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a b s t r a c t

Fluorescence excitation–emission-matrices (EEM) are a useful tool for water quality monitoring. Recent
publications show the potential of the method for real time drinking water control. However, in fluores-
cence measurements there is still a need for standardization to make data interpretation comparable.
In this work a standardization procedure based on excitation and emission correction as well as nor-
malization and optional inner filter effect correction is presented. By measurements of humic acid and
tryptophan standards with two different spectrometers (LS 50 and LS 55 by PerkinElmer) the procedure
application leads to comparable fluorescence intensities with relative standard deviations (median) of
tandardization
xcitation correction
mission correction
nner-filter effect

6.6–8.4% and 10.6–12.0%, respectively. These small differences are not avoidable even if all possible cor-
rection methods are implemented and constant measurement conditions are given. The used BAM kit for
emission correction induced good agreement in peak shape not only for single wavelengths but also for
the whole EEM. As a consequence it is necessary to use identical equipment and identical experimental
conditions in order to apply this method in fields of water quality control if small changes of fluorescence
intensities are relevant for data assessment.
. Introduction

Fluorescence spectroscopy is a widely used method for
nalysing water samples of different origin. It is highly sensitive and
elective and can give a wide spectrum of information in very short
ime. Measurements result in an excitation–emission-matrix (EEM)
n which the substances of dissolved organic matter (DOM) appear
n specific areas. Since an EEM works like a finger print researchers
se this to identify the origin of analysed water [1–4]. In former
ears the method was used for sea water and river water monitor-
ng [5–7]. A comparatively new field of application is controlling
ap water and drinking water treatment trains [8]. The interest
f applying this spectral method in fields of water technology is
ncreasing because of its sensitivity and real time character.

At the AGU Chapman Conference on Organic Matter Fluores-
ence 2008 in Birmingham (UK) the state of scientific and technical
nowledge was discussed. Though it is possible to give information
bout the composition and characteristics of DOM and also about

ts origin and distribution, there is still a great need for research
n how to quantify fluorescence signals. In this context there are
wo main problems: the first one is the comparability of results of
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measurements achieved by different instruments and the second
one is quantification of signals affected by fluorescence quenching
effects.

In respect of comparability of results from different work-
ing groups in this field worldwide, it is necessary to create a
uniform standardization procedure. Every fluorescence spectrom-
eter gives only device-dependent signals. This is due to different
light-sources, different models of photomultipliers with different
wavelength sensitivity. Even between devices of the same model
and manufacturer it is difficult to get similar signals, because of
the aging impact of device components [9,10]. Therefore measure-
ments have to be corrected by a standardization procedure which
includes an excitation and an emission correction step as well as
a normalization step. The aim of standardization is making mea-
surements independent from the used spectrometer device and its
aging effects.

Concerning quantification of signals there is still the problem
of fluorescence quenching. The term quenching includes so called
‘Inner Filter Effects’ (IFE), caused by the absorption of light by
the sample, and the collision or complex formation between a
fluorophore and another molecule. Both result in a decrease of
fluorescence intensity making it more difficult to quantify a signal.

The aim of this work is to present a standardization proce-

dure following Lawaetz and Stedmon [9] and Murphy et al. [11].
In contrast to Lawaetz and Stedmon, in this work the focus lays
on a comparison of the standardization of a whole EEM. This is of
high interest because the whole matrix gives a better impression
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f the pollution level of water and it characterizes relevant com-
onents of total organic carbon (TOC). Moreover it is pointed out
hat using the emission correction kit of the Federal Institute for

aterial Research and Testing (BAM, Germany) is appropriate to
liminate differences in spectral shape in emission mode.

Finally the order of existing standardization procedures is mod-
fied by setting inner filter effect correction as last step.

. Procedures

.1. Standardization procedure

Standardization of data is important for comparing results of
ifferent measurements. In spectrometers several components are
esponsible for artefacts. These are created for example by excita-
ion as well as emission monochromator, lamp or photomultiplier.
emperature is also decisive for fluorescence intensity. Without
ny regulation during the measurement temperature is not exactly
n the same level in different devices. All of these influences can
eform and dislocate peaks in a spectrum. Therefore measurements
ave to be corrected with respect to excitation and emission. Exper-

mental conditions are supposed to be non-varying.
For excitation correction in some devices the light signal is split

efore reaching the sample and a part of the light is measured by
reference photomultiplier. The sample signal is divided by the

eference photomultiplier signal (SRPM) and by the so-called cor-
ection spectrum (Cex), as it is done by the PerkinElmer devices used
or this work. An automated excitation correction is established in

any systems and therefore governed by the manufacturers. The
orrection spectrum is measured during the fabrication process and
aved on the hardware of the system. In some cases it could be
ecessary to create an own excitation correction spectrum or func-
ion. This could be done by a quantum counter as Rhodamine 101
12].

The emission correction spectrum in contrast has to be estab-
ished by the user. A correction spectrum relates every emission

avelength to a correction factor whereby the sample signal is
ultiplied with and therefore corrected (Cem). Such a spectrum

an be created by using fluorescence dyes and their reference spec-
ra. The Federal Institute for Material Research and Testing (BAM,
ermany) and the National Institute of Standards and Technology

NIST, Gaithersburg, USA) have created useful correction tools dur-
ng the last years [9,10], from which the BAM kit is used in this

ork.
By doing an excitation and emission correction all device depen-

ent aspects, which affect the spectral position and shape of a
uorophore, can be removed. The last step in standardization is
he normalization of intensities. There are different possibilities for
nification, i.e. using quinine sulfate-equivalents [13,14] or Raman
ormalization which is most commonly used although it is done

n many different ways. Some researchers use the intensity of the
aman scatter peak at a certain excitation–emission-wavelength
ombination [15]. However, Lawaetz and Stedmon [9] show that
t is more robust to take the area of the Raman peak at a certain
xcitation wavelength as normalization factor.

For normalization the approach of Lawaetz and Stedmon is used,
hich consists of calculating the area under the Raman peak of
ure water at �ex = 350 nm and 371 nm ≤ �em ≤ 428 nm. This spec-
ral range should be appropriate for devices with UV sensitive as
ell as red sensitive photomultipliers. The Raman peak should be
easured of pure water, sealed in a standard one cm cell (e.g.:
erkinElmer water cuvette). The advantage of using a sealed stan-
ard water cell is the high robustness and reproducibility of the
eak. Moreover there is not any risk of having dilution errors, like

n quinine sulfate dilution series for normalization.
5 (2011) 650–656 651

For each excitation–emission wavelength in an EEM the stan-
dardization procedure can be mathematically described by the
following equations

Fstand(�ex, �em) = Fobs(�ex, �em) · Cex(�ex) · Cem(�em) · n[r.u.] (1)

n = 1
Arearam

(2)

Arearam =
428 nm∫
371 nm

Fobs(�ex = 350 nm, �em) · Cex(�ex = 350 nm)

·Cem(�em)d�em (3)

Fstand is the standardized fluorescence intensity at a certain exci-
tation (�ex) and emission (�em) wavelength. Fobs is the observed
raw intensity from the spectrometer device, Cex the excitation cor-
rection spectrum, Cem the emission correction spectrum and n is
the normalization factor. It is important to note that the spectrum
of the Raman peak of the sealed standard water cell is excitation
and emission corrected, too. The standardized intensity has the unit
r.u. (Raman unit). With normalization by Raman peak the measure-
ments become independent of the chosen multiplier voltage.

After this standardization procedure a correction for inner filter
effects can be done by the following equation, if needed.

FIFE(�ex, �em) = Fstand(�ex, �em) · CIFE(�ex, �em) (4)

FIFE is the standardized and IFE corrected fluorescence intensity and
CIFE the IFE correction factor, calculated by a method of user’s choice
(Lakowicz [12], Gauthier et al. [16], Larrson et al. [17]).

This approach of a final IFE correction differs from other
approaches as suggested by Lawaetz and Stedmon [9] or Mur-
phy et al. [11]. It is important to notice that standardization and
correction of IFE are completely different aspects. Standardization
aims at eliminating device dependent factors, which distort both
the excitation shape and emission shape of a fluorophore. By stan-
dardization device independent matrices are created, scaled to the
physically universal scatter light of pure water. In contrast to that
inner filter effects are independent from spectrometer devices. The
level of IFE depends only on absorption of the sample itself. Another
reason for treating IFE correction independently from standardiza-
tion is the fact that sample conditions determine the necessary IFE
correction procedure, which hence needs to be chosen freely. Well
known procedures are corrections by Lakowicz [12], Gauthier et al.
[16] and Larsson et al. [17]. The methods of Lakowicz and Gauthier
are based on an additional absorption spectrum of the sample, mea-
sured by an additional absorption spectrometer. Larsson’s approach
is based on the Raman scatter peak of the sample and does not need
an extra measurement. Each method has its own advantages and
disadvantages. It is the researcher’s duty to choose the appropri-
ate approach in each particular case. For example, using cut-off
filters to remove scatter light in the sample makes it impossible to
apply Larsson’s method. On the other hand using the corrections
of Lakowicz or Gauthier without having an absorption spectrome-
ter is not possible either. Moreover, every absorption spectrometer
has different device specifications, too. Measuring the absorbance
with different slit widths, like 0.5 nm or 2 nm will finally lead to
different results after IFE correction. Comparing two fluorescence
spectra, standardized by an approach which includes IFE correc-
tion in the procedure, can finally lead to different results, because
of differences in the absorbance spectrometer devices although

the excitation and emission correction and normalization steps
produced similar spectra. Besides, there is another reason, which
allows changing the standardization order. Looking at Eqs. (1) and
(4) the complete procedure of standardization and IFE correction is
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imply a multiplication of raw fluorescence intensity with several
actors, which can be changed in their order as needed.

.2. Inner filter effect correction methods

Inner filter effects need to be corrected since they deplete
he fluorescence signal affecting the desired linear relationship
etween concentration of fluorophore and fluorescence intensity.
here are primary and secondary inner filter effects. Primary inner
lter effects originate in absorbance of light with excitation wave-

ength. Secondary inner filter effects on the other hand originate
n absorbance of light with the emission wavelength of the flu-
rophore. For best results both effects should be included in a
orrection procedure.

Whether inner filter effects have to be considered or not
hould be tested by UV/VIS-measurements. From an absorbance of
.01–0.06 or greater inner filter effects appear. Correction is pos-
ible until an absorbance of 2 [18], above this irreversible loss of
uorescence signal is caused.

The most frequently applied correction procedures are
xplained below.

.2.1. Gauthier (GAU)
The correction by Gauthier is done using

corr = Fobs
2.3dOex

1 − 10−dOex 10d2Oem 2.3w2Oem

1 − 10−w2Oem , (5)

here Fcorr is the corrected fluorescence intensity, Fobs the mea-
ured intensity which can be replaced by Fstand, Oex is the
bsorbance at excitation wavelength, Oem the absorbance at emis-
ion wavelength, d is the thickness of the cuvette, w2 the inner
idth of the cuvette and d2 the thickness of the cuvette wall both
easured in the direction of the emission wavelength [16]. By

sing the absorbance at emission wavelength secondary inner filter
ffects are corrected additionally to the primary inner-filter effects.

.2.2. Lakowicz (LAK)
The correction method of Lakowicz uses

corr = Fobs × 10[(Oem+Oex)/2]. (6)

This correction procedure is a simplification of the correction of
authier. The path of the exciting light is assumed to be equal to

he path of the emitted light [12]. Primary inner-filter effects are
orrected as well as secondary inner-filter effects.

.2.3. Larsson (LAR)
The approach of the correction of Larsson is different from all of

he above mentioned. It uses the Raman peak of the sample which is
nfluenced by the number of absorbing molecules [17]. A correction
s done by using

corr = Fobs(�ex)
rblind(�ex)
robs(�ex)

(7)

hereas rblind(�ex) is a vector which stores the area of the Raman
eak at every measured excitation wavelength of the blank sample.
he vector robs(�ex) stores the area of the Raman peak at every
xcitation wavelength of the sample. Integration is done using the
rapezium formula.

. Experimental methods
For this work tryptophan ((S)-(−)-tryptophan, Merck 816017) in
concentration of 20 �g/L and 100 �g/L in Milli-Q-water (pH 5.76
nd 5.8) and a humic acid (Humic Acid Suwannee River Standard
I from the IHSS) in a concentration of 2 mg/L and 10 mg/L (pH 5.5
5 (2011) 650–656

and 5.2) were used. The choice of concentration levels is orientated
at typically appearing concentrations in natural waters.

Fluorescence was measured with a LS 50 and a LS 55
(PerkinElmer) spectrometer. The slit widths were set to 10 nm in
excitation and emission monochromators. For tryptophan the exci-
tation wavelength was varied between 220 nm and 300 nm, with an
increment of 10 nm. The emission wavelength was varied between
300 nm and 500 nm with 0.5 nm increment. For the humic acid
standard a window of �ex = 220–440 nm and �em = 350–600 nm was
used, with the same �ex and �em increments as used for tryptophan.
To eliminate scatter peaks a 290 nm emission cut-off filter was used
for tryptophan and a 350 nm cut-off filter for humic acid.

The scan speed was set to 1200 nm/min. The temperature was
adjusted to 25 ◦C using the electronic Peltier thermostat PT 31 (A.
Krüss Optronic, Germany).

Cuvettes for absorption and fluorescence measurements had a
base area of 1 cm2. The thickness of the walls was assumed to be
negligible.

3.1. Standardization

Excitation correction was done by using the correction spec-
trum stored in the instruments. For emission correction a correction
function was calculated using the spectral fluorescence correction
kit of BAM (Fluka, 97003). Data was normalized to the integral
of the Raman peak of a standard water cuvette (PerkinElmer,
L2251293) at 350 nm excitation and 371–428 nm emission wave-
lengths. Before and after each measurement the Raman peak was
measured. For standardization the average of both peaks was used.

Each solution was measured 3 times on each device. The same
was done for a Milli-Q blank. In order to compare the spectra
between both instruments the relative standard deviation, Srel,

Srel =
√∑n

i−1(xi − x̄)2

n − 1
, (8)

was calculated out of six measurements (3 at LS 50 and 3 at LS 55),
where n is the number of measurements and xi is the ith measure-
ment.

3.2. Inner filter effect correction

For inner filter effect correction the Humic Acid Suwannee River
Standard II from the IHSS was used. Twelve concentrations between
1 and 30 mg/L were measured, 1–10 mg/L (in 1 mg/L steps), 20 mg/L
and 30 mg/L.

Absorption spectra were measured with Lambda 25
(PerkinElmer). The slit width was set to 1 nm and scanning
speed was set to 480 nm/min.

For validation of the different inner filter effect correction meth-
ods a linear regression of the corrected samples has been done and
the R2 values were calculated by

R2 = 1 − . . .

∑
(ŷi − yi)

2∑
(yi − ȳ)2

(9)

whereas i represents the concentration, n represents the maximum
of the measured concentrations, ŷ is the value calculated by the
regression line, y the corrected value and ȳ the average of the cor-
rected values. In this context R2 evaluates the linearity of the inner
filter effect corrected values.

3.3. Blank subtraction
Blank subtraction was done either after standardization or after
performing IFE correction. Neglecting IFE correction, the subtrac-
tion has to be done after standardization of both sample and blank
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Table 1
Median and mean of relative standard deviation of humic acid and tryptophan
between and within the devices LS 50 and LS 55. All points of an EEM are considered.

Substance and device Median Mean

Tryptophan 20 �g/L, LS 50 5.54 11.22
Tryptophan 20 �g/L, LS 55 6.29 12.90
Tryptophan 20 �g/L, LS 50/55 12.02 21.14
Tryptophan 100 �g/L, LS 50 2.65 6.43
Tryptophan 100 �g/L, LS 55 3.77 6.39
Tryptophan 100 �g/L, LS 50/55 10.60 14.00
Humic acid 2 mg/L, LS 50 2.44 4.1
Humic acid 2 mg/L, LS 55 3.85 3.88
Humic acid 2 mg/L, LS 50/55 8.43 10.61
Humic acid 10 mg/L, LS 50 1.50 2.32
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Humic acid 10 mg/L, LS 55 2.02 2.84
Humic acid 10 mg/L, LS 50/55 6.55 7.23

atrix. If an IFE correction is desired, subtraction should be done
fter the IFE correction. Using buffer solutions an IFE correction of
he blank is recommended because of the higher absorption in the
V range of the buffer’s salt.

. Results and discussion

.1. Standardization procedure

The median of the relative standard deviation Srel for all three
epeated measurements of each solution and device, as it is shown
n Table 1, are lower than 5% in most cases and will be neglected in
urther discussion. In Fig. 1 both the standardized, blank subtracted
ut not IFE corrected EEM of humic acid and tryptophan as well as
he EEM of the relative standard deviation between both devices
re shown.

Respectively, both matrices of one compound are very similar,
onsidering the overall spectral shape. Nevertheless, small differ-
nces in the fluorescence intensities cannot be neglected. In order to
et information about the difference for each segment of the matrix
he relative standard deviation between matrices of both devices
as calculated (Fig. 1(c) and (f)). Fig. 1 reveals a high level of agree-
ent for some segments of the matrix. However, there are some

egions where Srel is quite high. There are differences especially in
he upper peak of humic acid (at �ex = 340 nm) and tryptophan (at
ex = 220 nm). Fig. 1(c) and (f) displays that the higher values of Srel
re characteristic in the periphery of the matrix of humic acid and
ryptophan. For both components the highest differences appear
t an excitation of 220 nm. For tryptophan the standard devia-
ion is getting higher in spectral regions of low fluorescence. It is
emarkable that the level of differences between both instruments
s getting to a minimum near or at peak maximum of the com-
ounds (220/350 and 280/350 nm for tryptophan and 220/440 nm
or humic acid).

The box plots of relative standard deviation versus the cor-
ected fluorescence intensity in Fig. 2 cover all measurement points
f 10 mg/L humic acid and 0.1 mg/L tryptophan. For humic acid
Fig. 2(a)) the median is lower than 10%, independent of fluores-
ence intensity. For tryptophan (Fig. 2(b)) the median covers a range
etween 10% and 20%. It is remarkable that the variance of the
eviation is getting smaller, if the fluorescence intensity increases.

Fig. 3 shows the comparison of two standardized emission spec-
ra of 0.1 mg/L tryptophan at the excitation wavelengths of 220 nm
nd 230 nm. It is obvious that the differences depend on the exci-
ation wavelength. Considering the fact that the standardization
rocedure consists of three steps, excitation and emission correc-

ion as well as normalization, the latter cannot be the reason for
hese differences, because there would be a constant offset in the
pectra between the two devices instead. Exemplary Figs. 4 and 5
how the effect of the single standardization steps on the emis-
5 (2011) 650–656 653

sion spectra of humic acid (at �ex = 260 nm) and tryptophan (at
�ex = 220 nm).

Fig. 4(a) and (b) contains the excitation corrected raw data,
Fig. 4(c) and (d) the spectra after emission correction and Fig. 4(e)
and (f) the Raman normalized data. It is visible, that there are big dif-
ferences for the raw data in the emission between the two devices.
First of all the humic acid emission spectrum shows two shoul-
ders at �em = 450 nm and �em = 480 nm at the LS 55, whereas the
LS 50 only shows one shoulder. The emission correction removes
this device dependent effect. Similar results are obtained for tryp-
tophan (Fig. 4(d)). Peak shape only fits if both corrections are
performed. For a better visualization of the differences between
the two devices, the spectra shown in Fig. 5 are all normalized to
one. Looking at Fig. 5 it finally becomes obvious, that the emission
correction works very well and produces identical emission spectra
for humic acid (Fig. 5(a) and (c)) as well as for tryptophan (Fig. 5(b)
and (d)).

Finally Table 1 gives an overview of the relative standard devia-
tions. On the basis of median and mean both the differences within
each device and between the two devices are shown for humic acid
and tryptophan.

It is concluded that a comparability of fluorescence spectra
between different instruments is given. A changing level of dif-
ferences in several segments of the matrix cannot be avoided. In
general, the differences are on a comparable lower level if the fluo-
rescence is increasing, that means at the peak maximum. In areas of
peaks with lower intensity and at the side of peaks the risk to obtain
higher levels of difference is increasing. The reason of this effect
cannot be explained in detail so far. At least the results show that
the BAM kit for performing the emission correction, which elimi-
nates deformations in the shape of emission peaks, is appropriate
for application to EEM and does not lead to variations. Peak shapes
are comparable after emission correction generated by the BAM kit.
Applying all tools for spectra correction and normalization which
are available and at identical measurement conditions, as temper-
ature, pH-value, concentration, etc. small differences in the median
between 6.6% and 12% cannot be avoided. One residual reason for
these differences could be the excitation correction. In this work the
manufactures excitation correction function has been used with-
out creating an own function, e.g. by using Rhodamine 101. This
obvious fact has to be considered if the fluorescence technique
in this form will be introduced for online- or onsite-monitoring
procedures, e.g. of waters. In case of monitoring river water or treat-
ment trains at several points in waterworks an identical technique
should be applied if these small differences determined in this work
are not acceptable. Interlaboratory tests should also consider this,
because differences between instruments from further companies
not examined in this work are possible.

4.2. Inner filter effects

After performing the standardization procedure described in
Section 2.1 and demonstrated in Section 4.1 it is recommended to
also perform the correction for inner filter effects by the method of
Lakowicz [12]. Taking into consideration that IFE only depend on
the absorption of the sample itself the correction is independent of
the used fluorescence spectrometer. This can be seen in the IFE cor-
rection equation of Lakowicz and Gauthier, which do not contain
any device dependent parameters. Therefore the application of the
IFE correction leads to identical variations of relative standard devi-
ation between the two devices shown in Section 4.1. However, this
correction is suitable to obtain a linear correlation between the con-

centration of a fluorophore and its fluorescence intensity. Therefore
this procedure is an important part of the whole spectra correction
if results with varying concentrations are to be compared, as it is
the case for samples from drinking water treatment.
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Fig. 1. EEM’s of 10 mg/L humic acid and 0.1 mg/L tryptophan. Each EEM is the average of three measurements. Srel shows the relative standard deviation between the two
devices LS 50 and LS 55. Srel in % and fluorescence intensities in r.u.
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Fig. 2. Box plots of relative standard deviation versus classes of fluorescence intensities for 10 mg/L humic acid and 0.1 mg/L tryptophan.
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(b) λ ex = 230 nm

Fig. 3. Comparison of standardized emission spectra of 0.1 mg/L tryptophan at excitation of 220 nm and 230 nm.
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(a) Raw data of 10 mg/L humic acid, λex=
260 nm
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(b) Raw data of 0.1 mg/L tryptophan, λex =
220 nm
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(c) Emission corrected data of 10 mg/L humic
acid, λex = 260 nm
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(d) Emission corrected data of 0.1 mg/L tryp-
tophan, λex = 220 nm
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(e) Emission corrected and Raman normalized
data of 10 mg/L humic acid, λex = 260 nm
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(f) Emission corrected and Raman normal-
ized data of 0.1 mg/L tryptophan, λex =

umic
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Fig. 4. Step-by-step plots of the emission spectra of 10 mg/L h

Table 2 shows the values for R2 after applying inner filter effect
orrection by Lakowicz and Gauthier for the humic acid standard.

t is not possible to apply the method by Larsson. The use of emis-
ion cut-off filters led to elimination of Raman peaks of the sample.
bviously the correction methods of Lakowicz and Gauthier result

n quite similar values, which is due to their close mathematical
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(a) Data before emission correction and nor-
malized to one of 10 mg/L humic acid, λex
= 260 nm
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(c) Data after emission correction and normal-
ized to one of 10 mg/L humic acid, λex =
260 nm

Fig. 5. Normalized raw data of 10 mg/L humic acid at �ex = 260 nm and 0.1 mg/L trypt
220 nm

acid at �ex = 260 nm and 0.1 mg/L tryptophan at �ex = 220 nm.

relation. Therefore there are just small differences in the R2 values.
For the humic acid standard the correction method of Lakowicz

2
gives the best R . The advantage of the Lakowicz method lies in the
direct measurement of the IFEs by absorbance. Gauthier’s method
is similar to Lakowicz’s approach but requires more parameters like
cell geometry. In contrast the Larsson correction is characterized by
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(b) Data before emission correction and nor-
malized to one of 0.1 mg/L tryptophan,
λex = 220 nm
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(d) Data after emission correction and nor-
malized to one of 0.1 mg/L tryptophan,
λex = 220 nm

ophan at �ex = 220 nm after excitation correction and after emission correction.



656 C. Goletz et al. / Talanta 8

Table 2
R2 values of a linear regression at two intensities at 230/440 and 320/440 (ex/em)
nm for humic acid concentrations 1–30 mg/L.

Int 230/440 Int 320/440

Standardized without IFE correction 0.698 0.900
Lakowicz 0.995 0.987
Gauthier 0.973 0.982
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[16] T.D. Gauthier, E.C. Shane, W.F. Guerin, C.L. Seitz, C.L. Grant, Environ. Sci. Technol.
ig. 6. Flow chart of standardization procedure; *part of the PerkinElmer spectrom-
ter software.

he ratio between the Raman peak of the sample and of pure water.
his is an indirectly way of absorbance measurement.

. Conclusion

In this work a standardization procedure covering a spectral cor-
ection, Raman normalization and inner filter effect correction was
pplied to compare whole fluorescence matrices measured by two
ifferent spectrometers (Fig. 6).

The results obtained by spectral correction and normalization
s well as inner filter effect correction are discussed separately.

On the one hand, if spectra are measured several times with
ne instrument using exactly the same conditions, the data is com-
letely reproducible. On the other hand, if different instruments
re used the spectra correction and Raman normalization cannot
liminate every differences in the spectra. In case of standard com-
ounds and instruments used in this work the median of relative
tandard deviation between spectra in the protein-sector can be
educed to a nearly constant level of less than 12%. In case of humic
cid the median of Srel is determined to be constant lower than
0%. The higher the fluorescence the lower the variance of Srel is. It
s suggested that the still occurring differences are due to spectral
eformation which so far cannot be corrected, however, they are
ssumed to be a result of excitation correction. The highest differ-
nces are obtained near the periphery of the matrix measured in

[
[

5 (2011) 650–656

this work. For example, the emission correction function is not valid
for �em lower than 300 nm. Further research is needed if monitor-
ing of fluorophores in this range, e.g. of tyrosine-like compounds,
is needed.

In the segment of humic acid fluorescence, which is the most
important organic matter in natural waters, the comparability of
fluorescence with a standard deviation of lower 10% (median) at
adequate fluorescence intensities seems to be sufficient. Neverthe-
less, further measurements using more different instruments and
compounds should be carried out. Besides the fluorescence max-
ima also the whole fluorescence matrix should be considered in
order to obtain a complete impression of the amount of differences
which can be expected.

For the correction of inner filter effects it was shown that the
method of Lakowicz should be applied as it was the best work-
ing method in this study. However, the correction procedure of
Lakowicz needs absorption measurements which complicates an
application in an online-procedure and may introduce further
errors. Results for the method of Gauthier are similar to those of
the method of Lakowicz. The procedure of Gauthier includes more
constants in its mathematical description making an introduction
of errors likely. All in all, if no information on any preconditions is
given, the correction procedure of Lakowicz is still the best work-
ing one, as attested by other studies too [9,11]. The procedure by
Larsson was not performed in this work, because of missing Raman
scatter peaks by using emission cut-off filters. Nevertheless it is
appropriate for low DOC concentrations and has its advantages for
online devices, where absorption is not measured.

Under the aspect of drinking water control by fluorescence tech-
nique it can be concluded that there is a discrepancy between the
measurement itself and the assessment of the spectra. The mea-
surement has real time character, but the assessment of the spectra
implies several mentioned difficulties which have to be considered
by users. The remaining differences are to be assessed. That means
in every case the decision about the comparability of fluorescence
spectra requires an extensive procedure which is in contrast to
the measurement itself. Therefore prospective work is necessary
to establish a consistent operating procedure as presented in this
work embedded in software tools for easy use.
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