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DETECTION OF WASTEWATER TREATMENT PROCESS
DISTURBANCES IN BIOREACTORS USING
THE E-NOSE TECHNOLOGY

WYKRYWANIE ZAKLOCE N PROCESU
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Z WYKORZYSTANIEM E-NOSA

Abstract: Wastewater treatment processes are subject torouméisturbances during biological treatment of
wastewater. In order to achieve and sustain seitadmditions of the process, basic wastewater peteamshould
be frequently monitored. While great improvemerasenbeen made in the automatization of treatmestess,
little is known about automatic measuring systehet tan detect unusual process conditions in a&dbor.
Tracking these parameters can be difficult andtitne required for the determination might vary freeveral
minutes to few days. The objective of this studipigvaluate the use of an electronic nose in-hdesie (based
on a non-selective gas sensor array) for the detecf process disturbances in a lab-scale sequerzatch
reactor (SBR) during biological treatment of wasitav with activated sludge. Measurements were pagd
during a 12-hours working cycle. Continuous anays€ the headspace were performed using a sensy ar
based on the resistive Metal Oxide Semiconductoe MOS) gas sensor. Based on the data obtainethand
PCA analysis, this study showed that the e-nodentdogy can be used to predict or retrieve infoiamagbout
potential disruptions during wastewater processegjuhe e-nose technology.

Keywords: e-nose, gas sensors array, MOS, SBR, wastewa#tmient disruptions

Introduction

The evaluation of wastewater treatment processidareactors with activated sludge
mainly relies on specific physicochemical parangeterch as: Biological Oxygen Demand
(BOD), Chemical Oxygen Demand (COD), pH, Oxygen dipt Rate (OUR), Total
Suspended Solids (TSS), Total Organic Carbon (T@S)well as the phosphorus and
nitrogen content [1]. These methods are well-knoavd widely employed, allowing
a relatively precise control over the treatmentpss and with the final goal of meeting the
standard requirements including processes effigief=4]. However, due to their
complexity and time-consuming nature, these tealesq might be expensive and
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operationally difficult for a constant monitoring treatment. Some of the experimental
procedures may take several days to complete atainoty consistent results might be
hard to achieve due to potential inconvenienceg. (80OD;). Generally, on-line
measurement methods are still scarcely used dileitoshort lifespan and high failure rate
of measurement devices or their high cost, whighdiates into extensive investments

Monitoring wastewater quality based on the analgigir collected from the headspace
may be conducted with multi-sensory systems [5lesEhdevices, coupled with a signal
processing and interpreting computer system, dkedcalectronic noses. An electronic nose
is designed to mimic the olfactory sense of a hurddnile it does not constitute an objective
substance detector, the device is constituted ghsasensors array [6] that sends signals
defining each analyzed gas sample. Combinatiosgyofls are largely unique for individual
gas samples, and they are commonly known as ggsrfiinnts [7]. Due to their way of
operating, it is virtually impossible for electromoses to determine individual components of
a gas sample. Rather, the device is used to detergeneral characteristics of gases. The
signals, obtained via the array, correspond witmesadegree of certainty to multiple
physicochemical properties of the gas samples. é&@mple, these signals allow the
determination of total volatile organic compoun@$ [some chemical substances [9, 10],
odour concentrations, as well as the other gas Isapgpameters [11]. Signals can also be
used for measurements of a liquid concentratioaguilibrium with the gas phase. Due to
their different applications and low cost, eleciconoses are widely employed in numerous
fields of science and branches of industry. The@senwvas also successfully implemented in
the medical field [12, 13]. In addition, the e-nodes been practically used
in the pharmaceutical [14], cosmetology [15], anddf industry [16] together with other
fields [17-19].

The sensor array of an electronic nose includet afdow-selective gas sensors which
produces a complex, multi-dimensional set of signghch of the sensors forming an array
is sensitive to different groups of chemical compass Hence, every gas mixture yields
a distinct signal profile [20]. Gas sensors utilize electronic noses can be divided into
four different groups: thermal, optical, gravimetrand electrochemical. The sensors that
are most commonly employed in electronic nosesudelmetal oxide semiconductor
(MOS) resistance sensors, conducting polymers (Qigrtz crystal microbalance (QCM)
or surface acoustic wave (SAW) sensors [21]. Régdimsensors and bioelectronic noses
have been increasingly applied for environmentasuaeements [22].

Prior to being used in a sensor array, a gas semgstr meet a number of requirements
[23]. Monitored parameters include: selectivityagtion time, sensitivity to a given gas,
signal recovery, lifespan, as well as power congiampTaking into account the arrangement
of sensors in relation to the direction of gasastrdlow, one can distinguish between parallel
and serial arrays. In the former, the influent geeches all sensors (that are usually arranged
in a circular fashion) simultaneously, whereashm latter, the stream of gas flowing through
the chamber reaches the sensors in a consecutivenemapossibly causing signal
distortions [24].

From a sensor array operation standpoint dividingias sample into individual
chemical compounds can be irrelevant. Given thdigbaselectivity of sensor arrays,
a broad spectrum of polluted air profiles emittagrimy wastewater treatment can be
revealed, recorded and distinguished [25]. The yaiwmlof results obtained during the
laboratory research conducted with a sequencinghbagactor (SBR) indicates that, by
employing the multi-dimensional signals analysisthonds, each profile, understood
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as a combination of sensor signals, may be assigoed given class, representing
individual phases of reactor operation. SBRs atenofised for scientific research and
implementation of new solutions or exploitatiorasgies [2, 26-28].

Based on literature, multi-sensory arrays allow ithentification of wastewater in
respect to the level of pollution. Usually, it inves assessing the possibility of using
the e-nose to identify and classify odors, depemndim where they originate in a wastewater
treatment plant [29, 30] and evaluate the conctotraf odor in the relevant air samples
[31-33]. This is as important issue since WWTPsare of the main nuisance source of
odorous air emissions, in particular stages of Wastewater treatment [34] as well
as bioaerosol source [35, 36]. Moreover, attemmsewnade to correlate the data obtained
from sensors arrays with basic physicochemical mpatars determining the wastewater
quality, including BOR [29, 37], hydrogen sulfide [38], COD and TSS [28]volatile
organic compounds [30]. Satisfactory results wdse abtained in relation to the odour
concentration value [25]. It was assumed that Figidlluted wastewater should differ
noticeably from the wastewater polluted to a lestegree. Some studies indicate that
electronic noses may serve as an early detectisiersy revealing compounds that could
potentially be hazardous to microorganisms involivetiiological treatment of wastewater
[40]. Sensor array systems were also utilized tteaenon-specific waste accidentally
discharged into the sewage network [41, 42]. Theselude, among others,
hardly-biodegradable crude oil derivatives whichyrhinder the operation of the activated
sludge, as well as any correlated process in &.pldis research shows that the electronic
nose technology can be employed as an early wasyisigm, notifying about the presence
of compounds that could negatively affect the kiadal treatment process. The following
step includes a potential implementation of thectedmic nose system for monitoring
wastewater treatment processes in an actual pamp.sSpecifically, this study evaluated
disruptions in wastewater treatment processes BBR with activated sludge by means of
an array of resistive MOS-type gas sensors. Thaedaput measurements and the data
obtained were validated by means of Principal Campb Analysis (PCA).

Materials and methods

A schematic of the test stand including the SBRIdsethe treatment of wastewater is
shown in Figure 1. The bioreactor allowed the réiducof organic compounds and
nutrients (carbon, nitrogen, and phosphorus) dutirg reactive phase that consisted of
mixing and aeration. The equipment included threlependent 10 dh8BRs. The reactors
comprised an aeration system with a membrane diffusiminescent/optical dissolved
oxygen (LDO) probes, a mechanical stirrer, as aela monitoring control station - which
maintained an adequate dissolved oxygen level -aabeimperature stabilization system
consisting of a water bath coupled with a therntogtd]. An average dissolved oxygen
concentration of 2 mg Odm> was measured and kept constant throughout the
experiments, while the temperature of the sewagemaintained stable at 20 °C.

The wastewater used in this study was sampled frenprimary settling tank of the
municipal wastewater treatment plant in Lublin (®eeastern Poland), where the daily
volume of wastewate®, averages 60 000%™, This mechanical-biological plant operates
in a continuous flow arrangement, where the chasbgthe bioreactor utilize a Bardenpho
technology with no need for additional chemicalesas [26, 44]. The activated sludge, used
for the inoculation during the bioreactor start-wjas also collected at described above plant.
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The sludge parameters were as follows: mixed liqwolatile suspended solids
(MLVSS) = 4.15 g dn?, mixed liquor suspended solids (MLSS) = 5.45 g ¥mludge
volume index (SVI) = 179 chdn®, and a sludge retention time (SRT) of 15 days.

NI |
4
Fig. 1. Schematic of the laboratory SBR and headsgampling method used in this study (1 - SBR
chamber; 2 - electric motor; 3 - transmission; vhembrane blower; 5 - stirrer; 6 - diffuser;

7 - level of sewage; 8 - temperature stabilizaigstem; 9 - desiccant-membrane dryer; 10 - gas
Sensors array)

During the experiment, the SBR (Fig. 1) operated &P-hours cycle (Fig. 2) and it was
connected to a multi-sensory measurement systemtindous mixing of wastewater lasted
for 9 hours, starting from the second hour of thelec After 2 hours, the continuous aeration
mode was switched on for 2.5 hours, followed byusatjal aeration in several minutes’
intervals. This step was required to maintain are@sconcentration of dissolved oxygen in
the bioreactor. In the final phase of the cycl@-lour long sedimentation and decantation
occurred while the treated wastewater was discharfiee reactor chamber was then filled
with untreated wastewater.
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Fig. 2. Timing major phases of the SBR operatiariey

A sensor array was utilized to control the stapitif the wastewater treatment process.
The selection of gas sensors was based on thevioticcriteria: (i) low number of sensors,
(simpler system and lower construction costs withgossibility of repeated measurements),
(i) low selectivity of sensors, (iii) universalgg (available in most of the countries and
proven effective in similar applications), (iv) aélely low power consumption (allowing to
use these sensors in mobile devices), (v) unifgrafisensor types within an array.

Measurements of the gas phase collected from Hwareheadspace was carried out by
means of an array comprising eight MOS-type Figdg® 2600 series sensors, a temperature
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sensor (Maxim-Dallas DS18B20), and a relative hitsnsensor (Honeywell HIH-4000). All

of sensors were characterized by a small size amgipconsumption up to 300 mW [45, 46].
Their low cost, universal availability and reliatyil allowed utilizing them in multiple
experiments. This allows for a partial comparisdnresults, because any commercially
available sensor has precisely identical charatiesi A complete comparison could be
performed only for e-noses with identical gas senswalibrated in the exact same way. The
placement of sensors is depicted in Figure 3, vesetieeir physicochemical parameters are
presented in Table 1.

display and
touch panel

Fig. 3. Front view of the sensors array: 1 - TGSRB0O, 2 - TGS2610-C00, 3 - TGS2611-C00,
4 - TGS2612-D00, 5 - TGS2611-E00, 6 - TGS2620-G0O;TGS2602-B00, 8 - TGS2610-D0O0,
T - DS18B20, Rh - HIH-4000

Carrying out measurements with MOS-type sensorshieg recording changes in the
resistance of the sensing element. According tonthaufacturer's application schemes, the
output voltage has to be measured in the resiitWder comprising sensing elemé®fand the
load resistoR_connected tthe ground circuit. Afterwards, the resistanceesfsing element is
determined according to the form#la= R, - (V. — Vour) - (Vour) ™1, WhereRs - resistance
of the sensing element@}, R, - resistance of the load resisto€)]k V. - input voltage of the
divider [V], Vour - output voltage of the divider [V].

Measurements were carried out in a continuous novee a period of 60 days, with
a measurement frequency of 1 Hz, which adds up1®1% of 8-dimensional data. These
measurements included filling, mixing and aeratamwell as sedimentation and decantation.
The gas sensors were flushed with clean air dutiireg decantation and filling phases.
The flow of sample stream was constant and amouat&60 crm min™. Given the detected
humidity, the samples were dried with a DM-110-24rfa Pure membrane dryer composed
of a Nafion tube and granular silica gel. During theasurements, the temperature of gases
inside the sensor chamber of the electronic noseaged 35 °C (2 °C), while the relative
humidity reached 20 % (5 %). High temperaturehef tonsidered gases resulted from the
operation of heaters built in MOS-type sensorschttould have also mitigated a potential
danger of water vapor condensing from gases. Tlek tvalls of the sensor chamber
prevented temperature changes in gas samples.

PCA was employed for the analysis of the data pbthifrom each individual SBR
operation phase. PCA involves the selection of newtually independent variables
(i.e. axes) which describe the variability of thealgzed dataset in a detailed way [47].
The designated variables have no physical signifieger se, and no unit. Their contribution
in the total dataset covariance (expressed asmags is the sole marked value. However,
this type of plotting reveals differences and iefet between the data, normally within
hidden multi-dimensional datasets. PCA also allaesreasing the number of dataset
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dimensions, losing only a small portion of inforlmat The measurement data can
subsequently be grouped and the results can betel@mgjraphically. Since as few as two or
three new PC variables are enough to describe 8 % of dataset variables, the data can be

plotted in two- or three-dimensional graphs.

Table 1
Specification of gas sensors applied in array [46]
zl(::?;g?t Sensing element:
Detection Voltage Voltage Sensitivity
Type Description range Resistgnce Load resistance (change ratio)
[ppm] Power
Current Resi .
esistance in gas
Power
5002V 5.0+0.2V .
TGS2600- general air 1-30 83Q > 0.45 Q. 0.3-0.6 for
B0OO ] Rs(10 ppm H,)
Figaro contaminants| (H2) 42 +4 mA <15 mw R
210 MW 10-90 K2 clean air 5(air)
50+0.2V 5.0+0.2V
TGSOZSOZ_ general air 1-30 59Q > 0.45 IQ R (%Olgp?ﬁsEft%H)
Finaro | contaminants| (EtOH) | 56 +5mA <15 mW ek sl
9 280 mW 10-100 K2 clean air Rs(air)
50+0.2V 5.0+0.2V
- L 0.56-0.06 for
TES28101 butane, liquid | 500- | 590 > 0.45 0 R, (3000 ppm)
Fioaro | Petroleumgas| 10000 | 56 +5 mA <15 mwW S
9 280 MW | 0.68-6.8 I iso-butane 1800 ppmy Rs (1000 ppm)
TGS2610- butane, liquid | o | >4o07 Y R 0.56-0.06 for
D00 etroleum gas y : R5(3000 ppm)
Figaro ?carbon filt(ger) 10000 | 56 £5 mA < 15 mw R<(1000 ppm)
9 280 MW | 0.68-6.8 2 iso-butane 1800 ppnj Rs(1000 ppm)
50x+0.2V 5.0+0.2V
- 0.6-0.06 fi
TGgggll methane, natur{ 500- 59Q > 0.45 IQ R5(9000 ppcr)r:)
Fiuaro gas 10000 | 565 mA <15 mW =
9 280 +25 mW| 0.68-6.8 2 methane 5000 ppm| Rs(3000 ppm)
TGS2611-|methane, naturj 5'053%2 v i% jgfﬂv 0.6-0.06 for
E00 as (carbon y . R5(9000 ppm)
Fiaro 9 fiten 10000 | 56 %5 mA <15mwW 23000 o
9 280 +25 mW| 0.68-6.8 I methane 5000 ppm| Rs(3000 ppm)
TGS2612-| methane, | | oo | Doy R 0.5-0.65 for
D00 propane, | /g | g5 A <15 mw R5(9000 ppm)
Figaro iso-butane 280 mW | 0.68-6.8 I methane 5000 ppm| Rs(3000 ppm)
TGS2620- 50+0.2V 5.0+0.2V 0.3-0.5 for
alcohol, solven 83Q > 0.45 IQ 300
€00 vapors 50-50001 " 45 44 ma <15 mwW R5(300 ppm)
Figaro 210 mW 1-5 kQ ethanol 300 ppm Rs(50 ppm)

In our experiments, PCA was used to reduce the auwibdata set dimension and find
the relations hidden due to the bulk of informatiBinst, a covariance matrix between all the
variables was designated. Second, eigenvalues igedvectors were designated for the
covariance matrix. Eigenvectors were arranged dougrto the values corresponding to
eigenvalues. Then, eigenvectors correspondingetbitihest values were selected [5, 47].
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The cluster analysis for the reduced data wasechmwiut with the k-means method.
A typical k-means algorithm minimizes the squaradrefunctionE (1):

E=35 3|l — | 1)

wherei is the ordinal number of clustek,is the total amount of clustersjs the ordinal
number of data point incluster,n is the total amount of data pointsiieluster,x; is the
value of data point belonging to the respecitiekister, wheregag is the center afcluster.

The cluster centers were initially chosen in su@ywso as to maximize the cluster
distance. Other methods of data discriminationuidelLinear Calibration Methods (LCM),
Linear Discriminant Analysis (LDA), Functional Disminant Analysis (FDA), Partial
Least Squares Discriminant Analysis (PLS-DA), Galieed Linear Models with
Regularized Path (GLMNET), Support Vector Machir@Vi) or Artificial Neural
Network (ANN) [48-52]. All the statistical calculahs and analyses were carried out with
the Statistica 10 StatSoft software.

Results and discussion

Sensor array unprocessed outputs obtained dureagn|asurements are presented in
Figure 4. Recurring 12-hour long SBR operation eyctan be observed. During the
decantation phase and the raw wastewater suppl\etiisors were flushed with clean air for
30 minutes. Their resistance was then at peak.pAiftér the addition of wastewater and
sealing of bioreactor, a probe was placed agammthre SBR chamber and air was collected
from the headspace. A drop in sensor resistanag@reck; resulting from the greater pollution
of air sampled from the headspace when compardd thv clean air used for flushing.
A 2-hour long mixing constituted the first SBR ogtémn phase. During the initial stage of
mixing of the chamber contents (activated sludgeematant water and raw wastewater),
a sudden increase in the amount of gaseous pdfutanurred in the air and because of this
phenomenon the resistance of sensors decreasepthabithe next phase involved the
sequential aeration of the reactor over a periodadurs, followed by 2-hours sedimentation.
Although the raw wastewater was characterized byelatively high physicochemical
parameters variability, constant monitoring showadmnerous recurring cycles, closely
resembling an optimal operation of the bioreactdny deviation from the typical
characteristics denote a change in the bioreaptnation (a potential malfunction of an SBR
element) or a drop in the wastewater treatmertieffcy caused, for instance, by the influx of
substances poisonous to the activated sludge.

At the initial stage of the study (Fig. 4), an esiental SBR failure was simulated and
carried out. This step involved turning off aeratend mixing systems; this created suitable
conditions for the growth of anaerobic bacteriandliceable drop in the resistance of all gas
sensors, around 33.4 % compared to the baselimgarese during normal operation, was
observed. This step was named as “deepening ofadiaeonditions” (Fig. 4a). Afterwards,
the aeration and mixing systems were turned omadai increased release of malodorous
gases (characterized by high olfactory nuisanes)lting from the operation of the activated
sludge under anaerobic conditions, was observed t®a significant contamination of the air
in the headspace of wastewater, the sensor reséstanghly decreased by 77.3 % compared
to the baseline conditions. The conditions charaatg the normal operation mode were
gradually restored in the following operation cycle
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The two unnatural occurrences are easily discerrfilim the typical operation of the
bioreactor as shown in Figure 4a. This confirmsghssibility of employing multi-sensory
systems for a continuous monitoring of bioreactansditions, instantly notifying about any
anomalies in its operation. As the sensors aresmioinerged in an aggressive environment,
i.e. wastewater, they are characterized by great@bility in comparison to the ones utilized
in other immersive methods.
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Figure 5 shows the basic statistics pertainindhéindividual sensor outputs recorded
throughout the entire experiment. For results unifty, the relative resistand®R=R4Ro,
was determined, whergs corresponds to the resistanc&]kof a sensor during the gas
phase measurement, wherégsstands for the resistance(kof a sensor in the clean air
environment. The frame presents the range of alatdndeviation from the mean value
(RR + o), whereas the whiskers correspond to the minimal(RR,,) and maximal RR
(RRw) Values. Disturbances characterized by lower niRBrvalue(RR) can be clearly
distinguished in all the phases of cyclic operatidhe first phase of reactor operation is
characterized by minimal and maximal readouts clésethe range ofRR +o.
Sedimentation, mixing, and aeration phases seebetsimilar to each other; therefore,
further complex analysis of multi-dimensional dstaequired.

PCA allowed to reduce an 8-dimensional set of dedaresponding to the number of
sensors) to two new uncorrelated dimensions, whést reflected the variability in the data
set. For this purpose, 8.1 -*Bddimensional measurement results, describingithal SBR
operation cycles to a most accurate degree (statbilisensor output), were selected.
Multi-dimensional measurement results obtained Bams of the afore-mentioned sensor
array were projected onto 2-dimensional PCA plaRe.(6) with two eigenvectors,
designated for the highest eigenvalues of covagiamatrix. Eigenvectors are shown Table 2
(5" and &' column from the left). As a result of mathematic@insformations, the new
uncorrelated PC1 variable contains 95.67 % of médion pertaining to the original data set
and may be solely taken into consideration duriregibterpretation of results. However, in
order to improve the chart interpretation, anotraiable, PC2 (2.67 %) was also accounted
for. These two factors added up to 98.34 % of paginformation from the unprocessed
output.

Table 2
Parameters of eigenvalues (in rows) and two maxaiggnvectors (in columns) of PCA transformatioririra
covariance and basic characteristics of variatsiesgors)

. . Cumulative Feature Feature .
No. E/Ie?lig- Cov[ix/zaance covariance | vector of | vector of | Variables ;/fé'ribf d SD”
[%] PC1 PC2 Y

1 556.77 95.67 95.67 -0.26 0.43 2600-BQ0 7.46 6.34
2 15.55 2.67 98.34 —-0.63 -0.72 2602-BQ0 15.51 1511
3 5.54 0.95 99.29 -0.50 0.23 2610-CQ0 14.9p 11(85
4 2.24 0.38 99.67 -0.26 0.05 2610-DQ0 7.46 6.44
5 1.16 0.20 99.87 -0.19 0.17 2611-CQ0 5.3¢ 4.61
6 0.45 0.08 99.95 -0.19 0.01 2610-EQ00 8.95 4.72
7 0.23 0.04 99.99 -0.31 0.30 2612-DC0 9.76 7.46
8 0.06 0.01 100.00 -0.23 0.36 2620-CQ0 6.1 5.Y0

"D - standard deviation

The results obtained from the analysis are showfigure 6. The SBR operation
phases, as well, as abnormal states can be diintied classes: (i) restoration of aerobic
conditions, (ii) deepening of anaerobic conditio(is) untreated wastewater - after the
addition of raw wastewater, (iv) treated wastewatafter treating process, and (v) clean
air. A change in physicochemical properties of direin the SBR chamber is proportional
to the x-axis of PC1. On the left portion of thetgh Figure 6 points representing clean air
can be noted. As the pollution level of wastewatereases (greater concentration of
volatile substances in the air), there is a shifthe right side of the plot. This shows the
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change first from treated wastewater to untreatestewater and finally to the deepening of
anaerobic conditions. Restoration of aerobic camustis reflected in the graph by a shift to
the left. During the restoration of aerobic coratig initial pollutants emission was very
intense but then it gradually decreased.

Identifying the state corresponding to aeratiomitremely difficult, as the relevant
points overlap with the cluster of points reflegtithe treated wastewater. On the other
hand, the points corresponding to mixing partiaiyerlap with the states following the
addition of untreated and treated wastewater.

restoration of
aerobic
conditions

untreated
wastewater

6 %)

"

(

deepening of
anaerobic

)

PC

15 b treated wastewater conditions

clean air

-120-110-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40
PC1(95.6 %)

Fig. 6. PCA analysis of different stages in an SBR

Grouping of reduced data was carried out with kimeaethod. The algorithm found
the following clusters in the plane of first twoaamrelated principal components PC1 and
PC2: -81.25, —-8.75 (clean air); —=50.21, 0.14 (d¢tatvastewater); —27.76, 6.25 (after the
addition of raw wastewater); 10.12, 10.78 (deepgniof anaerobic conditions);
10.91, -1.15 (restoration of aerobic conditiond)e Tenters of the clusters were marked
with crosses in Figure 6. Clustering is characestizoy high inter-group variance
(02c1 = 327896.2,0%, = 7432.4) and low intra-group variancejf; = 4494.9,
0fc, = 1848.2).

In order to evaluate the usefulness of employingsse array for on-lineSBR
measurements, the transformation used for Tabla2extended on all the results obtained
from measurements conducted over several days.rwsftds, the distances of each
measurement in relation to the 5 defined clusterters - representing individual SBR
operation cycles - was assessed, with the shd&tedidean distance between the point and
center of a cluster determining the group. The digte accuracy of individual states
amounted to 78.04 %. In this case a variable cordérwastewater collected from the
WWTP was probably the reason for a relatively lowgision of detection.
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Our research suggests that it is possible to discate signal fluctuations during
a 12 hour operation cycle (Fig. 4). Any deviatisanh the normal functioning is clearly
visible from the plot shown in Figure 4 (e.g. da@pg of the anaerobic conditions or
restoration of aerobic conditions). A similar beloawith regards to signal fluctuations has
been shown previously in literature [41]. Moreoweonsistent response in profiles for the
eight sensors was observed during a 5 day periofireong the reproducibility of the
signals. These results demonstrate that a cherm@ador array can rapidly detect the
presence of organic compounds, such as dieselvastewater [41].

Although the on-line monitoring of the sewage systeas performed, there is not
available information about a quantization the tremnt stages yet. The percentage of
accuracy for the classification of these signaiched 78.04 %. Research has shown that
the e-nose can be a suitable device for a claasdit of wastewater. Onkal-Engin et al.
[37] performed odors classification respectivelytheir location in WWTP. Samples were
collected at different locations: influent, settjitank, activated sludge and final effluent.
A clear classification was obtained with a corfielaiof 0.99631, corresponding to an RMS
error of 0.022407. A percentage of 93.06 % of thipots were classified successfully with
an error below 10 % [53]. Although, no significaror problems were recorded within the
mentioned plant, Onkal-Engin et al. [37] observeat in certain days the nose output was
higher when compared to the daily average. This@eh could be linked to the seasonal
variations or the nature of the sewage. These tiammwere also recorded in our research,
and are shown in Figure 5. The operation stageémiaing’ and ‘mixing + aeration’ are
characterized by a wide band of standard deviation.

This type of wastewater classification has beerp atbown in other studies.
Dewwetinck et al. [39] showed that processing thgedrprints with PCA allowed for the
interpretation and differentiation of the wastewatemples in terms of origin and quality,
relative to their reference (i.e. deionized watér)other WWTPs, samples collected from
the inlet works, settling tank, and final effluemtyer a 8 month period showed that
nonspecific sensor array can distinguish betweéferdint types of sewage samples and
from different treatment works [54]. The researcmducted by Nake et al. [30] showed
that conducting-polymer (CP) sensors appear todiesuited for this application while
MOS sensors were a better fit. MOS sensors weretaliscriminate between the different
odors from outdoor sludge/bark mixer, outdoor deaddion tower, outdoor sludge
dewatering and clarifier [30]. All of these studigsow that the indirect discrimination of
wastewater quality using MOS sensors is possibéseB on the previous studies, we can
precisely separate and differentiate between theteis show in the PCA plot in Figure 6.
When the results fell towards the right side of phet (untreated wastewater), this could
mean a potential disturbance during the treatmestgss. A similar analysis, using PCA,
was presented by Bourgeois et al. [42]; every distnce in the wastewater quality (caused
by e.g. heavy rain or chemical pollution) was digaentifiable in the PCA plot.

Conclusions

The conducted research indicates that a gas samsgrcan be successfully employed
to monitor wastewater treatment processes in a SBR. described method allows the
identification of individual bioreactor operationhgses by accurately recognizing
characteristic states and phases of the operaftom.sensor array was able to distinguish
the following phases: (i) restoration of aerobimditions, (i) deepening of anaerobic
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conditions, (iii) period after addition of untredtavastewater, (iv) period during discharge
of treated wastewater, and (v) introduction of nlea used for flushing the e-nose system.

Multi-sensory systems can be utilized for contirsigmonitoring of SBRs, instantly
notifying about any anomalies during its operatidhe detection accuracy of individual
states amounted to 78.04 %. These sensors, uaddda aggressive matrix are characterized
by greater durability in comparison to the onelizetil in other immersive methods.

In the future, these types of sensors can be apfaiean initial assessment of different
wastewater quality parameters (e.g. COD). Moreousing numerical modelling, various
simulations can be carried out and used to tefdrdifit conditions and dynamic behaviour
of input/output variables together with the locahditions in a selected part of the process
in a WWTP. Finally, the relatively low cost, compdrto other techniques, allow the
implementation of this device for a broad rangeaplication. However, further research
will be required to investigate, for instance, paeders such as long term stability of
readings and the influence of both temperaturehamadidity on the sensors.
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