dissolved
toxins.19

Materials and methods
Site locations

To conduct this work, we sampled waters from three
Canadian cyanobacteria-impacted lakes, identified as lakes A,
B, C and C* (Table 1). Lake A supplies drinking water to a
community with a bank filtration system and is located 40
km west of Montreal (Quebec, Canada). This lake, usually
impacted by cyanobacterial blooms, was chosen due to its
high chloride and alkalinity concentrations which reduce
VUV performance. In lake A, we sampled within the lake (raw
water) and after the bank filtration (filtered water). Lake B is
located 160 km east of Montreal (Quebec, Canada), and
although it is used as a recreational water body, it is also
under consideration as a source of drinking water for the
area. Lake B was selected for this study because of its high
cyanobacterial and organic carbon concentrations. In this
case, only water from the lake was collected (raw water). Lake
C is located 80 km southeast of Montreal (Quebec, Canada)
and serves as a source of drinking water for several
surrounding municipalities. Lake C experiences
cyanobacterial blooms almost every summer. Lake C*
describes a raw water collected during a severe cyanobacterial
bloom. Samples from C and C* were collected in the drinking

water treatment plant representing both raw and filtered
water conditions.

Samples were collected from lakes A and B on August 25,
2017 and September 7, 2017, respectively. Lake C and C*
samples were collected on June 27, 2017 (no bloom present)
and August 15, 2017 (cyanobacterial bloom present),
respectively.

Source water characteristics

Source waters were characterized for total and dissolved
organic carbon (TOC & DOC), and biodegradable dissolved
organic carbon (BDOC) concentrations using a TOC analyzer
(5310C Sievers Instruments Inc., USA). BDOC analysis was
performed using the 30 d incubation batch method of Servais
et al.20 The pH was measured with a Fisher Scientific pH-
meter (Accumet, Fisher Scientific Instruments, USA), pre-
calibrated with pH 4, 7 and 10 standard buffers (BDH VWR
Analytical). Turbidity measurements (Hach 2100N
turbidimeter) were assessed following Standard Methods
#2130B.21 Ions were measured by ionic chromatography ICS
5000 AS-DP DIONEX (Thermo Scientific) with an As18-4 μm
column. Alkalinity was measured by titration according to
Standard Methods #2320.21

During field samplings, a YSI 6600 V2-4 water-quality
multi-probe (YSI, Yellow Springs, Ohio, USA) equipped with a
fluorescence 6131 phycocyanin, blue green algae sensor was
used to determine the dominance of cyanobacteria vs. green
algae in situ. The probe was located at the sampling point
and samples were collected once the probe's measurements
were stable. Cyanobacteria were assumed to be the
predominant species when the phycocyanin level measured
by the probe was higher than 2.4 RFU.22 In addition, as a
confirmation step, samples were preserved with Lugol's
iodine for further taxonomic counts.

Vacuum UV experiments

A total of 4 sampling campaigns were conducted during the
summer to autumn of 2017. For each campaign, lab-scale
experiments were conducted in duplicate using a flow-
through UV/VUV reactor (referred hereafter as FTR). The FTR
is a 30 cm length annular photoreactor in a configuration
similar to what could be installed for VUV treatment in a
small drinking water treatment system. The FTR is equipped
with an ozone generating low-pressure mercury lamp (Light
Sources GPHVA357T5VH/4 W, UV output at 254 nm = 110 μW
cm2, 11 W) fitted in a dome-ended high purity quartz sleeve
which was inserted in the center of a cylindrical Plexiglass®
chamber. The applied fluence (H, mJ cm−2) inside the FTR is
controlled by adjusting the influent flow which feeds the 5
mm thick water inter-annular layer located between the inner
reactive chamber and the outer sleeve.23

A reference dose–response curve was established in a
collimated beam reactor for MC-LR, geosmin and MIB.24

Kinetics of VUV induced could be determined with more
precision given that the pollutant concentrations and the

Table 1 Characteristics of the waters sampled from lakes A, B, C and C*

Lakes

Parameters A B C C*

TOC, mg C per L 4.5 14.7 5.6 6.2
DOC, mg C per L 4.5 12.2 5.5 5.7
BDOC, mg C per L 0.6 2.4 0.8 0.8
pH 8.4 7.7 7.4 7.1
Turbidity, NTU 0.9 15.7 3.0 9.7
UV absorbance (UVA254), cm

−1 0.085 0.296 0.144 0.171
Alkalinity, mg CaCO3 per L 170 14 49 54
Chloride, mg Cl− per L 94.0 12.0 7.9 8.2
Phycocyanin, RFU — 7.70 0.05 0.15
Total cell count, cells per mL 30

000
220
000

29
000

35
500

Cyanobacteria cell count, cells per
mL

20
000

195
000

16
000

33
000
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local incident radiation are uniform in the reactor (see ref. 25
or more details). The fluence applied in the CBR is calculated
based on the following equation:26

H = I × t (1)

where H is the fluence in mJ cm−2, I is the fluence rate in
mW cm−2 and t is exposure time in s. We first estimated I
through potassium iodide–potassium iodate (KI–KIO3)
actinometry.26–28 To obtain the applied fluence in the reactor,
the fluence in eqn (1) was multiplied by the correction factor,
CF, as defined in:25,26

H = CF × Et = (WFUV254
× RF × PF × DF) × Et (2)

where WFUV254
is the water factor which is a function of

UVA254, RF is the reflection factor (which considers the light
reflected at the air–water interface), PF is the Petri factor
(accounting for non-uniformity of irradiance), and DF is the
divergence factor of the beam. The values adopted were: RF =
0.98, PF = 0.95 and DF = 0.73.25 WFUV254

is source-water
specific.

The CBR gives us a concentration (in mg L−1 of the
contaminant studied) vs. fluence (in mJ cm−2) curve and
contaminant degradation can then be expressed as follows:29

−d C½ �
dH

¼ k′ × C½ � (3)

where k′ = k˙OH,C × [˙OH] in cm2 mJ−1 is the pseudo-first order
rate constant and C is the contaminant in mg L−1.

Based on kinetic rates obtained for each contaminant in
the CBR through eqn (3) and contaminant degradation from
FTR, the fluence (H) applied in each FTR experiment (where
a contaminant degradation in mg L−1 vs. time in seconds
curve is obtained) was estimated.

Natural organic matter characterization

FEEM spectra were measured with a spectrofluorophotometer
RF-5301PC (Shimadzu, Japan) with a 4 mL macro quart, 10
mm path length cuvette (Fisherbrand). The excitation and
emission wavelengths ranged between 250–380 nm and 350–
600 nm, respectively. The slits for both excitation and
emission were set to 10 nm with slow scanning speed. A
dataset of 64 spectra were analyzed with the PARAFAC
analysis decomposition routines for Excitation Emission
Matrices (drEEM, version 0.2.0 toolbox14) running on
Matlab® R2018B software.

The dataset pre-processing was based on Murphy et al.
(2010) and consisted of: (i) spectral corrections to account for
the instrument systematic biases using the measured
correction factors; (ii) correction of the inner filter effect with
absorbance spectra for each sample; (iii) conversion to
Raman units dividing the spectra by the Raman peak area
between the emission wavelengths 381–426 nm at 350 nm
excitation of MilliQ water and (iv) subtraction of the blank

MilliQ water spectra. Samples that were diluted before
measurements were corrected for the corresponding dilution
factor. Finally, the Raman and Rayleigh scattering bands were
excised from the spectra.30 An example sample before/after
processing is presented in ESI.†

We developed a seven-components PARAFAC model to
describe our dataset (64 spectra), where the number of
components was selected after running preliminary tests and
based on the sum of squared error indices (Fig. S1†).
Robustness of the models were done by testing ten runs with
random starting points under non-negativity constraint and 1
× 10−8 convergence criterion (Fig. S2†). The model was
validated through split-half analysis where six different
dataset “halves” are assembled to produce three validation
tests.14,31

A size-exclusion chromatography system with organic
carbon detection and organic N detection (LC-OCD-OND) was
employed to characterize the samples. The system includes a
weak cation exchange column (polymethacrylate based, TSK
HW 50S, TOSOH, Japan) followed by three different detectors:
organic carbon detector (OCD), organic nitrogen detector
(OND), and UV (254 nm) detector (UVD).16 The organic
carbon and organic nitrogen properties of various NOM
components were characterized and quantified using a
software program provided by the manufacturer
(ChromCALC, DOC-LABOR, Karlsruhe, Germany). Prior to LC-
OCD-OND analysis, all water samples were pre-filtered
through a 0.45 μm polyethersulfone filter (Supor®, Pall
Corporation). Details regarding the physical design and
description of the LC-OCD-OND system can be found in
Huber et al. (2011).16 Five NOM components, including
biopolymers, humics, building blocks, LMW acids and LMW
neutrals, were quantified using this technique.

Disinfection by product precursors

Samples were chlorinated under uniform formation
conditions (1 ppm ± 0.5 Cl2 at pH = 8.0 after 24 hours
incubation at 20 °C temperature) and free chlorine residual
was quenched using ammonium sulphate (C = 2 mg
(NH4)2SO4 per L). Samples were analyzed for trihalomethanes
(THM) as described in USEPA 524-2 method (purge and trap
(Aquatek 100 – Stratum 9800 de Teledyne Tekmar) coupled
with GC-MicroECD (7890B Agilent)). Six HAAs (bromoacetic
acid, bromochloroacetic acid, chloroacetic acid,
dibromoacetic acid, dichloroacetic acid, and trichloroacetic
acid) compounds were extracted by liquid/liquid extraction
with methyl tert butyl ether (MtBE) followed by derivatization
with acidic methanol and analyzed by GC-ECD in accordance
with USEPA Method 552.2 (GC-MicroECD, 7890B, Agilent).

Statistical analysis

Statistical analyses were realized using the Statistica 13
software package (Statsoft, OK, USA) with the level of
significance set at α = 0.05. Detected outliers were removed
from the dataset prior to the statistical analysis. An ANOVA
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was conducted to identify the main factors impacting DBP
formation amongst the following variables: raw water, VUV
treated raw water, filtered water and VUV treated filtered
water.

Results and discussion
Source water characteristics

Table 1 presents the water quality characteristics of the three
lakes representing 4 conditions. Lakes A and C had similar
TOC (4.5–5.6 mg C per L) and were essentially composed of
DOC as the total cell concentrations were moderate (less than
30 000 cells per mL). In contrast, the TOC of Lake C* rose
from 5.6 to 6.2 mg C per L during the bloom event with 0.5
mg C per L being present as particulate organic matter.
Nevertheless, the most important cyanobacterial bloom was
observed in lake B, with 195 000 cells per mL. Lake B TOC
reached 14.7 mg C per L, out which 2.5 mg C per L was
particulate in nature. In lake C, 16 000 cyanobacterial cells
per mL were present indicating that WHO Alert Level 1 was
not reached. On the other hand, lake C* reached WHO Alert
Level 1 with 33 000 cyanobacterial cells per mL.

Vacuum UV experiments

A reference dose–response curve was established in a
collimated beam reactor for which kinetics of VUV induced
could be determined with more precision given that the
pollutant concentrations and the local incident radiation are
uniform in the reactor (see ref. 25 or more details). This
allowed us to know the equivalent fluence H applied in each
FTR experiment.

For each source water, identical increased contact times
were tested. Hence, different fluences were applied to every
matrix water due to the variable UV absorbances (Table 2).
For lakes A, C and C* where cells concentrations were low
(<20 000 cells per mL, under WHO Alert Level 1) or moderate
(<100 000 cells per mL, under WHO Alert Level 2),1 H ranged
from 44 to 352 mJ cm−2. In lake B, cells concentration was
high (>100 000 cells per mL, above WHO Alert Level 2),1

therefore, the value of UVA254 was the highest measured
during this work (0.296 cm−1, Table 1). As H is affected by
water UVA254, in lake B, H ranged from 20 to 160 mJ cm2.

Natural organic matter characterisation by LC-OCD-OND

TOC and DOC are used to assess the performance of NOM
removal in drinking water. For the ranges of H tested, DOC
reductions after VUV treatment were never observed. Our
results indicated an average decrease of UVA254 of 10% after
9.4 s of irradiation. Significant TOC degradation can be
achieved only when high fluences are applied.18 However,
fractions measured by LC-OCD-OND (Fig. 1) allow to observe
how DOC composition was altered by VUV (Fig. 1 and 2).
Regardless of the water matrix characteristics, the HMW

Table 2 Fluence, H in mJ cm−2, applied in lakes A, B, C and C*

Lake

A B C C*

H, mJ cm−2 Minimum (retention time = 1.8 s) 44 20 34 30
Maximum (retention time = 9.4 s) 352 160 275 247

Fig. 1 Five components of DOC measured by LC-OCD-ONC before and after (retention time = 9.4 s) VUV treatment. (1) biopolymers, (2) humic
and fulvic acids, (3) building blocks, (4) LMW acids/humics and (5) LMW neutrals.
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fraction (BP, HS and BB) was reduced and the LMW
increased. The largest variation of these two fractions is
evident in lake C* where the concentration of cyanobacteria
is lower than in lake B (Fig. 2).

Correlation between HS aromaticity and HS molecular
weight was reported several years ago.32 In 2011, Huber
et al.16 presented an improved HS-diagram (Fig. S3†).16 After
VUV treatment HS molecular weight and aromaticity
decreased (except for raw water from lake A and C, Fig. S3†)
both in raw and filtered water. This means that VUV is
breaking down larger molecules into smaller ones, as is also
reflected in biodegradability. Biodegradability is observed
through the increase of BDOC measurements, in our
experiments BDOC increases from 20% to 35% were
measured after VUV treatment (Fig. S2†). These results are
consistent with those of Imoberdorf and Mohseni (2014).
Authors published a comparative study of the effect of VUV
irradiation on NOM for different water sources. The authors
also analyzed NOM by size exclusion chromatography and
reported that HMW molecules were readily degraded (applied
fluence in the study: up to 960 mJ cm−2), and that LMW,
which increases after irradiation, are formed through partial
HMW degradation and are also partly degraded by hydroxyl
radicals.33 Similar trends were found in our experiments:
HMW fraction decreases, and LMW fraction increases after
VUV treatment (Fig. S2† and 2).

The organic nitrogen (N) detector provides information
about the subset of DOC that also contains N (including N
content of biopolymer, biopolymer N/C ratio, N content of
HS) (Fig. S1†). N content of the biopolymer and the HS
fraction can be used to calculate the N/C ratio in these
fractions. The N content cannot be determined in the other
fractions by LC-OCD-OND since the signals for nitrate and
ammonia are masking them. The N content of biopolymer

decreased slightly (<10% on average) in lake C and C* after
9.4 s of VUV irradiation (fluence in lake C and C* after 9.4 s,
H = 275 and 247 mJ cm−2, respectively). On the other hand,
in lake A and B this fraction increases 26% (fluence in lake A
after 9.4 s, H = 352 mJ cm−2, in lake B for the same
irradiation time H = 160 mJ cm−2). Lake B (Fig. S1-f†) showed
the stronger changes in N composition before and after VUV
irradiation. After 9.4 s of VUV irradiation N content of
biopolymer increased by 35%. In filtered water, lake C and
C* had an 18% decrease of N concentration after 9.4 s
irradiation (in lake A, N content of biopolymer were below
quantification limit. Fluence in lake A, C and C* after 9.4 s,
range from 247 to 352 mJ cm−2).

N content of HS in irradiated raw waters (retention time =
9.4 s) increased in lake A (+30%) (H = 352 mJ cm−2) and
decreased 30% in lake B (H = 160 mJ cm−2) and C and 16%
in lake C* (H = 275 and 247 mJ cm−2 respectively). Regarding
N/C biopolymer ratio, it increased on average +20% for all
lakes observed. The lower N/C biopolymer ratio was
measured in raw water from lake A (0.03) while lake B, C and
C* have an average N/C biopolymer ratio of 0.05.
Moradinejad et al. (2019) reported a similar trend when
ozone was applied to two cyanobacterial cultured cells in a
matrix of natural surface water. They reported an N/C ratio
increase from 0.14 to 0.40.34

Understanding DON fraction and composition is useful to
optimize the water treatment.35 DON can react with oxidants
to form nitrogenous DBPs and affect the speciation of
regulated DBPs like THM and HAA.36,37 Algal events on
drinking water sources may decrease the DOC/DON ratio.
Consequently, DBP production could increase, especially if
low DOC/DON ratios are observed.38 In our study, N content
of biopolymer had a significant and positive correlation with
THM (R2 = 0.97) and HAA (R2 = 0.74) formation. DBP
formation will be discussed in the following section.

FEEM and PARAFAC modeling

Online monitoring of cell pigments using probes facilitates
the detection of cyanobacterial blooms. The measurement of
cell pigments can be coupled with FEEM to better
understand bloom's composition in order to improve the
operation of drinking water treatment plants. Here, we
measured FEEM in natural water samples (with and without
blooms) before and after VUV treatment in order to assess
the potential of FEEM for cyanobacterial bloom monitoring.
PARAFAC helps to describe the data set (64 spectra) with a
small number of Ex : Em pairs (7 PARAFAC's components).
Overlapping PARAFAC with self-organising maps (SOM)
allows to visualize which components are more relevant in
each lake (more details in ESI†).

The peaks of each component are shown in Fig. 3,
distributed in regions as proposed by Chen et al. (2003):39

C2(1) (fulvic acid-like), C1(1), C3(1), and C4(1) (humic acid-
like), C5(1) and C7(1) (soluble microbial by-product-like) and
C6(1) (aromatic protein II). The location of each peak is

Fig. 2 Five components of DOC measured by LC-OCD-ONC in raw
water, before and after VUV treatment (irradiation time = 9.4 s). BP –

biopolymers, HS – humics, BB – building blocks, LMW acids – low-
molecular weight acids, LMW neutrals – low-molecular weight
neutrals.
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presented in Table 3. Given their strength and the protective
characteristic of PARAFAC to overfitting (16), we also
obtained, for each principal component, the secondary and
tertiary (for component 1) peaks (Fig. 3). In the fulvic acid-
like regions there is one secondary peak, C2(2), associated to
component 2. Three secondary peaks are located in the
humic acid-like region, C1(2), C3(2) and C7(2), and tertiary
peaks, C1(3). In the soluble microbial by-product like region
includes the secondary peak, C6(2), while C2(2) lies in the
region of aromatic protein II.

Based on Khan et al.,15 our peaks C7(1) and C5(1) are
located in Chlorella vulgaris region, while, C1(2) peak is
located in Microcystis aeruginosa region. It is important to
note that we used natural cyanobacterial blooms and
Microcystis aeruginosa was not the most abundant species in
our samples. While Khan et al.15 used pure culture.

Further studies with natural cyanobacterial blooms in this
field should be carried out to reach a stronger conclusion.
Furthermore, location of C3(1) and C4(1) peaks, typically
associated to humic acid-like, could be re-categorized as
“microbial origin” as Khan et al. (2019) and Henderson et al.
suggested.11,15 We found a secondary peak C1(2) located in
that region suggesting that in natural cyanobacterial bloom it
is possible to have a peak generated by cyanobacteria in the
humic/fulvic-like region. We further investigate the
correlation of peaks intensities in different regions. The
maximum of fluorescence intensity (Fmax) in C1(2) is highly
correlated with C3(1) and C4(1) (R2 > 0.90). High correlations
(R2 > 0.90) were found between Fmax of different components
(Fig. S5†). C5(1) (located in the soluble microbial by-product-
like region) is highly correlated with C3(1) from humic acid-
like region (R2 = 0.94). At the same time, C3(1) has a high
correlation with C1(1) (R2 = 0.97) and C4(1) (R2 = 0.93), all
three are located in the humic acid-like region. C7(1) located
in the soluble microbial by-product-like region is also

correlated (0.68 < R2 < 0.71) with components from humic
acid-like region: C1(1) (R2 = 0.68), C3(1) (R2 = 0.68) and C5(1)
(R2 = 071). These correlations are useful to better understand
fluorescence in humic acid-like region that could be
generated by cyanobacterial blooms. As Henderson et al.
(2008) and Khan et al. (2019) suggested further work is
required to elucidate current observations.11,15 Future work
could focus on natural cyanobacterial blooms and their
fluorescence in the region beyond Ex : Em (250 : 300 nm).

FEEM components and LC-OCD-OND fractions

In terms of correlation between FEEM components and LC-
OCD fractions, a high correlation (R2 > 0.80) was found for
C6(1) and C7(1) with BDOC and BP. Since C6(1) is located in
region I (aromatic protein I) (Fig. 3) and C7(1) in region IV
(soluble microbial by-product-like) (Fig. 3) a high correlation
with BDOC and BP is expected since both represent
microorganism activity or presence.

A lower correlation (0.59 < R2 < 0.68) was found for the
same pair of components (C6(1) and C7(1)) and DOC and HS.
In this case, the correlation is weaker because the presence
of NOM is included in DOC and HS while the components
C6(1) and C7(1) are representing the organic fraction of the
DOC.

On the other hand, no correlation was found between LC-
OCD-OND fractions and peaks located in the humic acid-like
region that are suspected from microbial origin (C3(1) and
C4(1)). These components are suspected of having a
microbiological and non-inorganic origin, as discussed
above. However, in this work no correlation was found
between these two components and the DOC fractions
analyzed via LC. As mentioned previously, it is necessary to
continue working in this region of FEEM to determine
whether this region really belongs to the HS fraction or is
rather of organic origin.

By overlapping PARAFAC and SOM results (more details in
ESI†), it is possible to distinguish components that
characterise each lake. All four lake could be characterize by
a reduced number of regions (Fig. 3): region IV (humic acid-
like) and V (soluble microbial by-product-like).

DBP formation and yield after VUV treatment

In our study, humic substances, biopolymers and LMW all
showed positive correlations with THM and HAA formation.

Fig. 3 Location of the peaks of the seven-components resulted from
the PARAFAC mode based on 64 spectral dataset (raw and filtered
water from lake A, C and C*, and raw water from lake B). In brackets
are indicated the primary (1), secondary (2), and tertiary (3) peaks. The
distribution of the regions is after Chen et al.32

Table 3 Peaks of PARAFAC components: emission and excitation
primary peaks (in brackets, secondary and tertiary peaks)

Component Ex : Em, nm : nm

C1(1) 266 : 436 (338 : 436) (310 : 436)
C2(1) 238 : 408 (238 : 436)
C3(1) 310 : 400 (266 : 400)
C4(1) 330 : 412
C5(1) 298 : 372 (246 : 372)
C6 (1) 238 : 336 (266 : 336)
C7(1) 282 : 356 (282 : 408)
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LMW acid and neutral showed positive correlations with
THM and HAA formation (R2

THM = 0.74 and R2
HAA = 0.67). A

positive correlation was also found for humic substances
(R2

THM = 0.67 and R2
HAA = 0.84). THM formation increased

on average 12% (raw water) and 20% (filtered water) after 9.4
s of VUV irradiation (Fig. 4). THM showed a positive
correlation with UV254 (R2 = 0.97), SUVA (R2 = 0.75), DOC (R2

= 0.95) and DON (R2 = 0.97). They also showed a positive
correlation with components C7(1) (R2 = 0.82) and C6(1) (R2 =
0.63), i.e. the two PARAFAC components associated to
microorganisms (more details about PARAFAC component
correlation and THM in ESI†).

Regarding HAA formation, 5% and 17% increases were
measured on average after VUV treatment in raw and filtered
water, respectively (fluence range from 20 to 352 mJ cm−2)
(Fig. 4). HAA also showed a positive correlation with UV254

(R2 = 0.93), SUVA (R2 = 0.87), DOC (R2 = 0.97) and DON (R2 =
0.74). About PARAFAC, HAA showed negative correlations
with components C7(1) (R2 = 0.56) and C6(1) (R2 = 0.54)
(more details about PARAFAC component correlation and
HAA in ESI†).

Despite the positive correlations found between the
different C fractions (HS, BP, BB, LWM acids and neutrals)
and the formation of DBP, the fraction that was most
important in the production of DBP was HS given that the
waters had not been coagulated. Therefore, HS was the most
abundant NOM fraction. This is the fraction that most
contribute to the DBP production (slope values reported in

ESI†). We also calculated the THM yield (in μg THM/mg
TOC) (Table 4). Lake B showed the highest yield among all
the raw water (43 μg THM mg C−1). However, lake C* showed
the highest yield after VUV treatment (27% higher than raw
water). Even though lake B had a more intense bloom than
lake C*, it is likely that the background DOC was so high that
it reduced the oxidation and release of AOM from algae cells.
Increased yield values are related to ˙OH exposure. ˙OH
formation in VUV varies from lake to lake because it is
related to the water matrix.24 The ˙OH radical concentration
would be producing hydroxylation of aromatics or the
transformation to a more reactive form of NOM.40

THM formation in lake C and C* did not show any
statistically significant difference. However, HAA formation
in raw water from lake C and C* were significantly different
(p < 0.05), suggesting that AOM and not DOC background
could be responsible for the HAA increase in lake C*.

Fig. 4 DBP formation (THM and HAA) in raw and filtered water, before and after VUV treatment. Error bars denote standard deviation.

Table 4 Water yield, μg THM mg C−1, before (untreated) and after VUV
irradiation (VUV treated, retention time = 9.4 s)

Lake

A B C C*

Raw water Untreated 36 43 38 39
VUV treated 36 46 41 50

Filtered water Untreated 24 — 32 30
VUV treated 28 — 37 38
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Effect of VUV treatment on contaminants degradation

During this work the performance of VUV was tested using
tree different source waters with different inorganic, NOM,
and cyanobacterial contents. Special focus on background
NOM and AOM was done.

In a previous study, we assessed if VUV could
simultaneously destroy MC-LR, MIB, and GSM in the same
source waters. Under bloom conditions, removals of 40 to
60% of T&O compounds and MC-LR were achieved in the
flow through reactor.24

Conclusion

In this work, VUV was tested on three lakes with different
inorganic, NOM, and AOM contents. The main objective was
to assess how NOM and AOM were impacted by VUV
treatment with respect to their characteristics as well as their
propensity to form DBP.

In relation to the objectives set for this work, it can be
summarized that:

1. VUV impact on natural cyanobacterial blooms. Water
quality highly impacts VUV performance. NOM, AOM and
inorganic components (such as Cl− and HCO3

−) interfere with
contaminant degradation. NOM background seems to have
greater influence than AOM on the formation of DBP after
the chlorination of water treated by VUV. For the fluences
investigated, minimal changes on the aggregate NOM
measurement (DOC) were observed. However, LC-OCD-OND
showed that the HMW fraction decreased while LMW
increased after VUV treatment for all conditions tested (with
and without natural cyanobacterial bloom). This observation
was coherent with the slight reductions in UVA observed.

2. FEEM as a tool to predict or identify cyanobacterial
blooms. FEEM is considered as a potential technique for
online monitoring in drinking water. When cyanobacteria are
present in raw water, attention should be given to regions V
and IV. Cyanobacterial blooms and their fluorescence in the
region of excitation >250 nm and emission >300 need to be
better evaluated. Moreover, in accordance with previous
work, we found that PARAFAC components located in the
region belonging to HS could actually have a microbiological
origin, more specifically they could belong to the
cyanobacterial bloom. Additional research in this area could
help determine whether or not FEEM could be applied for
online detection of cyanobacteria in raw water.

3. DBP formation after VUV: in this work, in addition to
analyzing the production of DBPs after VUV treatment, THM
yield was calculated. In this way it was found that:

a. While there are correlations between different carbon
fractions and DBP formation, HS fraction is the one that
causes the greatest increase in DBPs. The rate of change HS
fraction with respect to DBPs (slope values reported in ESI†)
is at least 3 times higher than the rate of change from the
rest of the fraction (BP, BB, LWM acids and neutrals).

b. THM formation in raw and filtered water increased
respectively by 12–20% after VUV treatment while HAA

formation increased by 5 and 17%, respectively. These
increases are coherent with the increased DBP reactivities
(15–20%) calculated after VUV treatment in raw and filtered
waters.

c. PARAFAC components associated with cyanobacteria
showed positive correlation with THM formation.
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