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Abstract 

A clzemical sensor array (consisiirlg of eight corzducting polymer (Cl') setlsors) was used 10 continuously t~zonilor l'or' sudtlcn changes in the 
quality of wastewater over a IZmonth period. The headspace gas generated from a spurged liquid sarrlplc withirl a temperature contn)llcd 
flow-cell was directly transferred to Ihc sensor chambcr for analysis. Results l'rom the field sludy ul a wastewater tr'caltnent plan1 (using a l ~ ~ l l y  
aulomated system) psovided high rcsol~llion proliles alzd showed the delcclion of accidental and sitr~iilatcd polluhion events. A model was 
developecl for thc detection and idenliiication of sudden changes in thc sensor responses, and was successlitlly tested using large datasets 
acquired over several montlzs. This simple data rnilzilzg approach slzowed a great scrzsitivity and flexibility, indepei~clent or long-term driA 
effects, diurnal var.iulions and cl~anges in temperature and humidity levels. The findings demonstrate that a clzemical sensor array can be 
operated under liarsh envirolzmcrilal conditions and act as an upset early warning device for the detection and identilication of wastewater 
treatment process Sailure. 
C'! 2003 Elsevier Science B.V. All rights ~xserved. 
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Wdkstewater trcall~zenl plunl operaloss l~avc long bccm 
fi~ced with bhe I;ick ol' suilul)lc scnsors axicl ~z~casurclneut 
systc~ns Sor on-line ~nooiliiring of wtlstcwute~. clualily. wls- 
tewatcr tlrikl arrivcs ;\I u t~lunicip~~l sewage works is I~iglrly 
vuriuble in 11~1ture u~id lllc itlllucx~t to bc treulccl ctin he of' 
cliS1'erenl origins, silcll 21s do111cstic alld icldi~slrial sewage allcl 
surfitcc ri111-of'f'. 111 t c~-~l~ i t tc~ i t  cw ~ t c c i ~ l c ~ ~ t a l  dis~hargc of' 
che~nical pollutur~ts ancl toxic substances illto the sewers 
can have a damaging ef'l'cct on the bioprocesses i~lvolverl in 
treating wastewuter. Consequently, polluted waters have the 
potential to pass through a treatment works u~ztrentecl and 
reach the receiving waters where they can have a harmfill 
effect an the environlr~ent and tl~renten drinking water 
abstraction points clown the river. 

Traditionally, wastewater treatment plai~t operators moni- 
tor the quality ol' the effluent at tlne csutlct af the treatment 
works usi~lg global parameters, such as biological oxygen 
demand (BOD), chen-rical oxygen demand (COD), to tnl 
organic carbon (TOC) and total s~~spencled solicls (TSS) 
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[l-31. ln acldition to proviciing vital infc~nnation 011 the 
quality of llzc el'llucnt and trci~tlzw~~l el'ficiency, tl~esc pro- 
cecl~rrcs den~onstrtltc that a wastcwalcr trcalnwnt plant 111~1s 
skalillory clisc1z:irgc rcquiremenls [al.]. Thcsc ~~roccdilres arc 
miki111y kasecl 0x1 sa~~zplc ct,llcclion and rct~~ospcctivc ltlbosu- 
lory al~tilysis, w1nli~l-r iKC reso~ircc c o ~ ~ s ~ l ~ ~ z i ~ l g  1i11I-1 do 1101 

fikcilitate early warning ol' process kii1ur.c. Aclclitionall y, Lhcy 
cannot proviclc a high ~~csolution ~ I C ~ L I I ' C  01' lhc I ~ L L E L I I ' ~  allcl 

vwrialions in wastewater clunlity iund cxpose co~l~j~anics  to 
the risk of" u~~clctcctccl incidents. Despite the iilcreasi~lg sungc 
and diversity o f  techlziqucs nvailablc, on-line rneasurernc~zt 
systelns have get~erally rcmuined limitecl by el~vironmcr~lal 
Factors, short lifetimes ancl fc~uling problems, 111ainly 
because of' the l~arsln environment in which they have to 
be located. Increasingly, stringent regulations under tlie new 
EU. Water Framework Directive ancl the growing public 
concerns regarding the protection OS the aquatic environ- 
ment has creatcci the need for new n~onitoring syste~ns to be 
clevelopecl in order to identify sudden clnai~ges in the waste- 
water cluality before its clischnrgc Srom h e  treatment works. 

The applicr~tion of scnsor asrays For the study of waste- 
water rs-71 has cfe~nonstralecl tlzat this techrrology can be 
used fc~r trlonitoriilg wastewatcr organic col~lent. However, 
these stuclies l~ave  mair~ly been based on thc laborutory 
analysis oT discscte samples after ccrllection and not o n  
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the real-lime monitoring of a co~ltirzuous stream. Bourgeois 
and S luelz [8 1 Ilave repnrted on the development ancl use of' a 
temjxrzklure contrr~liecl flow-cc11 for the ge~ieratio~l of a 
hendspacqgas li,r on-line sensor array analysis of liquid 
samples. Tl-resc results showed the reproducibility of the 
sensor 1*esj7011se uncl d l e r~~o~ l s t r t ed  that such systems can be 
used Srw scul-lime rnonito~-izlg in the field. F~~rther advances 
aricl the developtr~eet of sampling methodologies for con- 
tinuous t?ltrnilorixzg 01' water ancl wastewater samples were 
clescriberl by Bourgeois et al. [ g ] .  

In this study, a I'ully autc~mated measurerrlent system was 
successh~lly implenrcliled for seal-time monitoring tit the 
inlet 01' a s111al1 wastcwaler treatment plant (Cranfield Uni- 
vcrsity Scwagc Works). Results obtained frc~rn a 12 month 
~noni~oring stucly ~i1-c prese~lled that show the eSSect of 
t~nktiowm acute poIlution everits on the sensor response. A 
simple clnta triirling approach for the rapid on-line detection 
and icle~nli ficulion of' ztnorr~sllies is proposed. 

An on-linc 111easureInent system was developecl ancl 
cot~stsucted to coiiti~zuously monitor the wastewater for 
12 r~~o~l l l is  at the Cranfield University Sewage Mlorks. 
The systern consisted of a sampling vessel (an-line flow- 
cell), a sensor array module and PC for data al~alysis (Fig, l). 
The prillciples of  the monitoring system were previously 
clescribed by Bourgeois and Stuetz [g]. The study was 
cassied out i~isidc (he department's pilot hall located 
o~~-silc.. M l ~ l e ~ i ~ t ~ r  ti'o1-n the prirlzary settle~nent tank is 
re-circululccl through u ring main insisle the pilot hall li-orn 
wliiclr 200 r~ll/nrin was conli t~uously piirnped through tine 
[low-cell bclwccu uccluisitio~~s. During accl~risitioln bhe 
sarrlplc was sl~iix~gcd wit11 zcro gntde nitrogen to generutc 
lllc 11cadsp;~cc gas f'or scnsol. al-~~tiy unalysis. The gas sample 
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Pig. 1. Schematic of on-line monitoring system (Cranfield University Pi]@ 
Hall), showing pre-sample vessel, flow-cell and sensor may module. 

generated from the flow-cell was analysed using acornmercial 
sensor array (Prosat, Marconi Applied Technologies, UK). 
T1.x instrument consists of an zwray OS eight conducting 
j-mlyrner (CP) scnsars of bsoacl selcclivity in a temperature 
conlrollecl sensor chnmher (35 "C) and has a built in PC for 
ccrntrols i ~ \ d  claCa acrluisitio~~ uncl rielwork coilnection far 
clata transl'cr. Analysis al' bllc hcatls1,acc gas was c~uried 
out every 5 mill zicc~)sdirlg to tlw f'ollowi~~g protocol: 40 s 
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IJ I~.  1. '1'ypic;~I SCIISC)I' I ' C S ~ ~ O ~ S C S  O ~ S C C V C ~  over a 5-clay period, stlowing cliurnal variations in the headspace of n wastewater influent. 



~re-purge of sampling lille (10 avoid cross contaminaliol~ and 
dilution of the headspace sample with dead volu~ne of gas in 
he circuitry); 1 min acquisitiol~ and 3 min 20 S de-purge 
(sensor clean-up with zero grade nitrogen). Chnllges in 
sensor resistance (ARIR) at the end of the acquisition phase 
(1 min) were used to characterise the sample headspilee. 

3. Results and discussiol~ 

n e  12 lnonth continuous wastewater moilitoii~ig stucly 
resulted in the generation of' over 105,000 acquisition points. 
In addition to the sensor responses (60 poi~its per acrlujsitio~l 
per sensor), the data files conlain measurements of gas How 
rate, wastewater temperature, sensor module te~riperature 

and hurnidity and temperature of thc gas phase. Fig. 2 shows 
a typical example of a sensor response profile k>r the eight 
CP sensors observed over a 5 day sampling period. The clilia 
shows the variations in the wastewater composition at the 
sewage works being i*eflect irz the dil'i'ere~lt ~r~itgnitudes fbl* 
each sensor. These same ch;i~igcs are obr;e~-vcd at the salnc 
time each day and corresponcl 10 the diurnal patter11 of' 
activity within the university's wastewater collection net- 
work. In Fig. 3 the same data is presented ovc14 a 24 11 scale 
ancl derno~zst~alcs the increase in the sensor responses, 
startiilg at 9.00 and i~or~ilally peaking between 13.00 and 
14.00, with lower valucs overnigl~l. This observation sliows 
the repeatability and predictability of the response pattern at 
any time of the day uncl illustrates how an off'cndiilg surr~plc 
outsicle the accepted normal dynamic range could be easily 
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Fig. 3. Plot ol' sensor re.sl)orl.scs 011 a I4 11 sculc sl~owi~lg l l le  rel~cauihilily ol' tllc Jiiunal I)e(lcrti 01' wastewtrlcr I~ciidspuce over  a S-'tlay [~wio~l .  
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detected and identified as a potential pollution event or 
ab~iornlali ty. 

Fig. 4 illustrates such a pollution episode and shows the 
effect of an unknown pollutant on the individual sensor 
responses. The rapid increase in tlze profiles of four of the 
eight sensors (sensors 1-4) corresponded with reports of a 
strong petroleum sinell in the wastewater at the sewage 
works, Sensors 5-8 did not show significaxlt changes in their 
response as a result of this incident but followed the diurlial 
patterns described in Figs. 2 and 3. This behaviour demon- 
strates the interest of ~lsing a sensor array of broad selectivity 
for this type of application. 11-1 Fig. 5, a principal component 

allalysis of the data presented in Fig. 4 clearly shows the 
evolutiali in time of the intermittent disclrarge This suggests 
that the unknow~l poll~~taill was present in thc wastewater 
treatment plant Sor approximiltely 24 11 alrd demonstrates tl~e 
sensitivity of the system. After reacllilzg a peak within 2-4 h, 
the polluted wastewater then gradually clil~lled and cvem- 
tually reverted to its original quality et approxilnatcly 28,OO 
the lbllowirzg clay. 

Ill an attempt to sinlulatc similar pollution episasics, 
different concentrations of diesel werc ii~jcctecl into lhc 
pre-sample vessel on 17 ancl 18 April (0.2CR~ (v/v) urld 
0.4% (v/v), respectively). Pig. (r sl~ows ~ h c  scnso~' responses 

Factor 1 (62.7%) 

Fig. 5. Plot trf princil~i~l coinponenls slzowing thc scparution of an 11nktlr)wn discharge ( L I )  at thc wnstewnlcr treallllcnl ~)lurll, ant1 ;I pnldual rctusa Lo tllc 
originiil wastewater quality. 
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for these additions. As in Fig. 4 a very similar sensor 
response pattern to that ol' the ur~known pollutant can be 
observed for sensors 1-4 showing some sei~sitivity. Given 
the sinwll cluantities of cliesel aclded to the wastewater, a 
much more rapid return to norenal could be observecl within 
15-20 11iii1 (3-4 accluisition cycles) for all sensors. The 
observed dirf'erences i n  the magnitucle ol' tl-rc sensor rcsponsc 
(on 18 April) sl~ows thc result ol' t11c clif'f'crcnt n~ixirrg time 
used in  ~ I I C  ~ - C - S I \ I I I P ~ C  VCSSC~ 19rior to sulnplitig and scnsor 
unxy kusulysis ar~cl ~*ellccls 1111: cotrcc~xtrntion cl'l'cct of' dicsel 
in wuslewatcr will) ti~nc, 

Over* u I%-lnont!1 ~il l l l l71 i11g ~~ct*ioiI, i t  is lligl~ly l ikcly t l~c  
quality [,l' wastcwulcr will v;u.y cluc to clai;ulgirxg cnviron- 
lnentlsl collclilions (such its rt~inl'illl) urlrl i~rtc~.miitclrt indt~s- 
trial discharges, Pig. 4 shows the rclativc rcspc)nses of threc 
scnsars ovcr 6 mor~tlls of' contit-r~ioi~s ~mo~~ i lo r i~~g .  Whilc u 
great nulnbcr ol' iu~otnalies car1 h(: ohscrvccl inr tl~csc scnsor 
xsparlscs, such cl3"lsodcs inay not always hc clclectablc by 
simple visual cxnlainatiolr of' inrliviclual response profiles. 
Since manual screexring ol' sucl~ Itkrge datasets woiilcl not be 
practical itnd extrc~nely consurnil~g, thc dcvelopmetit a rapid 
screening ~nethocl for the real-time tletection of pollution 
incidents and operating anolnalies is ueedecl. 

A simple upgroilch to thc dctcction of ~lpsct events within 
the gradual environrncntul cl~aages in inllucrrt composition 
is proposed. 111 Fig. 8, a slucly ol' the sensor response (using 
data Sro~n Fig. 7) vcrsus relative hl~t~~iclity provides a simple 
but cffeclivc way to detect uu~tsual patlcsrls. Tl~csc plots 
show that a lurgc nurnbcr ol' incillcnls can bc cletccted over 
long pcsiocls 01' time inclel~cncle~~tly ol' clril'l ancl diurr~al 
vikriations, T11c markccl poinbs lisatch inciclclils that werc 
loggcd ~ii-rd islc~~tiiiccl by chc plant opcralars, A lnotlel was 

built to simulate an-line detection using clata acq~~ired over a 
6-month period. The method is based on the comparison of 
the sensor's relative response to a moving average. The 
difference is then weighed against the standard deviation for 
that sensor (multiplied by a pre-defined coefficient) for each 
new data point, The sensitivity and selectivity of the niodel 
can be adapted by chtlrzging the size of the moving window 
(Srom a few ~ilinutes lo a few days) i111d hy selecting 
individual sensors as well us a~l~justing their r+cspcclive 
~hrcsliold ctrel'licicnt. Fig. 9 sl?ows an  cxnlr~plc al' such a11 
illlibl'jsis wkA"1 L ~ I C    no del sitcccssfi~lly clelectecl a whole 
rtunge ol'~p70Xli1liori episoclcs uod olscrating tulornnlics (dicscl, 
gas I'ailusc, pump hilure). Tire ra~arkccl syl~zbols sllow thc 
points as identified by ~ u r  intcgr;;llccl recognition algositl~rrr 
that is called every tirr~c tirr o ~ l l l i c ~ ~  i s  clcte~ted. Cur~.ently, 
apl3roprijsle pallern recognition tcchniclucs are being invcs- 
tigntcd in osdcr tr) be incorl~crrtlted in an ali~rtn generati11g 
sol'tware. 

A conducting polymer based sez~sor array system coupled 
with a heaclspace generating ilow-cell was used for on-line 
monitoring of ;I domestic wastewater influent over a. 
12-month period. High-resolution sensor profiles showed 
the effect of cliul-naf, cycles of activity within the wktstewater 
and corresponding changes in the izlfl~rent quality to 
uizknowzi polluts~nt as well as artificial spiking wit11 diesel. 
A model was successhlly developeel fc.3.t. the rapid de~cction 
ar~cl iclentification uf pollulio~~ events as well as operating 
anomalies. The working principle is based 011 a ~novit~g 



winclow that cull be used for the detection of sudden changes 
iu  the sensor responses and is not affected by long term drift, 
cliurnal variations or nor~nal changes in temperature and 
relative humidity. The results have demo~zstrated how a 
chemical sensol- array basecl system coupled with a simple 
data mining algorithm can be used for real-time process 
~zloniloritlg and upset early warning at a wastewater treat- 
ment pIant. Curl-ent work is hcussirig on the develop~nent of 
a non-invasive rnonitoritlg system that cs~n be operated above 
a wastewater slreiun at the inlet of a sewage works. Such a 
system woulcl provide early warning of process failure in 
orcler to either bypass a pollutant to storm tanks alter the 
tr*callnenl process. 
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