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Water contamination is an important environmental concern underlining the need for reliable real-

time information on contaminant concentrations in natural waters. Here, a new non-contact UV-

www.rsc.org/ Vis spectroscopic approach for monitoring contaminants in water, and especially wastewater, is
proposed. Diffuse reflectance UV-Vis spectroscopy was applied to measure simultaneously the
chemical oxygen demand (COD) and turbidity (TUR) concentrations in water. The measurements
were carried out in the wavelength range from 200 — 1100 nm. The measured spectrums were
analysed using partial-least-squares (PLS) regression. The correlation coefficient between the
measured and the reference concentrations of COD and TUR in the water samples were R?= 0.85
and 0.96, respectively. These results highlight the potential of non-contact UV-Vis spectroscopy
for the assessment of water contamination. A system built on the concept would be able to monitor
wastewater pollution continuously, without the need for laborious sample collection and
subsequent laboratory analysis. Furthermore, since no parts of the system are in contact with the
wastewater stream the need for maintenance is minimised.

DOI: 10.1039/x0xx00000x

Introduction Non-contact techniques, such as radar and ultiasewices
for example, are able to measure the water velasity water
level, respectively. Recently, an integrated nontact
measurement system, HydroPix, was developed to unedse
water flow rate in sewer systerh$This system uses cameras
placed above the water surface and image procetsihgiques
to measure the water flow rate. The advantageisfsiystem is
that it allows remote, real-time monitoring the eraflow rate
and level over an extended period of time with miali
maintenance needs.

UV-Vis spectroscopy is commonly applied to measwerts
of wastewater pollutioA.In order to measure the pollutant
concentrations, different immersed on-line systemsre

Water contamination is an important issue nowadeygecially
in urban areas. Due to the constant and rapid asereof
population in cities, water infrastructure is oftamder-
dimensioned to manage the subsequent increasdumeand
concentration of wastewater. For example, wastevia@atment
plants cannot process all wastewater during laag#all events
due to their limited capacity. In this case, theess wastewater
is directly discharged into the natural environméfthile this
wastewater is diluted by the rain, it has stillinebown to be an
important source of contamination for the environti€ In
order to tackle this problem, there is a need ébable real-time

monitoring techniques, developed. More specifically, a UV-Vis spectroscopystem

Monitoring the total pollutant mass contained iastewater . .

. . . ) . was recently developed to be installed in sewetesys and
during rain events can give valuable informationr fo . . .

. . o measures the concentrations of important contarhinditators
environmental assessment and sizing of technidafisns. The

i 6
total pollutant mass can be determined from theenflow rate such as chemical oxygen demand (COD) and turb{diyR).

. . . The problem of clogging was reduced by blowing pueized air
and the pollutant concentration. Gathering longntereliable P . 99Ing y . 9
. through the optical path between the light source she
data is, however, a problem. Sewer systems arehhars . e . . . .
. . . . . detector. Despite this innovation, frequent maiatere is still
environments with high humidity, corrosive gasesmda . L
. . needed due to immersion in the wastewater.
wastewater carries large amounts of solid matdviehsurement

. . ) The task of extracting pollutant concentratior@rfroptical
devices that are in contact with the water generaded frequent . L .

. . . . o spectrums can be solved using multivariate colcelahethods.
maintenance due to clogging, something that isdmabiusing

L A useful method to solve the task is partial-lesatare (PLS)
non-contact monitoring methods. . .
regressiorf. The method looks for orthogonal linear
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combinations of wavelengths which maximize the ciawvece
between the measurement and reference values. (a)
In this paper we propose a nhew system for momigpthe I Maya 2000 Pro | | HPX-2000 l
concentration of COD and TUR in wastewater basedifinse
reflectance UV-Vis spectroscopy. The technique hagn <2ocm,,
applied to study lake water quality using sunligistthe light A
source® Diffuse reflectance UV-Vis spectroscopy is welbkm
from soil analysis where it is used to identify |sypes? For
mixed powders, it has been shown that the absaorpdiod
scattering coefficients of the mixture constituerdan be
summed to obtain the corresponding coefficientstlierwhole
mixturel?®1! Since no parts of the measurement equipment ¢ A
immersed, the need for maintenance is low. The gzeg 5.5cm
instrument will be integrated in the HydroPix sys{&* allowing (b) 103 p—rmr=rerrrr——t—r=rrrrr———r e
a non-contact estimation of pollutant masses andematrations 3 e °
in water. [
The results presented in this paper illustratgehsibility of 1025— o
the measurement concept and encourage furthercasaa the ;
application of non-contact spectroscopic methodsaeasure the
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Experimental 100:_ o ,° _ 1.1
Experimental setup il o el o o coval :13
The system consists mainly of two parts: A lightse that 10° 10° TUR [mgl% 10

illuminates the water surface and a spectrometsr rtieasures

the reflected Iight. The measured Spectrum is m in an Figure 1: Schematic illustrating the measurement setup (a), and concentrations of
. COD and TUR in the measured solutions (b). 48 water samples were prepared with

attached computer to extract the pollutant conegintrs. different COD and TUR concentrations, as illustrated in (b). The colors represent

Figure 1(a) shows a schematic of the experimesgtlp. different ratios of COD and TUR.

Water samples were placed in 80-ml polypropylere) (ups.

The cups were coated on the inside with deep dpcky paint The relative positions of the light emitter and tigét collector
(Dupli-Color AEROSOL ART RAL 9005). The cup hadienr were such that the light reflected specularly fréme water
diameter of 5.5 cm, and the cup height was 4.0Each water surface did not enter the collector.

sample tested had a volume of 50 ml resulting 2n7acm water
depth in the cup.

The water surface was illuminated using a contisuwave Water samples were prepared using COD and TUR dakmi
Xenon light source (HPX-2000) supplied by Oceani@ptA standards. A 1000 mg/l COD standard from Hach ad®GD
Maya 2000 Pro spectrometer (also Ocean Optics)usad to NTU Formazine TUR calibration standard from Sigmidrich
measure the spectrum of the reflected light inwlelength were used to prepare the water samples. The chiestécalards
range from 200 to 1100 nm with a spectral resofutib0.47 nm. were used as bought. Water samples were prepareuaixiyg
Two fused silica collimating lenses (Ocean OptiasT4) were the COD and TUR standards in 5 different ratiogufé 1(b)
used to emit the light to the water surface antbcothe reflected shows the ratios of COD and TUR used in the wadenmes.
light. The lenses were connected to the light ssuand Dilutions of the water samples were performed usiegonized
spectrometer, respectively, using 2-m optical Bbi@cean water (R > 18 M2-cm). The filled circles indicate solution
Optics QP600-2-SR). concentrations mixed directly and the open cirdledicate

The light emitter and collector were placed 25afmove the solutions for which concentrations were mixed bltihg the
cup bottom and 20 cm apart, as shown in Fig. I{ag light prepared solution with di-H20O. The arrows indicatw the
emitter and collector lenses were pointed at theemsurface to water sample concentrations changed with succeddivgons.
avoid detecting light reflected from the cup bottdrarthermore, Each colour represents a certain ratio of the C@D aUR
the position of the light emitter and collector wathosen such standard used in the water sample. The concerntsattb COD
that they would not interact with the same areshenbottom of and TUR ranged from 0.56 to 750 mg/l and 2.2 toOBNd U,
the cup. The illuminated spot on the water surfeata diameter respectively. In total, 50 different combinations @OD and
of 1 cm. The angle between the water surface noramal the TUR were used.
light emitterpy and collector, respectively, was not equal.

Water samples

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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M easurements

Each water sample, containing a specific combinatibCOD
and TUR concentrations, was measured 14 times.clihevas
placed in two different positions in order to addiability to the
measurements and reduce systematic effects caystx lcup
edges on the measurement.

The measurements were carried out automaticalzeShe
turbidity of the water sample affects the amountiffusively
reflected light, the measurements were performedsesen
different integration times (Table 1). A long intagon time
results in a high signal to noise ratio. For highlybid water
samples, the spectrometer may saturate if theriieg time

Environmental Science: Processes & Impacts

Table 1: Integration times and number of averagesl to measure the
spectrums. The total measurement time (integraitioe x number of
averages) was set to 60 s.

Integration time [ms] Number of averages

1000 60
500 120
200 300
100 600
50 1200
20 3000
10 6000

The background was determined for each spectruimidhghlly
by calculating the mean value of the spectrum &itgrat the

used is too long. Therefore, a short integratioretis needed to shortest (202 — 214 nm) and longest (1104 — 1114 nin

measure highly turbid samples while a long integratime is
needed water samples with low turbidity.

wavelengths, where the measured signal did noteekite noise
floor of the spectrometer and represents the basedf the

To minimize the influence of water movement théakto spectrum.

measuring time was chosen to be 60 s, regardlestheof

integration time. This was done by measuring sésgractrums

With our spectrometer, the highest signal-to-naadi® in the
spectrums was achieved by using the longest pessiteigration

and using their average as the final measured rspect time. The spectrums measured with the highest iat@gm time

Typically, integration times of 0.5 or 1 s were dis&he
measurements were carried out in a dark environmants
normally the case in sewer systems.

Spectrums
c Training:
PLS #1 PLS #2
P con, ]
v v Testing:

Leave one out = |
B3

Figure 2: Schematic showing the training and testing of the PLS models. All of the
measured spectrums are grouped by COD and TUR concentrations, Cx and Ty
respectively, where 1< X <n, and n is the total number of prepared water samples.
During training of the PLS models one group of spectrums was left out of the
training data. During training the PLS models were constructed using the
remaining spectrums and the reference TUR and COD values, TURges and CODges
respectively. The spectrum with the highest intensity in the group left out was
used to validate the PLS models by calculating the TUR and COD concentrations,
TURmes and CODyes respectively.

Processing

The COD and TUR of the water samples were calodlate
applying PLS regression on the measured spectfuBefore
performing the PLS regression all saturated spexrwere
removed from the measurement set. Saturated spetwere
defined as spectrums having intensity above 97%thaf
spectrometer measurement range.

The spectrums were recorded using different itatdon
times. The integration time used influences thecspm
intensity and the background level. To normalizeghectrums,
the measured intensity was divided by the corredipon
integration time and a constant, representing thekdround,
was subtracted.

This journal is © The Royal Society of Chemistry 2012

for each water sample at each cup position wer&anaasbest
measurements

Figure 2 shows a schematic of how the PLS trairdnd
testing was performed. Before performing the PlgBession the
data were grouped by COD and TUR concentrations. At
measurements carried out on a unique combinati€®@Qdd and
TUR concentrations were grouped together. Whemitrgithe
PLS model all groups, but one, were used as trgidata. The
best measuremeit the group left out was used to validate th=
model. This accomplished two things: (i) The conaltion of
COD and TUR used for model validation were not enésn the
training data; and (ii) measurements in the trajrdata carried
out at a fixed combination of COD and TUR concetitres
using various integration times simulated situaiaith varying
light intensities making the model more robust.

It was important to first determine the TUR corication of
the measurement. To do this, a PLS model was titaismg the
measured spectrum and the reference TUR valuesgUkis
PLS model the TUR values were calculated for akk th
measurements (Fig. 2). The measured TUR concemisatvere
obtained by using this PLS model with the measwwmattrum
of thebest measuremeint the data group left out of the training.

The calculated TUR values, the COD reference walaad
the spectrums were then used to train a secondiRidel. The
second PLS model was used to calculate the CODslévig. 2).
The measured values of COD were found by usingséwend
PLS model with the measured spectrums.

During the PLS training we assumed that the TUR
concentration had a linear relation to the specintensities and
that the COD had a linear relation to the logaritbinthe
spectrum intensities. The number of components uség PLS
regression was 20.

Outliers were detected and labelled. If a caladat
concentration of COD or TUR of a particular measweat was
negative the measurement was labelled as an oulel
excluded from the calculation of the model errdnise error in

J. Name., 2012, 00, 1-3 | 3
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the calculated COD and TUR values was calculatedthiey

distance between the calculated value and the emder 1
concentration in the corresponding water sample.e Th 4000 NTU
uncertainty of the measured concentrations was shtovbe o8l --10’1_‘.;
heteroscedastic. The variance scales linearly thighreference ol
concentration of COD and TUR. Therefore, the |apans of the e 10?5
reference and measured concentrations were us#te ierror 2,0.6 hh S
calculations. An estimate of the measurement em@s % 200600800 10 10°
calculated using a standard error of predictionRBeefined by § 0.4 Wavelength [nm]
Varmuzd.

n 0.2

l0B(SEP) = |55y - 9 - bias)? 1)
o
. 1 ~
bias = -3, (vi = 9) 2 10 acgength oy, 0%
y = log(C,) ,y — log(Cm) (3) Figure 3: Measured spectrums of three water samples with different turbidity

levels. The intensity of the measured signal decreases with decreasing turbidity.

whereC, andC,, are the reference and measured concentratighg"set shows the same spectrums plotted on a logarithmic scale.
T m

of the solutions, respectively.
The correlation coefficient of the measured cotregions

with regards to the reference concentrations wigsikeded using 100 ,x-—x-*-z_-g_".;:az-o-e-o-e—o- )
- o
RY,9) = Tt — (4 g o o

CoV(y.9)COV(y.9) % 80 le k;
where CO\(y, ) is the covariance of the variablesndy from n */' é’l
Equation 3. Since the concentrations were spreat tvee é 60 p'/
orders of magnitude and the data was heteroscedestchose .8 /
to use the logarithms of the measured and referenc § 4
concentrations when calculating the correlation ffa@ent. ‘g 40 ’,"
Using the logarithms gives more weight to the lmmaentration g !
values resulting in less optimistic correlation fficeents. o o -©-COD

20 , , _[+TUR
Results 0 5 10 15 20
Number of PLS components

Figure 3 shows three typical measured spectrumsr aﬁgurf.e 4: The percent of the measurement Yariance explained by.the PLS as a
normalization and background subtraction. The spet were .functlon of the number of components used in the PL.S mode. The improvement
measured in the Wavelength range from 200 — 110 rall in the model levels off after about 15 components are included in the model.
the spectrums show the profile of the light souused to
l!}umlpjt: the Wat(:r iamplle. ;I;]he sptictrum mttlersu:lladefcﬁv;lltzh Figures 5(a) and (b) show the measured concesrisaibf
€ CO”‘?e“ ra |or.1 in- the Wa.er .samp e n COD and TUR, respectively. The data are plotted asction
spectrutmst.havmg 48 different cgmb;?tlons of C.OW E;Rd of the reference concentration of the constituantie solution
concentrations were measured. er removing stddra . .
on a double logarithmic scale. The marks show tleasured
meas.urem.e.nts 545 spectrums were left. Of thosg,olhﬂﬁars values, the solid line is the optimal one-to-one@ation. The
were identified. The measurements marked as ositiere used dotted lines show the 95% confidence interval. T9%%
in the.PLS tralnln.g and omitted in the error caéd:mins: In the confidence interval is defined as the interval wta distance of
foIIowmg .calculatlons, 545 measurements were uigthg the two SEP from the optimal one to one correlationingsthe
PLS training, and 378 measurements were used tolatg the whole measurement range the correlation coeffisidat the
3E_P' 20 ¢ th 97% of th e measurement were?R= 0.69 and 0.95 for the COD and TUR
sing components, more than b O e measurem . . o
variance in COD and 99% of that in TUR was expldi(féig. 4) t%spectlvely. The SEP of the mea_lsurements is fooitee 35%
. ) -2 " for COD and 21% for TUR. The figures show that toeastant
!ncreasmgt;h the ndu.rT:.ber of com;)ct)rr]lents c(ijl(lj ?g; S.'gmme error in the measurement sets the detection linéraund 30
increase the predictive power of the model. O50Ver gl for COD. At higher concentrations the relatieeror
fitting using 20 parameters is minimal since the&SRtaining was begcomes more importgnt
performed on over 540 measured spectrums over 2068 '

wavelengths.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Figure 5: Measured values of COD (a) and TUR (b) as a function of the actual
concentration of the parameters in the water samples. The x marks are the
measured points, the solid line shows the optimal placement of the measured
values, and the dashed lines indicate the 95% confidence interval. The correlation
coefficients from COD and TUR are R? = 0.69 and 0.95, respectively. The SEP for
COD is 35% and TUR is 21%.

Figure 6 shows a measure of the relative errorafbthe
available combinations of COD and TUR concentraiofhe
figure shows the combinations of COD and TUR usedhi
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Figure 6: The relative error in the measurements of COD (a) and TUR (b) as a
function of COD and TUR concentrations. The marker positions indicate the actual
concentration of the parameters used in the measurements. The colour indicates
the mean error in the concentration measurements for each unique concentration
combination. The error is measured in units of SEP where dark colours indicate
mean errors within one standard deviation from the actual values. Red and yellow
colours indicate that the mean error at a certain COD and TUR concentration is
more than one standard deviation away from the actual concentrations. Figure (a)
shows that in the case of COD the highest errors appear around low COD
concentrations. This indicates that the detection limit of COD is 30 mg/I. Figure (b)
shows that the detection limit for TUR is 10 NTU.

measurements on a double logarithmic scale. Theucol Conclusions

indicates the error in the measurement of COD (6{g)) and
TUR (Fig. 6(b)) for each combination in units of SEAs seen
in the figure the highest errors in COD occur av |€OD

concentrations, lower than about 30 mg/l. The santeue for
TUR values lower than about 10 NTU. These valugerdene

the detection limits of the device. Calculating ttmrelation
coefficients of the data measured at reference erdrations
above the detection limit of the COD and the TURegi
correlation coefficients of R= 0.85 and 0.96, respectively.

This journal is © The Royal Society of Chemistry 2012

We have shown the feasibility of using diffuse eetnce UV-
Vis spectroscopy to monitor the concentrations@BCand TUR
in water samples. The concentrations of the cargsiis used in
the measurements ranged over three orders of magnitom
0.56 - 750 mg/l for COD and 2.2 — 3000 NTU for TURe
found a detection limit of 30 mg/l for COD. Belotet detection
limit the uncertainty in the measurement exceeds 35%
confidence interval marked by a distance of two $f®k the
expected value. In the case of TUR we are ableredigt the
concentration down to about 10 NTU. The method mnesssthe
diffusely reflected light, from the water sample.h®&% the

J. Name., 2012, 00, 1-3 | 5
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turbidity of the water is low no light is reflectéd the collector. 1
Therefore, no measurements of pollutants can Henpeed.

The measurement results show that it is feasiblese diffuse
reflectance UV-Vis spectroscopy to measure the ldeved 2
pollution in water. In this paper we used a simged
inexpensive experimental setup, but there are aktlengs that 3
could be optimized to obtain even better resulke @iameter of
the cups used could be enlarged to reduce theeimfki of the 4
cup edges on the measurements. We suggest thaizpaa
filters used on the light emitter and collector Wwbreduce the 5
influence of specular reflections on the measureémemd more
diffusively reflected light could be collected bptonizing the 6
optics. Even though the tested system can be ineprove were
able to predict the COD and TUR concentrationshim water 7
samples with a SEP of 31% and 21%, respectivelyis Th
measurement uncertainty is comparative to what Ibesn 8
reported elsewhere for more conventional transmiskiV-Vis
spectroscopic measuremefis.

The application of the methodology under real dtows
requires the consideration of heterogeneous swgfaith waves, 9
splashes, foam, flowing debris, etc. To cope wittese
perturbations the optical system needs to be opéichand the
measurement strategy developed. A possible solutiothis 10
problem is to measure a large area of water, to lorg 11
integration times, and to use averages of seveealsorements 12
as the final value. Moreover, COD can be contriduteder real
conditions by a lot of organic contaminants whichvé
inconsistent absorption of UV light due to variofators.
Therefore local calibration cannot be avoided instesn
deployment.

The need to monitor the pollution levels in wasigaw
released into nature will continue to grow. It isettefore
important to develop reliable and adaptable insauoi®: to
measure the pollutant mass contained in the wastewia non-
contact method offers flexibility in device insttibn and
reduces the need for maintenance. Incorporatindusdf
reflectance UV-Vis spectroscopic measurements éngystem
that can also perform non-contact measurementsefmater
flow rate would provide a convenient and completstem to
follow the pollutant mass released into nature witstewater.
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Environmental impact statement

Water contamination is an important environmental concern underlining the need for reliable real-
time information on contaminant concentrations in natural waters. Here, a new non-contact UV-Vis
spectroscopic approach for monitoring contaminants in water, and especially wastewater, is
proposed. By using non-contact measurements to measure the wastewater pollution the need for
maintenance is greatly reduced. This allows the instruments to be mounted at sites that cannot be
reached easily and encourages stakeholders to continuously monitor wastewater pollution more
carefully. By continuously monitoring the wastewater pollution measures can be taken if unforeseen
or unexpected events occur and the treatment process at a receiving wastewater treatment plant can
be adjusted to receive unexpected pollution loads.



