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Abstract

A submersible UV/VIS spectrometer for in-situ real-time measurements is presented. It utilises the
UV/VIS range (200-750nm) for simultaneous measurement of COD, filtered COD, TSS and
nitrate with just a single instrument. A global calibration is provided that is valid for typical
municipal wastewater compositions. Usually high correlation coefficients can be achieved using
this standard setting. By running a local calibration improvements concerning trueness, precision
and long term stability of the results can be achieved. The calibration model is built by means of
PLS, various validation procedures and outlier tests to reach both high correlation quality and
robustness. This paper describes the UV/VIS spectrometer and the calibration procedure.
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INTRODUCTION

A submesble UV/VIS gspectrometer for in-Stu red-time measurements is presented. The
indrument proved to be a promidng insrument to quantify wastewater pollutant loads for
integrated management and control of municipa sewer networks and monitoring of the treatment
plant itsdf. The submersble spectrometer utilises the UV/VIS range (200-750 nm) for smultaneous
measurement of organic matter, suspended solids and nitrate with just a dngle instrument. The
miniaturised UV/VIS spectrometer is a probe ingadled directly in the process. Therefore it requires
no sampling, no sample preparation, and no reagents. The spectrometer is equipped with an auto-
cleaning sysem.

A globd cdibration for typicd municipd wastewaer is provided as default configuration of the
UVNVIS spectrometer. Usudly high precison can be achieved using this standard parameter st
For many purposes such as plant control precison is more important than trueness and the globa
cdibration often ddlivers sufficient results,

Due to the different compostion of westewaters, eg. with dgnificant indudrid contributions, a
second cdibration step (locd cdibration) can be required to enhance the trueness. The locd
cdibration corrdaes lab andyss with in-situ measurements of the actud wastewater. The locd
cdibraion isable

P to take account of specific compostions of the wastewater and

P possble matrix effects at the measurement location and/or,

P to minimize cross sengtivities due to overlgpping spectral shapes of target substances.
By runmning a loca cdibration improvements concerning trueness, precison and long term gability
of the results can be achieved.
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THE UV/VIS SPECTROMETER

The submersble UV/VIS spectrometer (Figurel) is a spectrometric probe of 44 mm diameter and
about 0.6 m length. It records light atenuation in the wavelength region between 200 nm and
750 nm and displays and/or communicates the result in red time. The measurement takes place
directly in-gtu without sampling or sample trestment. A sngle messurement typicaly takes about
15 seconds. The indrument is equipped with an auto-cleaning system using pressurised ar. Due to
the compact sze the sensor can easly applied in 2’ bore holes, for example for groundwater
monitoring. An ex-proofed verdon is available for sawer gpplications.
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Figure 1. UV-VIS submersible spectrometer.

The indrument is a 2-beam 256 pixd UV/VIS spectrometer, with a Xenon lamp as a light source.
On-board dectronics control the entire measurement procedure. All of the controller eectronics are
incdluded in the 44 mm tubular anodised duminium housing and include a data logger and a water
level meter. The communication is via RS232 or R85 interface. The power supply can be by
means of AC 220V/50Hz or DC 12-24V, respectively. The low power consumption eases fied
goplication by means of battery or solar power supply. The probe has a data logger on board,
capable to store e.g. complete absorption spectra of 1 month & a measuring interva of 30 minutes.

The path length can be adjusted from 2100mm. This opens a wide range of applications fom ultra
pure waters (DOC > 10 ug/l) up to concentrated wastewaters with a COD of severd 1000 mgl.
Usudly a path length of 5mm is used for wastewater applications. Spectrometric measurement
methods are defined for single substances (e.g. Nitrate, Nitrite, Benzene, Xylene, Toluene) as wdll
asfor surrogate parameters (SAC, turbidity / suspended solids, CODeg, TOCeqg, DOCeq).

The mog important influence on in-Stu absorption measurements is turbidity. Turbidity due to
suspended substance causes light scattering, shading and thus influences absorption over the entire
spectrum, whereas other interfering substances absorb light only in a limited wavelength region. It
is well known that the spectra shape caused by suspended solids depends upon the wavelength with
a factor | X, where x depends on the particle diameter. Therefore for turbidity compensation a
mathematical equation was developed which describes the relaionship between scattering intensity
and waveength as a function of the particle diameter based on the basic reationships given by
Huber and Frogt (1998). The turbidity compensation feature uses the origind spectrum and
edimates two parameters of the turbidity function. Turbidity compensation has two tasks the
measurement  of turbidity/suspended solid and basdine compensation for the measurement of
dissolved substances. The reaults of the turbidity compensation showed to be very sendtive to the
initid vaues of these parameters.
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The man advantage of the probe is, that it is gpplied directly in the process. Thus, measurement
errors due to sampling, trangport, storage, dilution etc. are not relevant. The broad range of available
waveengths dlows high flexibility for the choice of the best corrdaing wavelengths for the
cdibration function and for the avoidance of cross sendtivities. This is an advantage compared to
systems, which provide absorption measurements of asingle or two waveengths only.

SENSOR CALIBRATION

Principles

The linear relaion between absorption and concentration of a sngle determinant is given by
Lambert-Beer's law. Wastewater monitoring has to ded with a matrix of numerous dissolved and
suspended compounds. The superposition of numerous single substance absorbances — sometimes
even with overlapping pesks — can cause cross sengtivities and can lead to poor performance of the
sensor. In this case the sensor can be cdibrated with the water matrix of concern. Chemometric
models are used for this purpose. These modes formalise the procedure of correating the required
determinants to spectra.

Direct chemometric models can only be used if the spectra of al condituents are known and
Lambert-Beer's law is vdid. Therefore they cannot be used for wastewater where a great number of
condituents is present and therefore surrogate parameters (e.g. COD, TSS) are commonly used.
Indirect chemometric models are based on edimating the caibration parameters from cdibration
mixtures and have the following advantages (Otto,1999):

1. Interactions between congituents or between condituents and the sample matrix can be

accounted for in the cdibration (vaidity of Lambert-Beer'slaw is no longer a prerequisite).
2. Modeling of the background in a principal component becomes feasible.
3. Systemsof even highly correlated spectra can aso be used for multi-component cdibration.

All types of cdlibration show better results if there is no or only poor correlaion between the
variables. Wastewater shows strong correlations between the various parameters (eg. COD is
grongly corrdated with filtrated COD and TSS). Due to the co-linearities indirect cdibration
models are suitable for the problem. Additiondly the basic assumption for standard correlation
problems that reference measurements have to be error-free is not required (Danzer et a., 2001).
The gpplied modd — Partid-Least-Square regresson (PLS) — especialy accounts for concentration+
spectra relationships and results in the most robust calibrations at present (Otto,1999).

The multivariate calibration procedure

Figure2 shows a scheme of the applied known properties | | target variables (to be predicted)

multivariate calibration procedure. The | L{Teesredsurosaes [ (reference messurements

entire evauation of the gpectra is used. estimated
The cdibration model is built by means o
of PLS, various vadidation procedures

and outlier tests to reach both high

corrdlaion quaity and robustness. The
result of the cdibration procedure is a
recovery function. The recovery function _ )
is obtained by plotting the reference pm'd“mﬁ
measurements  (actud targets) vs. the

actual
target

multivariate model

predicted values (esimated targets). Figure 2: Scheme of the multivariate calibration procedure.
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Table 1 shows the deps implemented in the multivariate cdibration procedure. At the very
beginning the spectrd plaughbility is vaidated to exclude wrong spectra Usudly cdibration is done
with turbidity compensated spectra. As an optional step, a ‘local’ calibration can be based as well on
raw spectra A recursve procedure includes the multivariate cdibration with PLS, a multiple cross
vaidation, and the detection and dimination of outliers and is repeated until a good cdibration
result is obtained. To peform PLS the spectra and the reference measurements have to be
normalized.

Table 1. Steps of the multivariate calibration procedure.

Step Task Method
1 Plausibility control Manually
2 Turbidity compensation of the raw spectra curvefitting
3 Outlier eimination— Stepwise exclusion of suspected outliers F- and T-Tests and Cook”s distance
4 Building the calibration model PL S (leave one out)
5 Evaluation of confidence intervals of the calibration function PLS/ leave one out
6 Evaluation of calibration function robustness PLS/ Crossvalidation

The mogt important wavelengths are identified automaticaly, usudly 5 to 10 wavdengths are
sected. Due to the multi dimensond cdibration problem it is time consuming to cdculate the
globa minimum. Therefore draght-forward decisons have to be made to choose the waveengths
and the sdection of the wavdengths is checked manudly. A plaughbility control for the chosen
wavelengths shdl be included in the procedure.

The edtimates of the measurement accuracy for unknown samples are cdculated on the bass of a
complete leave one out cross vaidation (Figure3). Every set of data is removed as a test set from
the training set once and a modd is computed with the remaining data. Then he removed data are
predicted and the sum of the square roots of the resduds over dl removed objects is caculated
(PRESScy vaue — predictive resdua sum of squares based on cross vdidation; Otto, 1999). The
number of ggnificant principd components is obtained from the minimum resdud eror (minimum
PRESScy vaue). For every condituent a PRESS:y vadue is cdculated. For multiple condtituents the
mean vaue of the dngle PRESS., vaues is used to determine the optima number of principd
components.

training set test set
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Figure 3: Leave one out cross validation — principle
(Lohniger, 1999). Figure 4: PRESS.y vs. principal components.

Figure4 shows an example of a PRESS:y vs. principd components plot. The number of principa
components is given on the xaxis and the PRESS:y vaue on the yaxis. It can be clearly seen that
the 2nd principa component reduces the resduas significantly more than the subsequent ones. A
globd minimum of the PRESSy vadue appears with 9 principd components. In this case the
cdibration would include thefirst 9 principa components.
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The modd fit within the traning daa st can be improved by integrating more principa
components into the modd. Up to a certain point this method will lead to a better chemometric
model, after this point the modd will become “over-sendtised”. The cross vdidated residuas will
increase when the model darts to become over-sendtised. Stochaedtic changes within the training
data st are then included in the modd without being of generd validity.

Cross vdidation is aso applied for outlier detection. When a certain test st is removed from the
traning daa st F- and T-tedts identify dgnificant (95% leve) changes of dope and resduds
(Danzer et d., 2001). Discrimination between outliers and influential observations is based on
COOK’s digance (Otto, 1999). The maximum number of eliminated outliers can be defined by the
user.

Global vs. local calibration

The UV/VIS spectrometer provides a globad cdibration for the parameters of concern, but
recdibration with loca reference samples will ggnificantly improve the performance (trueness and
precison) for quantitative messurements. The loca cdibration is based on reference grab samples
andysed for the parameters of interest. The locd cdibration can be performed without demounting
of the probe.

The whole cdibration procedure can only be successful, if the following rules for the reference
samples are taken into account:

vaidation of reference methods of the laboratory analyss,

minimisation of errorsinduced by sampling and sample storage,

the identity between sampled liquid and liquid mesasured in-Situ has to be guaranteed,

the entire measurement range has to be covered by the reference samples and they have to
equally distributed over this range, and

randomisation of sampling in order to avoid correlation of subsequent samples,

TUTUTU

i)

RESULTS AND DISCUSSION

Influence of sampling on the calibration results

The "totd error of measurement” condgsts of sampling, sample transport, Storage, and andyticd
errors. Often comparison of fidd and lab methods only congder the usudly wel known andytica
error and neglect other dements of the sample to lab chain. It is of interest to quantify the different
possble reasons for the deviations between the model and the reference method. Unfortunately the
major error contributions are unknown in most cases, nevertheless this fact has to be kept in mind.

Errors caused by sampling devices are well known and can lead to an over-estimation of eg. COD
up © a maximum vaue of 56% if vacuum sampling devices are used (Haider & Haider, 1998). This
over-estimation is caused by sedimentation effects in the sample chamber.

Figure5 shows the influence of the sampling procedure on the cdibration results for COD. To
cdibrate the UV/VIS spectrometer for industrial wastewater reference samples were taken in two
different ways. During the fird sampling (‘sampling 1) the spectrometer was mesasuring in-Stu
while samples for cdibration were taken and the sampling times were recorded. Using this samples
for cdibration the corrdation coefficient was only 60.6 %. It was supposed that the in-Stu and the
lab measurements were not done on identicd samples. During an additiona sampling ('sampling 2)
the spectra of the new samples were measured off-line in order to reduce the sampling error. The
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Figure 5: Different cdibration results for different sampling Figure 6: Recovery function - predicted vs.
strategies. observed nitrate concentration.

cdibration results in a very high corrdation coefficient of 97.8 %. Teaking the standard andytica

erors of severd percent (usudly <5%) into account the reached correlation coefficient for
'sampling 2 is rather close to the maximum that can be achieved.

Global calibration for nitrate (effluent of a wastewater treatment plant)

The background matrix aways exids in wastewater. Therefore Sngle wavelength measurements for
nitrate cannot be used without any cdibration on dSte. Double waveength sysems try to
compensate such interferences by the measurement of the absorbance outsde of the nitrate pesk
wavelength range. This is an improvement, but cannot ded with the usua matrix changes that occur
particularly by using one cdibration on different wastewater trestment plants.

In order to be able to obtain a “globa cdibration”, effluent data of five different wastewater plants
were used. The concentration ranges are 3 to 17 mgyos-n/l for nitrate and 9 to 300 mgcop/l for the
background matrix. Both ranges cover a representative area for effluents of municipd wastewater
treetment plants. Figure6 shows the recovery function for the globd cdibration of the UV/VIS
spectrometer for nitrate. A globa cdibration for different wastewater plants could be achieved.

Local calibration for COD, filtered COD, TSS, and nitrate (primary clarifier effluent)

Figure7 and Figure8 show the cdibration results for COD and filtered COD, and for TSS and
NO3-N, respectively. The data were measured over 4 month (Winkler et a., 2002). The firg two
month were used for calibration (28 data sets) and the last two month for validation (24 data sets).

500 | ‘ | 300 ‘
450 i i
A COD - calibration data . Afiltered COD - calibration data |
_, 400 0 COD - validation data A E’ ofiltered COD - validation data |
E [ q =3
E 350 —- - - g o N
£ 200
2 b ® g a o
% 300 b p o =] © x
© o O i 0
2 250 - N ¥ 3 150 & outlier 95% _|
3 A E o4, A
A 5 A
2 A o )
£ 200
[]) 3 A
o o © 8 100
g 150 z - S A [
3 o X outlier 95% g o
O 100 & 2 8 5 Oa Qo A ©
A 8 )
. S /0/6
0 0 =
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300
COD reference method mg/L filtered COD reference method (mg/L)

Figure 7: Cdibration results for COD (left) and filtered COD (right).
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Figure 8: Cdlibration results for TSS (left) and NO3-N (right).

Table 2 summarises the cdibration results. Comparing the obtained correlation coefficients for the
vdidation data st a cdibration with a ‘sandard method using the ‘bet’ wavelength for each
parameter performs worse than the presented method using the whole spectrum (* spectrum’ method
= multivariate cdibration). The corrdaion coefficients for dl 4 parameters are lower for the
‘dandard” method. For COD, filtered COD and TSS the ‘spectrum’ method improves the
prediction. However, nitrate can only be predicted usng the ‘spectrum’ method. The results of the
multivariate cdibration procedure are dso given in Table: The coefficients of determination, the
upper and lower determination limits, and the results of the cross vdidation (standard error of
prediction and mean residud).

Table 2; Cdibration results.

Parameter COD filtered COD NO3-N TSS
Correlation coefficient for ‘ stlandard’ method 0.88 0.72 0.14 0.83
Correlation coefficient for ‘spectrum’ method 0.90 0.91 0.68 0.95
Detailed results of the multivariate calibration procedure

Coefficient of determination 0.91 0.86 0.90 0.92
Upper limit * 600 (568) 400 (344) 10 (7) 250 (188)
Lower limit * 0(33) 03 0(0) 0 (20
Standard error of prediction 235 16.9 0.29 5.98
Mean residual 28.0 20.2 0.37 7.75

* Valuesin brackets are given by the calibration procedure
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Therefore for the shown example these deviations can be caused only by two reasons. changes in
the matrix compodtion or a systematic error of the COD andyss. In this case the eror for COD
andyss was determined to be <3 % (Winkler et d., 2002). It could be concluded that the man
contribution is by changes in the matrix compaosition.

Whereass COD andyss includes dmost 100 % of organic carbon, the surrogate method includes
only determinants of the organic carbon matrix that absorb light. If the matrix compostion is
changing then the overdl absorption coefficient changes. There are some important fractions of
organic carbon that do not show any absorption in the UV/VIS spectra, like short chain fatty acids,
sugars and darch. If the concentration changes of these are not proportional to the totd COD
substances change it would cause deviaions between the chemometric modd and the reference
measurements. As the substances mentioned above are dissolved they cause deviations for the totd
aswdl asfor thefiltered COD and the deviation must have the same Sgn.

CONCLUSIONS

A chemometric andyss based on a spectrometric probe and a fully automated PLS cdibration is
presented. By usng PLS it is reatve smple to build cdibration models that lead to very good
coefficients of determinaion as there are a lot of independent variables provided by the continuous
UV/NVIS spectra. The presented method is capable to diminate cross senstivities of substances with
amilar spectra shapes or overlgpping pesks as wdl as certain background sgnds and it can
account for matrix effects of different substances (i.e. changes of the spectra shape trough
reections). The experience showed that most of the times the reference data are the critica part of
the whole cdibration procedure. Therefore it is essentid to guarantee the qudity of the reference
measurements (regarding reference andysis method, messurement range, sampling errors, identity
of samples and randomisation of sampling) to obtain good cdibration results.

The avalable globd cdibraion for the UV/VIS spectrometer vdid for typicd municipa
wastewater compodtion usudly provides sufficient measurement accuracy. Due to the different
compogtion of wastewaers, eg. with dgnificant industrid contributions, a 'loca' calibration step
can be required to enhance the accuracy. The locd cdibration corrdlates datasets of parale lab and
ingtu measurements. By running a locd cdibration improvements concerning trueness, precision
and long term gtability of the results can be achieved especidly when matrix effects occur.
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