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Removal of NOM-constituents as characterized by LC-OCD
and F-EEM during drinking water treatment
S. A. Baghoth, S. K. Sharma, M. Guitard, V. Heim, J.-P. Croué
and G. L. Amy

ABSTRACT
Natural organic matter (NOM) is of concern in drinking water because it causes adverse aesthetic
qualities such as taste, odour, and colour; impedes the performance of treatment processes; and
decreases the effectiveness of oxidants and disinfectants while contributing to undesirable
disinfection by-products. The effective removal of NOM during drinking water treatment requires a
good understanding of its character. Because of its heterogeneity, NOM characterization
necessitates the use of multiple analytical techniques. In this study, NOM in water samples from two
drinking water treatment trains was characterized using liquid chromatography with organic carbon
detection (LC-OCD), and ﬂuorescence excitation-emission matrices (F-EEMs) with parallel factor
analysis (PARAFAC). These characterization methods indicate that the raw and treated waters are
dominated by humic substances. The results show that whereas the coagulation process for both
plants may be optimized for the removal of bulk DOC, it is not likewise optimized for the removal of
speciﬁc NOM fractions. A ﬁve component PARAFAC model was developed for the F-EEMs, three of
which are humic-like, while two are protein-like. These PARAFAC components and the LC-OCD
fractions represented effective tools for the performance evaluation of the two water treatment
plants in terms of the removal of NOM fractions.
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INTRODUCTION
Natural organic matter (NOM) is a heterogeneous mixture

promoting biological regrowth in the water distribution

of compounds found abundantly in natural waters. NOM

system and by contributing to colour, tastes and odours.

originates from living and dead plants, animals and microor-

The extent to which NOM affects water treatment processes

ganisms, and from the degradation products of these sources

depends on its quantity and physicochemical characteristics.

(Chow et al. ). Because of its heterogeneity and com-

It is now widely accepted that the efﬁciency of drinking

plexity, it is not practical to characterize NOM in terms of

water treatment is greatly inﬂuenced by the amount and char-

all of its constituents; rather, it is commonly characterized

acter of NOM present in water. Consequently, many water

into groups of compounds with similar physicochemical

treatment utilities monitor NOM in their source waters in

properties. NOM signiﬁcantly affects water treatment

order to optimize treatment processes. Typically, this optimiz-

processes such as coagulation, oxidation, adsorption, and

ation has been obtained using bulk water quality parameters

membrane ﬁltration. It affects drinking water quality by

such as dissolved organic carbon (DOC) and ultraviolet

contributing to formation of potentially carcinogenic disin-

absorbance at a wavelength of 254 nm (UVA254). Speciﬁc

fection by-products (DBPs) (Sharp et al. ), by

ultraviolet absorbance (SUVA) is another bulk parameter
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that has been used as a surrogate for NOM composition and

NOM (Stedmon et al. ; Stedmon & Markager a;

reactivity (Weishaar ). However, the use of these bulk par-

Hunt & Ohno ; Yamashita et al. ).

ameters has limitations. Many waters may have NOM with

The primary objective of this study was to characterize

similar DOC concentrations or UV254 absorptivities but with

NOM in water samples taken across two drinking water

different characteristics such as molecular weight and reactiv-

treatment plants serving the suburbs of Paris. This was car-

ity, resulting in different removal efﬁciencies during treatment.

ried out in order to improve our understanding of the

A better understanding of its quantity as well as character is

character of the NOM and its temporal variation in waters

therefore required to improve the performance of treatment

treated by the two plants. A secondary objective was to

processes and to optimize the removal of NOM.

evaluate the performance of the treatment processes in

High performance size exclusion chromatography

terms of NOM removal. Samples were collected from the

(HPSEC), which separates NOM mainly according to

two treatment plants and analyzed using bulk water quality

molecular size/weight, has been widely applied in character-

parameters as well as LC-OCD and F-EEM with PARAFAC.

ization of NOM in aquatic environments (Frimmel ;
Her et al. ; Croué ). A liquid chromatography
system coupled with organic carbon and organic nitrogen

MATERIALS AND METHODS

detectors (LC-OCD-OND) (Huber et al. ) may be used
to fractionate NOM into ﬁve fractions: biopolymers (such

Sampling

as polysaccharides, polypeptides, proteins and amino
sugars); humic substances (fulvic and humic acids); building

Water samples were collected from two drinking water treat-

blocks (hydrolysates of humic substances); low molecular

ment plants of Syndicat des Eaux d’lle de France (SEDIF)

weight (LMW) humic substances and acids; and low

located in the suburbs of Paris (France) between March

molecular weight neutrals (such as alcohols, aldehydes,

2008 and September 2009. The two plants, Choisy-le-Roi

ketones and amino acids).

(CR) and Neuilly-sur-Marne (NM), comprise conventional

Fluorescence is another property that is frequently used

treatment using aluminium sulphate (Al2(SO4)3) as coagu-

for NOM characterization. The relatively low expense and

lant, coupled with bioﬁltration using ozonation followed

high sensitivity of ﬂuorescence measurements, coupled with

by biological activated carbon (BAC) ﬁltration. The follow-

rapid data acquisition of water samples at low natural concen-

ing water samples were collected once a month from CR:

trations, have made ﬂuorescence spectrophotometry using

(i) raw water; (ii) preozonated water; (iii) settled water;

ﬂuorescence excitation emission matrices (F-EEM) attractive

(iv) sand ﬁltrated water; (v) ozonated water; (vi) BAC ﬁl-

for NOM characterization of water samples. This characteriz-

trated water; and (vii) product water. The following

ation has typically involved the use of excitation-emission

samples were collected once a quarter from NM: (i) raw

wavelength pairs to identify ﬂuorophores based on the

water; (ii) settled water; (iii) sand ﬁltrated water; (iv) ozo-

location of peaks on F-EEM contour plots (Coble ).

nated water; (v) BAC ﬁltrated water; and (vi) product

These peaks have been used to distinguish between humic-

water. On average, seven samples were collected from CR

like NOM, with longer emission wavelengths (>350 nm),

every month and six samples every quarter from NM. The

and protein-like NOM, with shorter emission wavelengths

samples were collected in clean glass bottles and immedi-

(350 nm). Other methods include: ﬂuorescence regional

ately ﬁltered through 0.45 μm before being transported,

integration (FRI) (Chen et al. ); multivariate data analysis

within 24 hours, to the laboratory for analysis. The pre-ﬁl-

(e.g. principal component analysis, PCA, and partial least

tered samples were stored at 5 C until required for

squares regression, PLS) (Persson & Wedborg ); and

analysis, normally within one week of sampling. All the

W

multi-way data analysis using parallel factor analysis (PAR-

samples were analyzed for DOC, UVA254 and F-EEMs.

AFAC) (Stedmon et al. ). PARAFAC has been used to

Selected samples were analyzed using LC-OCD. For CR,

decompose F-EEMs into individual components some of

samples collected during 10 of the 18 months of sampling

which have been attributed to protein-like or humic-like

were analyzed (67 samples in total), while for NM, samples
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collected during 3 of the 7 quarters were analyzed (17

Raman scatter peaks. Since samples were diluted to a

samples in total).

DOC concentration of 1 mg/L prior to measurements,
each blank subtracted EEM was multiplied by the respect-

DOC and UVA254 measurements

ive dilution factor and Raman-normalized by dividing
by the integrated area under the Raman scatter peak

DOC concentrations of all pre-ﬁltered samples were deter-

(excitation wavelength of 350 nm) of the corresponding

mined by the catalytic combustion method using a

Milli-Q water, and the ﬂuorescence intensities was reported

Shimadzu TOC-VCPN organic carbon analyzer. UVA254 of

in Raman units (RU).

each sample was measured at room temperature (20 ±
W

1 C) and ambient pH using a Shimadzu UV-2501PC UV-

PARAFAC modeling of ﬂuorescence EEM

VIS scanning spectrophotometer. SUVA was determined
by dividing the UVA254 by the corresponding DOC

PARAFAC was used to model the dataset of F-EEMs gen-

concentration.

erated for samples from both treatment plants. It uses an
alternating least squares algorithm to minimize the sum

Characterization with LC-OCD

of squared residuals in a trilinear model, thus allowing
the estimation of the true underlying EEM spectra

Size exclusion chromatography of water samples was per-

(Harshman & Lundy ; Bro ). It reduces a dataset

formed with a LC-OCD system (DOC-LABOR, Germany)

of EEMs into a set of trilinear terms and a residual array

at Het Waterlaboratorium, Haarlem, The Netherlands. An

(Andersen & Bro ):

accompanying software (Fifﬁkus) was used to calculate
xijk ¼

the DOC and SUVA of the NOM fractions.

F
X

aif bjf ckf þ εijk ,

f¼1

Fluorescence excitation emission matrices (F-EEM)

i ¼ 1, . . ., I; j ¼ 1, . . ., J; k ¼ 1, . . ., K

To account for ﬂuorescence quenching resulting from rela-

where xijk is the ﬂuorescence intensity of the ith sample at

tively high concentration of DOC in water samples,

the jth emission and kth excitation wavelength; aif rep-

absorbance corrections have to be applied; however,

resents the concentration of the fth ﬂuorophore in the ith

these corrections are not necessary if the sample UVA254

sample (deﬁned as scores), bjf and ckf are estimates of the

is less than 0.05 cm1 (Kubista et al. ) or if the DOC

emission and excitation spectra respectively for the fth

concentration of the sample is diluted to about 1 mg C/L

ﬂuorophore (deﬁned as loadings), F is the number of ﬂuor-

prior to ﬂuorescence measurement. Since UVA254 was

ophores (components) and εijk is the residual element,

more than 0.05 cm1 for nearly all raw water samples

representing the unexplained variation in the model

from the two water treatment plants, the preﬁltered

(Stedmon et al. ).

samples were diluted to a DOC concentration of 1 mg C/L

While component scores indicate the relative concen-

using Milli-Q water prior to ﬂuorescence measurements.

trations of groups of organic fractions represented by the

Fluorescence intensities for all samples were measured, at

components, excitation and emission loadings indicate

ambient pH and at room temperature (20 ± 1 C), using a

their

W

characteristic

excitation

and

emission

spectra

FluoroMax-3 spectroﬂuorometer (Horiba Jobin Yvon).

(Stedmon et al. ). The maximum ﬂuorescence intensity

EEMs were generated for each sample by scanning over

for each component obtained from the PARAFAC analysis

excitation wavelengths between 240 and 450 nm at inter-

was used to illustrate the quantitative and qualitative differ-

vals of 10 nm and emission wavelengths between 290 and

ences between samples.

500 nm at intervals of 2 nm. An EEM of Milli-Q water

It is generally difﬁcult to decide the most appropriate

was obtained and this was subtracted from the EEM of

number of components of a PARAFAC model. There are

each sample in order to remove most of the water

several tools that may be used to select the appropriate
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Mean value and standard deviations of DOC concentrations and SUVA values for
water samples from Choisy-le-Roi and Neuilly-sur-Marne process trains

of residual error plots (Stedmon & Bro ). For split-half

Choisy-le-Roi (n ¼ 20)

Neuilly-sur-Marne (n ¼ 7)

DOC

SUVA

DOC

SUVA

Water sample

(mg L1)

(L mg1 m1)

(mg L1)

(L mg1 m1)

Raw water

2.7 ± 0.6

2.5 ± 0.5

2.5 ± 0.4

2.4 ± 0.5

Preozonated
water

2.8 ± 0.6

1.9 ± 0.3

Settled water

2.1 ± 0.3

1.5 ± 0.4

1.9 ± 0.2

1.8 ± 0.3

study: 137 from CR and 42 from NM water treatment

Sand ﬁltrated
water

1.9 ± 0.4

1.6 ± 0.5

1.6 ± 0.3

1.9 ± 0.4

trains, respectively. A dataset comprising F-EEMs for 145

Ozonated water

1.8 ± 0.3

1.2 ± 0.6

1.6 ± 0.2

1.1 ± 0.3

of these samples was used in the PARAFAC analysis. A

BAC ﬁltrated
water

1.5 ± 0.3

1.2 ± 0.5

1.3 ± 0.2

1.1 ± 0.3

series of PARAFAC models consisting of three to seven
components were generated using DOMﬂuor toolbox

Product water

1.6 ± 0.3

1.1 ± 0.4

1.3 ± 0.2

1.0 ± 0.3

analysis, the dataset of EEMs was randomly split into two
halves and a PARAFAC model obtained for each half. The
excitation and emission spectral loadings of the two independent halves were then compared to ascertain whether
they were similar.
A total of 179 water samples were collected for this

(Stedmon & Bro ), which was speciﬁcally developed
to perform PARAFAC analysis of DOM ﬂuorescence. It con-

concentration. On the contrary the treated-water SUVA

tains all the tools used to perform split-half and residual

values were not as stable, indicating that the plants were

errors diagnostics.

not as effective in maintaining a more uniform NOM character in the treated water.

RESULTS AND DISCUSSION
Treatment efﬁciencies in terms of DOC removal and
Variation of DOC and SUVA

SUVA reduction

The mean DOC concentrations and SUVA values of the

For both treatment plants, the operational objective for the

samples collected from CR and NM treatment process

removal of NOM is to maintain a TOC concentration of

trains are shown in Table 1.

2.0 ± 0.2 mg L1, a French treatment goal, as long as the

Figure 1 shows the variation of DOC and SUVA for raw

raw water TOC concentration is 5.0 mg L1. Since the

and product water samples collected from CR and NM treat-

TOC and DOC concentrations did not differ by more than

ment plants. In the case of CR, the DOC concentrations

5% for any of the samples analyzed, the treatment efﬁcien-

ranged between 2.0 and 4.3 mg L1 for raw water, and

cies for the two process trains were assessed in terms of

between 1.0 and 1.9 mg L

1

for product water. The SUVA

values varied between 1.7 and 3.7 L mg1 m1 for raw
1

1

DOC removal and SUVA reduction.
Figure 2 shows the mean DOC removed across each

for product

treatment process for both CR and NM process trains,

water. For NM, the DOC concentrations ranged between

respectively. In both plants, DOC is removed mainly by

water, and between 0.2 and 2.0 L mg
1

m

for raw water, and between 1.1 and

coagulation-ﬁltration, which removed 0.9 mg L1 in CR

for product water. The SUVA values varied

and 0.8 mg L1 in NM, and by BAC ﬁltration, which

between 1.7 and 3.1 L mg1 m1 for raw water, and between

removed a further 0.3 mg L1 in CR and 0.2 mg L1 in

2.1 and 3.2 mg L
1.6 mg L

1

1

0.7 and 1.3 L mg

1

for product water. For both cases,

NM. The results show that whereas the mean DOC con-

there was no clear seasonal pattern in the variation of

centrations of the raw and product waters for CR were

either DOC concentration or SUVA for the raw water.

slightly higher than for NM, the difference in the DOC

The treated-water DOC concentrations were fairly stable,

removal efﬁciencies for the two treatment trains were not

indicating that two treatment plants were generally effective

statistically signiﬁcant for any of the processes. For both

in maintaining a relatively constant product water DOC

plants, the maximum DOC concentrations of the raw and

m
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treated waters were not more than 4 and 1.9 mg L1,

after each treatment step for water samples from CR and

respectively. While the latter satisﬁes the treatment objective

NM. Sampling for LC-OCD analyses was carried out in

stated earlier, the fact that it was obtained when the raw

such a manner as to capture periods of low as well as high

water DOC concentration was only 3.1 mg L1 implies

algal counts and as such, samples were collected once a

that it is likely that the objective could be compromised if

month in ten of the twenty and in three of the seven

the raw water DOC concentration approached 5 mg L1,

months of sampling for CR and NM, respectively. Figures 3

the maximum for which the treatment objective was

and 4 show the mean DOC concentrations of LC-OCD frac-

optimized.

tions of the raw and treated waters, the removals across each
treatment process, and the percentage DOC contribution of

NOM characterization using LC-OCD

the fractions in the raw and treated waters for the two
process trains, respectively. Humic substances were the

LC-OCD was used to obtain DOC concentrations of the ﬁve

dominant fraction in all water samples from both plants,

chromatographic fractions (biopolymers, humic substances,

contributing on average to 55% of the DOC. Since the

building blocks, LMW acids and LMW neutrals) before and

source waters for both plants are river water, it would be

Figure 1

|

Variation of DOC concentrations and SUVA values for raw and treated water samples collected from (a) Choisy-le-Roi and (b) Neuilly-sur-Marne treatment plants.

Figure 2

|

Mean DOC removed for water samples collected from (a) Choisy-le-Roi and (b) Neuilly-sur-Marne treatment trains. The mean values are based on the complete datasets of
samples from Choisy-le-Roi (n ¼ 20) and Neuilly-sur-Marne (n ¼ 7). The error bars indicate 95% conﬁdence intervals.
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(a) Mean DOC concentrations of the ﬁve LC-OCD fractions for raw and treated waters, (b) mean DOC removal across each treatment process, and the fractional DOC composition
of (c) raw and (d) treated waters for samples collected across Choisy-le-Roi treatment train. The error bars indicate 95% conﬁdence intervals (n ¼ 10).

reasonable to expect the NOM composition to be typical of

hydrophobic humic substances and biopolymer fractions

natural waters dominated by terrestrial runoff, in which

(which possibly include nitrogenous organic compounds)

humic substances (fulvic and humic acids) are 50% of the

before chlorine disinfection, which is applied in both pro-

DOC (Thurman ). In both plants, LMW acids were

cess trains, decreases the potential for formation of

below the detection limit in nearly all samples.

potentially carcinogenic disinfection by-products such as

The removal of the LC-OCD fractions occurred mainly

total trihalomethanes. The relative increase in the LMW

by coagulation, followed by BAC ﬁltration. The trend in

fractions, which are generally more biodegradable, could

the change of NOM composition after treatment is similar

potentially increase bacterial re-growth in the distribution

for both process trains. The large MW fractions were prefer-

system but the application of chlorination in both plants

entially removed, with the percentage contribution of the

should minimize this.

biopolymer fraction decreasing by a half, from 10 to ∼5%

To further evaluate the performance of the two process

in the raw and treated waters, respectively, while that of

trains in terms of NOM removal, LC-OCD data for a selec-

humic substances decreasing only slightly, by 1% for both

tion of sampling dates were examined in more detail. Since

trains. In contrast, there was a relative increase in the

it removed the most DOC and is also a process that is routi-

LMW fractions, with the building blocks increasing from

nely used to optimize DOC removal, the coagulation/

17 and 16% in the raw water for CR and NM, respectively,

ﬂocculation process was used for the evaluation. In order

to 22% in the treated water for both plants, and the neutral

to achieve the treatment plants’ objective of maintaining a

fractions increasing slightly from 15 to 16% for both process

TOC concentration of 2 mg L1 in product water (there

trains. The reduction of the high molecular weight (HMW)

was no statistical difference between TOC and DOC for
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(a) Mean DOC concentrations of the ﬁve LC-OCD fractions for raw and treated waters, (b) mean DOC removal across each treatment process, and the fractional DOC composition
of (c) raw and (d) treated waters for samples collected across Neuilly-sur-Marne treatment train. The error bars indicate 95% conﬁdence intervals (n ¼ 3).

both plants), a calculated coagulant dose, which includes

as well as the building blocks removed were similar for all of

the raw water TOC as one of the parameters, is applied in

the three samples.

both plants. As this objective was generally met on all the

For the second case, comprising samples with different

sampling dates for both plants, the performance was evalu-

DOC concentrations and Al2(SO4)3 doses (Figure 5(b)),

ated in terms of the removal efﬁciency of speciﬁc NOM

the DOC concentrations were ∼3.5 mg L for January and

fractions as measured by LC-OCD.

May 2009 samples, and 2.5 mg L for April 2009 sample.

For the CR process train, the removal of LC-OCD frac-

Al2(SO4)3 doses were ∼ 32 mg Al/L for January and May

tions by coagulation/ﬂocculation was evaluated for two

2009 samples, and 14.4 mg Al/L for April 2009 sample.

cases in each of which three samples were selected:

The SUVA values were 3.0 L mg1 m1 for January, 2.0 L

(1) with similar raw water DOC concentrations and coagu-

mg1 m1 for April, and 2.4 L mg1 m1 for May. The

lant dosages (Figure 5(a)), and (2) with different raw water

removal of humic substances (0.6 mg L1) was similar for

DOC concentrations and coagulant doses (Figure 5(b)).

January and May samples, indicating that the difference in

For the ﬁrst case, the selected samples had DOC concen-

SUVA values did not signiﬁcantly affect the removal efﬁ-

trations of 2.3–2.6 mg L1 and the applied coagulant doses

ciency of this fraction. In contrast, whereas 0.1 mg L1 of

were 13.9–14.4 mg Al/L. The SUVA was ∼2.0 L mg1 m1

building blocks was removed for the January sample,

and turbidity 2.4–4.8 NTU for all of the three samples. The

hardly any was removed for the May sample, indicating

similarity in DOC concentrations, the SUVA values, and

that the lower SUVA for the latter may have made the

the applied Al2(SO4)3 doses was reﬂected in the removal

removal of this fraction more difﬁcult. The removal of

of the NOM fractions that are amenable to coagulation.

humic substances for April sample (0.3 mg L1) was 50%

The amounts of the HMW biopolymer and humic fractions

of that for January or May, which is in roughly the same
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DOC of LC-OCD fractions removed by coagulation process of Choisy-le-Roi treatment plant on three selected dates with (a) similar raw water DOC and coagulant dose, and
(b) different raw water DOC and coagulant dose.

ratio as the applied Al2(SO4)3 doses. As for May sample,

the removal of biopolymers (normalized to the applied

which had a similar SUVA, signiﬁcantly less building

Al2(SO4)3 dose) was the same (0.004 mg C/L per mg Al/L)

blocks were removed for April as for January sample,

for the three samples, that of humics was the same (0.02 mg

which had a higher SUVA.

C/L per mg Al/L) for September 2008 and January 2009

For NM process train, LC-OCD analyses were performed

but less (0.01 mg C/L per mg Al/L) for March 2009. The

for three of the seven sets of samples and the DOC of LC-

lower removal for the latter is consistent with its lower

OCD fractions removed by coagulation/ﬂocculation are

SUVA (1.7 L mg1 m1) compared to that for September

shown in Figure 6. For these sampling dates, the DOC con-

(2.6 L mg1 m1) or January (3.1 L mg1 m1).

centrations and SUVA values were higher for January 2009
than for either September 2008 or March 2009 samples. Furthermore, the raw water turbidity was signiﬁcantly higher for

Fluorescence EEMs

the January sample. Consequently, the Al2(SO4)3 dose for the
sample of January (50 mg Al/L) was more than twice as much

Three main ﬂuorescence intensity peaks were obtained for all

as for the other two samples (∼20 mg Al/L). There was a cor-

samples from both CR and Neuilly process trains that were

respondingly higher removal of the HMW (biopolymers and

analyzed. These previously identiﬁed peaks were observed

humics) and neutral fractions for the January 2009 sample

at the following excitation and emission wavelengths:

than for the other two samples dates. However, whereas

humic-like ﬂuorescence (peak A) at 240–260 nm and 420–
470 nm, respectively; fulvic-like ﬂuorescence (peak C) at
300–340 nm and 400–450 nm respectively; and tryptophanlike ﬂuorescence (peak T) at 240–280 nm and 300–360 nm,
respectively. Figure 7 shows typical contour plots of FEEMs for raw and product water samples for CR and NM,
respectively. In both cases, the ﬂuorescence of the raw and
treated waters was dominated by the humic-like peak
A. There was substantial reduction of all of the three ﬂuorescence peaks across the two treatment process trains. The
percentage reduction (relative to the raw water) of the three
peaks across the treatment processes were similar for both

Figure 6

|

DOC of LC-OCD fractions removed by coagulation process on three selected
samples with different raw water DOC concentrations and coagulant doses

plants: 55% after coagulation/ﬂocculation; 85% after BAC ﬁl-

collected from Neuilly-sur-Marne water treatment plant.

tration; and 86% after chlorination (ﬁnal water).
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Fluorescence EEM contour plots for raw (a and c) and treated (b and d) water samples collected from Choisy-le-Roi (a and b) and Neuilly-sur-Marne (c and d) water treatment
plants on 22 July and 27 March 2008, respectively.

PARAFAC components extracted from ﬂuorescence

but only the three, the four and the ﬁve component models

EEM

could be split-half validated. These were split-half validated
in the sense that the corresponding components in the split

A dataset comprising ﬂuorescence EEMs for 145 water

halves had equal excitation and emission loadings as veriﬁed

samples from both CR and NM were used for PARAFAC

by the corresponding Tucker’s congruence coefﬁcients being

analysis. The analysis produced ﬁve models with the

greater than 0.95 (Lorenzo-Seva & Berge ). Of the three

number of components in each ranging from 3 to 7. These

validated models, only the one with the highest (ﬁve)

models were subjected to a series of tests in order to determine

number of components was considered for further analysis.
The ﬁve components of the selected model have spectral

the one with the most appropriate number of components.
Split-half analyses were carried out for all the ﬁve models

Table 2

|

features

similar

to

those

previously

extracted

from

Comparison of the spectral characteristics of ﬁve components identiﬁed in this study with those of similar components identiﬁed in previous studies

Component of this study

Excitation/Emission wavelength (nm)

Description and source assignment (References)

1

260(360)/480

Terrestrial humic substances
Peak P3: < 260(380)/498, (Ref. 3)
Component 3: 270(360)/478, (Ref. 4)
Component 3: 275(390)/479, (Ref. 7)

2

250(320)/410

Terrestrial/anthropogenic humic substances
Component 6: <250(320)/400, (Ref. 5)
Component 2: 315/418, (Ref. 2)
Component 3: 295/398, (Ref. 6)
Component 3: 250(310)/400, (Ref. 9)

3

<250(290)/360

Amino acids, free or protein bound
Component 7: 240(300)/338, (Ref. 3)
Component 4: <260(305)/378, (Ref. 8)
Component 6: 250(290)/356, (Ref. 9)

4

<250(300)/406

Terrestrial humic substances
Component 1: <260(305)/428, (Ref. 8)
Component 3:295/398, (Ref. 6)
Peak C or M: (Ref. 1)

5

270/306

Amino acids, free or protein bound
Component 4: 275/306, (Ref. 6)
Component 8: 275/304, (Ref. 5)
Peak B: 275/310, (Ref. 1)

Secondary excitation wavelength is given in brackets.
Ref. 1. (Coble 1996), Ref. 2. (Murphy et al. 2006), Ref. 3. (Murphy et al. 2008), Ref. 4. (Stedmon et al. 2003), Ref. 5. (Stedmon & Markager 2005a), Ref. 6. (Stedmon & Markager 2005b),
Ref. 7. (Yamashita et al. 2008), Ref. 8. (Yamashita & Jaffe 2008), Ref. 9. (Kowalczuk et al. 2009).
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PARAFAC component scores across treatment

(Stedmon et al. ; Stedmon & Markager a, b;
Murphy et al. ; Murphy et al. ; Yamashita & Jaffe

Figures 9(a) and (b) show the average maximum ﬂuor-

; Yamashita et al. ; Borisover et al. ; Zhang

escence intensity (Fmax) of the ﬁve components for raw

et al. ). Table 2 shows a comparison of the excitation

and product waters for CR and NM treatment trains.

and emission wavelengths for the ﬂuorescence maxima of

These ﬂuorescence intensities give estimates of the rela-

the ﬁve components identiﬁed in this study with those of

tive concentrations of each component. For both plants,

similar components identiﬁed in previous studies. Three

raw water samples exhibited higher Fmax for terrestrial

humic-like components of terrestrial origin were identiﬁed:

humic-like components C1 and C2 than for the other

two dominant ones, component 1 (C1) and component 2

three components. Whereas the results appear to indicate

(C2); and a secondary one, component 4 (C4). Two of the

that the raw water samples were dominated by humic-like

components have excitation/emission characteristics simi-

ﬂuorescent compounds, they are not sufﬁcient to draw

lar to those of ﬂuorescent protein-like compounds (Cory &

conclusions about the relative concentrations of all the

McKnight ): component 3 (C3) is spectrally similar to

seven components without prior knowledge of their

tryptophan-like ﬂuorophore; and component 5 (C5) is spec-

respective quantum yields. However, results of LC-OCD

trally similar to tyrosine-like ﬂuorophore.

also showed quantitatively that for both treatment

The spectral contour plots and excitation and emission

plants, humic substances comprised on average 50–60%

spectra of each of the identiﬁed components are shown in

of all samples analyzed. For both plants, Fmax for tyro-

Figure 8. The spectra show relative ﬂuorescence intensities

sine-like component C5 was generally stable across the

(loadings), in Raman units, as a function of excitation and

treatment.

emission wavelengths for the complete dataset (solid) and

Figures 9(c) and (d) show the mean percentage Fmax

for one of the independent halves used for validation (dotted).

reduction (relative to inﬂuent Fmax at each process) for

Figure 8

|

Contour plots of the ﬁve components identiﬁed by PARAFAC using the combined EEMs dataset of Choisy-le-Roi and Neuilly-sur-Marne samples. The line plots on the right show
split-half validations of excitation (thin) and emission (thick) loadings between the complete dataset (solid) and one of the independent halves (dotted). The nearly perfect
coincidence between the excitation and emission spectra of the complete dataset and of the independent halves shows the robustness of the model.
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Maximum ﬂuorescence intensities of PARAFAC components of raw and product waters for (a) Choisy-le-Roi and (b) Neuilly-sur-Marne treatment plants, and the mean percentage reductions across each treatment process at (c) Choisy-le-Roi and (d) Neuilly-sur-Marne. The error bars indicate 95% conﬁdence intervals of the mean.

the ﬁve components across the two treatment plants. For

partly explain why the reduction by ozonation is higher

CR, Fmax for humic-like components C1, C2 and C4, and

for NM (∼60–80%) than for CR. The effect of ozonation

tryptophan-like component C3 were reduced by 30–60%

is not intact removal of a component but rather quenching

after preozonation/coagulation, by 50–60% after ozonation,

of its ﬂuorescence.

and by 10–30% after BAC ﬁltration. The effective removal
by coagulation process of HMW organic substances consisting of humic substances and proteins, represented by

CONCLUSIONS

humic-like and tryptophan-like components respectively,
has been observed in other studies (Haberkamp et al.

Based on the characterization of NOM in water samples from

; Humbert et al. ). It should be noted, however,

CR and NM drinking water treatment plants using bulk

that except for coagulation and ﬁltration processes, the
reduction in ﬂuorescence does not always result in DOC
reduction. Oxidation processes like ozonation only transform HMW NOM into smaller and less aromatic organic

NOM measurements, F-EEMs and LC-OCD, the following
conclusions can be drawn from this study:

•

Whereas the treated water DOC concentrations were
relatively stable for both treatment plants, indicating the

compounds which have lower UV absorptivities and

effectiveness of bulk DOC removal, the SUVA values

ﬂuorescence. For NM, coagulation reduced Fmax for com-

were not as stable, indicating that the NOM character

ponents C1, C2, C3 and C4 by 15–30%, which is

of the treated water is more variable.

substantially less than that for CR. The higher reduction
for the latter may be due mainly to the preozonation,
which is applied in CR but not in NM; this may also

Downloaded from https://iwaponline.com/aqua/article-pdf/60/7/412/401848/412.pdf
by guest

•

Fluorescence and LC-OCD measurements both showed
that the raw water treated at the two water treatment
plants is comprised mostly of humic substances.
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For both treatment plants, the HMW fractions, comprising

biopolymers

and

humic

substances,

were

preferentially removed while the relative contribution of
the low molecular weight fractions, comprising building

•
•

blocks and neutrals, increased after treatment.
LC-OCD results indicate that for both plants, the coagulation process is not optimized for the removal of
speciﬁc NOM fractions.
A ﬁve component PARAFAC model of F-EEMs for
samples from the CR and NM drinking water treatment
plants was developed, comprising three humic-like and

•
•

two protein-like substances (components).
The ﬂuorescence of samples from both treatment plants
was dominated by terrestrial humic-like components,
C1 and C2.
The modelled PARAFAC components and the LC-OCD
fractions demonstrated the effectiveness of these tools
for the performance evaluation of the two water treatment plants in terms of the removal of NOM fractions.
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