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9000 Aalborg, Denmark

***Pennine Water Group, Department of Civil and Structural Engineering, University of
Sheffield, Mappin Street, Sheffield S1 3JD

ABSTRACT

The high pollution load in wastewater aetbeginning of a rairevent is commonly
known to originate from the erosion of seveediments due to thacreased flow rate
under storm weather conditions. It is esserntatharacterize the biodegradability of
organic matter during a storm event in orterquantify the effect it can have further
downstream to the receiving water via tiames from Combined Sewer Overflow
(CSO). The approach is to characterithe pollutograph during first flush. The
pollutograph shows the variation in COD and TSS during a first flush event. These
parameters measure the quantity of organittenaresent. Howevéhese parameters do

not indicate detailed information on theotegradability of the organic matter. Such
detailed knowledge can be obtained by dinvg the total COD into fractions with
different microbial properties. To do sxygen uptake rate (OUR) measurements on
batches of wastewater havieos/n itself to be a versatiechnique. Together with a
conceptual understanding of the micalbitransformation tdng place, OUR
measurements lead to the desired fractionation of the COD. OUR results indicated that
the highest biodegradability is associatedhwhe initial part of a storm event. The
information on physical and biological proses in the sewer can be used to better
manage sediment in sewers which can otlfsgnnesult in depletn of dissolved oxygen

in receiving waters via discharges from CSOs.

KEYWORDS
Biodegradability, first flushes, organic ttex, watercourse, oxygen utilisation rate

(OUR), Combined Sewer Overflow (CSO)

INTRODUCTION

In times of high sewer flow, conditions caxist which enable pwiously deposited

material to be re-entrained into the bodytloé flow column. The expression first flush

denotes these pulses of highgplluted flow at the beginng of a rain event after a
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period of dry weather flow (DWF) (Ashlest al., 1993). It is important to know the
effect of the first flush through theombined sewer overflows (CSO) and its
downstream impact to the receiving water course. The effect of the first flush is usually
assessed by measuring parameters sucBGhasnical Oxygen Demand (COD), Total
Suspended Solids (TSS), Volatile Suspeh&®lids (VSS) and ammonia. COD, TSS
and VSS indicate pollutants released fromdédiment bed, which is associated mainly

to the particulate phase while ammonia cotregions is associated to the dissolved

phase (McGregor et al., 1996).

During rainfall events, CSOs can bring a gabsal quantity of organic matter to the
receiving water, leadintgp an increased consutign of oxygen (Servaist al., 1999).
Degradation of organic matter by heterotrodbacteria is one of the primary processes

controlling the oxygen level @fquatic ecosystems atitereby their quality.

Such depletion of dissolved oxygen is typicdlg main impact o€SO events (Seidt

al., 1998). The degree of impact will be dependent on the sewer type, the rain intensity
and the sewage characteristics as well as the properties of the receiving waters
(Harremoes, 1988). In order to better wstend and model the impact of the
discharged pollutants, it is essential t@mEtterize all the aspscbf the wet weather
discharge. In particular special attentiomogld be paid to théviodegradability of
organic matter in addition to the usual conventional parametelnsasuCOD, TSS and
ammonia. Attempts to rely on modelsr fa better description of biodegradation
processes in rivers influenced by CSO disgha demonstrated the need to account for

bacterial biomass (Seidl al., 1998b).
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Conventional quality parameters as CAEDD (Biochemical Oxygen Demand), VSS
and ammonia give us the quantity of orgamitter present in the wastewater. However
COD, TSS, VSS and ammonia do not givelear indication on theiodegradability of
the released pollutants duriragfirst flush event and coeguently they only allow a

gross impact assessment to receiving waters.

To quantify the biodegradability of organic tiea, it is essential to divide the total
COD into fractions with different miobial properties (Vaértsen and Hvitved-
Jacobsen, 2001). A conceptual model known as WAT®/asfewater

Aerobic/AnaerobicT ransformations irBewers) developed by WMertsen and Hvitved-

Jacobsen (1998) using this COD fraction technique has used the oxygen uptake rate

(OUR) measurements on batches of waatewto quantify its biodegradability.

In general research on sewers as pathefurban drainage has tended to focus on the
physical processes from an engineering pofntiew in order toalleviate and manage
problems such as sediment deposition whieduces conveyance, cause blockages,
accumulates pollutants and unsatisfactoryratpen of the Combined Sewer Overflows
(CSO) (e.g. Arthur & Ashley, 1998Ashley & Crabtree, 1992; Ashlest al., 1992;
Ashleyet al.,1993; Ahyerreet al.,2001). CSO is a hydraulic device for the reduction of
flows downstream within a sewer systémreduce flooding and overloading. However
very little work has been published on asses#nof the quality of the wastewater that

is discharged from the CSOs, in terms of its biochemical processes.

It is important to take into consideratitile biochemical processes that occur in sewer

sediments as it influences the qualitytioé wastewater in sers. OUR measurement
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proves to be a way to quantify the biodegradgbihat occurs in the wastewater due to
the suspension of sediments into the watdumn. The management the first foul

flush is important since when it is discharged via the CSOs to the receiving water
course, it can have detrimental effectdiasolved oxygen. The information gathered
from this work is important as it charagges the biodegradaltyl of the wastewater
during foul flush of actual storm events.dddition the information obtained from this
research is also able to quantify the bgréelability of the wastewater for different
stages of a storm event. All these are vdriaiformation which eeds to be considered

when managing the release of dischafges CSOs to receiving waters.

The objective of this study is to quantifite transformations or organic matter in
sewage during wet weather conditions, via abtarisation of the storm flush in terms

of biodegradability. Then based on thidomrmation it would be possible to foresee
impacts posed by the releasdiddt flushes to the receiving waters. Characterisation of
the first flush in terms of biodegradability tise approach used in this study which is
based on the work published by Sakrabani (2004). This opens up a new dimension of

the effects of first flushes to the ggn mass balance downstream of the CSO.

STUDY SITE, MATERIAL & METHODS

Wastewater was sampled in Frejlev, Derknair the Frejlev Research and Monitoring
Station (Schaarup-Jensenal.,1998). Frejlev has a combined sewer system and 2000
inhabitants and without signifant industries. In the Frejlev Research and Monitoring

Station, two autosamplers (ISCO Model No : 6§1Eigure 1) were connected to the

! Supplier address for ISCO : Isco Inc, 4700 Superior Street, Lincoln NE 68504 USA.



117 sewer to collect samples simultaneously during a storm event. The sampling
118 programme was carried oubfn August — November 2001.

119

120 One of the samplers was programmed ke tesamples for COD, TSS and VSS. Every
121 sample was a composite sample of 5 x @0Qaken over a period of 10 minutes. The
122  other sampler was connectdulectly to the OUR instruments and was programmed to
123 fill 4 OUR instruments with a composite sample of 5 x 500 ml taken over 10 minutes,
124 i.e. the first OUR instrument contained argmsite sample of the first 10 minutes of a
125 storm event and the second, third and four§trument contain a composite sample of
126 the subsequent 10-20, 20-30 and 30-40 minutgsetively of the same storm event.

127

128 TSS and VSS were determined using &PHA (1995) Standard Methods. COD was
129 determined using the Closed Reflux Colorimetric Method also in accordance with the
130 APHA (1995) Standard Methods.

131

132 The model concept put forward by Vollemsand Hvitved-Jacobsen (1998) is briefly
133 depicted in Figure 2. The model proposes thatsubstrates present in the wastewater
134 can be divided into two CODdctions i.e. fast and slowlydrolysable factions. These

135 substrates are generally large molecutesl need to be hydrolysed into readily
136 biodegradable substrates{SDuring the hydrolysis process, microorganisms present in
137 the wastewater secrete enzymes to enable the larger molecules to disintegrate and form
138 readily biodegradable substrates. These ngdnilildegradable substrates are then easily
139 up taken by microorganisms to support its groviduring the growtlprocess, dissolved

140 oxygen (DO) is utilised for respiration and carbon dioxide G@Il be liberated as a

141 by-product of this process. Mmorganisms thatitilise the § and DO will proliferate



142 and form new biomass. This model conceaties from the concept applied in the
143 activated sludge processes in many ways. The microbial decay process is omitted as it
144 does not agree with experimental resulsl @lso because this process is of minor
145 importance in sewer systems (Vollertsd998). A concept of maintenance energy
146 requirement of heterotrophic biomass hagrbintroduced because experiments show
147 that DO is consumed when no net growttheferotrophic biomass is seen (Vollertsen
148 and Hvitved-Jacobsen, 1998; 1999). Inert Blduand particulate organic matter are
149 omitted because processes related to these fractions are of minor importance in the
150 sewer system. In order to achieve the COBsrizalance, these fractions are covered by
151 slowly hydrolysable substrate (Vollertsen and Hvitved-Jacobsen, 1999).

152

153 In order to determine the model parameteand components, experimental procedures
154 have been developed. The equations usedetermine the model parameters will be
155 described very briefly as they are explained in detail by Vollertsen and Hvitved-
156 Jacobsen (1999; 2001).

157

158 Equations for all theomponents and processes are shawTable 1, using a matrix
159 notation derived from the activated sludgedelling. Later in the OUR experiment, a
160 known concentration of substea(Sodium Acetate Trihydrate chosen in this case) is
161 added to the sample. Acetate is the donmigatiolatile fatty acid in wastewater and the
162 turnover of acetate is of major interest becatsspresence in the wastewater influences
163 biological nitrogen and phosph@ removal in wastewatéreatment and the sulphide
164 production in pressure mains. Acetated afissolved carbohydrate are the primary
165 compounds removed when dissolved orgamiatter is removed in gravity sewers

166 (Raunkjeer et al. 1995). In the OUR expent, acetate is added once the available
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substrates get insufficient to support biomass growth. This is essential to determine the
yield constant, ¥ (g COD/g COD) and g maintenance energy rate constant)(d
(Vollertsen and Hvitved-Jacobsen, 1999)he various model parameters were
determined using the formulas descdbbelow and Figure 3 shows the various
parameters (such as dissolved oxygen aatatiwith microbial growth denoted as

ASs gown (9 O,/m*), readily biodegradable subsgagssociated with maintenance
energy denoted a&sS; ... (9 COD/n), readily biodegradable substrate associated with
amount of added acetate denotedA&s . (9 COD/m)) that can be obtained from a

typical OUR curve which are needed fthre equations below. The symbols for
heterotrophic active biomass, hydrolysable substrate, fraction n and maximum specific
growth rate for heerotrophic biomass are denoted as(¢ COD/nY), Xs, (g COD/n?)

andpy (d%) respectively.

Y. = ASs,added - ASo,growth

; ASS,added (1)
_ A (A= %) Vi) @
" ASO,grovvlh
OUR(t) | B 3
ln(_OUR(tO)] = Hy (t to) ( )
X.(0) = OUR(t) (4)

A=Yy 1Yy )uy +a,
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st = CODtotal - XB - X31 - Ss

RESULTSAND DISCUSSION

(5)

(6)

(7)

The results presented are based on triplioca@surements which were carried out to

ensure reproducibility. Standard deviationgevealculated as shown in Table 2 and 3.

Figure 4 depicts OUR profiles for 4 storm events. These graphs show the time sequence

in which the OUR reactors were filled up the ISCO sampler with wastewater. Hence

in Figure 4(a), the first out dbur graphs indicate thO@UR profile for the first 0-10

minutes of the storm event. The subsedugraphs indicatel0-20 minutes, 20-30

minutes and 30-40 minutes respectively aftex start of the storm event. Generally

these graphs indicate deptetiin the initially present Sfollowed by a continuous

utilisation of X rastand finally the fraction Xsiow During the OUR experiment, acetate

was added to measure the valugs and q,. Acetate was chosen as it is readily

degradable and represents a common satbstound in wastewatg¥ollertsen, 1998).

The various values of ¥gm andpy, are tabulated in Tablesand 3. The general trend

observed is that there is a decrease in thevafues as we progress from start till the



211 end of the storm. This similar observation is noted for the vastarsn events during
212  the sampling programme.

213

214 However the maintenance energgquirement rate constanty, glid not follow any
215 particular trend. Té variation in the gvalues is probably becauséthe great diversity
216 in the micro organisms present in the wastiw and its various kinetics (Vollertsen,
217 1998). Hence g may vary with substrateoacentration and time. TheyYgm and
218 values were not determined during 30-4hutés of the experiment because of the
219 difficulty encountered in measng these constants due to the OUR curve being at very
220 low value when most of theubstrates were depleted.

221

222 Seidlet al., 1998b demonstrated that a largepgartion of the excess biomass in the
223 rivers which mostly came from a CSO is mangeof large bacteria. Servais and Garnier
224 (1993) have also shown that large bacthesge 2 to 3x higher growth rates than small
225 bacteria. These bacteria aotther microorganisms tend touean association with the
226 resuspended particles and may favourlisgtt(Servais and Gaier, 1993). Table 3
227 shows that values fqr, as high as 7.1dand 6.33 @ were recorded during the storm
228 events.

229

230 In the OUR experiments, the duration foe thdded acetate to lsensumed increased
231 from 0-10 to 30-40 minutes. Hence ireti®-10, 10-20 and 380 minute slot, the
232 duration for the added acetdatebe consumed was 4, 7dah5 hours respectively (data
233 not shown). This observation coincides weithathe figures shown in e.g. Table 4 for
234 the storm event on 07/09/01 where the heterotrophic biomays4Kies decrease from

235 2.13 g COD/m to 1.21 g COD/m Similar observations were also noted for the



236 subsequent storm events with angeal decline in the values ofsXWhen there is no
237 net increase in the heterotrophic biomass as observed in this case, bacteria may be
238 considered as grazed and resg@iby their predators (Sei@t,al., 1998b).

239 Table 4 shows the various OUR coefficients depicting the composition of the
240 wastewater for 4 different storm events. Generally h&$Sand X values tend to be
241 high at the start of the storm event and depgradually towards the end. Resuspension
242 due to additional shear stress exertedtlom sewer sediment bed causes release of
243 particulates into the bulk water column. Cansently there is an areased availability

244  of readily biodegradable substrate,& the start of a storm event. The resuspension of
245 sediment bed also causes an @ase in heterotrophic biomassg MWhich may be

246 inherently present as part of the particulates gprcxn also proliferate due to greater
247 availability of & The surge in the availability ofsSauses an increase in bacterial
248 activity present in the sediment. The increased bacterial activity aids in the breakdown
249 of the complex substrates that are presetténresuspended particulates to form more
250 particulate substrates such ag.XThe breakdown process by bacteria can be through
251 hydrolysis by extracellular enzymes and difeusof the products to the cell(Hvitved-

252  Jacobsen, 2001).

253

254  Figure 5 shows OUR profiles for a set afex storm events from 01-02-1999 till 24-02-
255 1999. During these experiments acetates wiat added which is indicated by the
256 absence of the second peak in the OUR &ufhe graphs in ure 5 also follow the

257 same trend as Figure 4. This demonstrteseproducibility othe OUR technique to
258 characterise the biodegradability of orgamatter released from sewer sediments.

259

10
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Figure 6 shows the variation in the eadilpdegradable substrate with the TSS and
Total COD during storm events, whicltaurred on 21/9/01, 15/09/01, 07/09/01 and
04/11/01. Easily biodegradable substrateefined as a sum akadily biodegradable
substrate (§ and fast hydrolysible substrate sgX whereas the slowly biodegradable
substrate is defined as therswf heterotrophic biomass gXand slowly hydrolysible
substrate (¥, (Hvitved-Jacobsen edl, 1998a; 1998b). The usiation of the easily
biodegradable substrate givas indication of the biodegradility of the organic matter
present in the wastewater. For exampld-igure 6a, within 30 minutes of the storm
event, the easily biodegradablbstrate has reduced from 140 gCOBtmalmost zero
whilst the Total COD and TSS values are mbhaher and continuw increase until 60
minutes after which there is a gradual dexl Similarly in Figure 6b, the easily
biodegradable substrate declines within 30 minutes, whilst TSS and Total COD are
much higher and reach a peak value at 7utes. In general Figure 6 shows that the
easily biodegradable substrasehighest at the start of the storm event and gradually
declines. Biodegradability does not follonetsame trend as Total COD and TSS and
provides a good indication of the potentiapeat to receiving waters when wastewater
associated with initial part of a storm eventeleased. Easily biodegradable substrates
show that the negative impagt the initial part of a strm event occurs much earlier
than those shown by Total COD and TSSn¥amtional parameters such as TSS and
Total COD do not provide accurate impacttioé release of discharges from a storm
event and its effect further downstream. The focus of this work was to mainly determine
the impact of the biodegradability of eadiiypdegradable substrate via CSO discharges
on water course. However more work needs to be carried to investigate the impact of
the slowly biodegradablsubstrate. It is not very edr what the impact the slowly

biodegradable substrate may cause further downstream.

11



285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

Figure 7 shows similar trendas Figure 6. In Figure 7he easily biodegradable
substrates decline withinetfirst 40 minutes. Total COD takes a longer time to deplete

and still much higher than eashbiodegradable substrates.

The high biodegradability of the initial paot the storm event can exert high oxygen
demand on the receiving waters. Proper mamage of the releasef the initial storm

event is important in order to minimise pacts on the receiving waters. Policy driver
such as the EU Water Framework Directive stipulates that all receiving waters should

be in good ecological status by 2015.

Degradation kinetics experiments (Mouckebl., 1997) showed that the degradability
of organic carbon was not the same duming weather and storm event. During wet
weather, organic carbon wassedegradable than durinigy weather, roughly 65% of
organic carbon was degradable during the ewvent contrary to 78% during the dry
weather. When a comparison was made betwelative compositions of the biomass
during dry weather along a seweetwork, there was a rise in the total biomass and in
large bacteria. This rise in total biomas®l large bacteria dug dry weather resulted

in greater degradability during dry compatedwet weather. Bacterial growth (in size
and biomass) is probably a function ofickence time and abundance of appropriate

substrate. (Seidit al., 1998a).

One possible explanation for thesults on higher biodegrdullty at the start of the

storm could be that during wet weather emhthere is resuspension of the sewer

sediment, high concentration of particulabesurs in the bulk water phase. These high

12



310 concentrations of particulates are broldown by the microbigbopulation present in
311 the consolidated sedimentsauinydrolysis to produce fablydrolysable fractions. The
312 greater availability ofast hydrolysable () and readily biodegradable substrateg (S
313 causes the biodegradability to be high at the start of a storm event. Figures in Table 4
314 also show high values ok&nd X; at the start of the star event which supports this
315 claim.

316

317 Itis important to stress th#te initial particulate loadinm the wastewater entering the
318 sewer system is important to be coesetl. In this experiment the background
319 particulate loading has been address&sd measuring it during dry weather flow
320 conditions.

321

322 Bacteria transported during wet weather ryostiginate from the in-sewer deposits
323 and have a long residence time in the system (Sesvalis 1999). Hence these bacteria
324 are more adapted in the seveavironment and readily respd to availability of excess
325 substrates during astorm event. This couldexplain the coesponding high
326 biodegradability of orgaic matter at the start of a storm event.

327

328 CONCLUSION

329

330 OUR measurements provide useful inforrmatin addition to conventional parameters
331 such as TSS and Total COD. Information from OUR measurement provides
332 information on biodegradability of organmatter which is not reflected by TSS and
333 Total COD. Biodegradability is highest #te start of a storm event which directly

334 relates to the greatamount of oxygen utilised toreakdown the easily biodegradable

13
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substrate. From this study it is now clear thatdetrimental effect of first flushes to the
receiving waters is at the initial part oftistorm event. Any further input in terms of
TSS and COD does not pose a greater dettmhezffect due to the fact that the
biodegradability of thesinputs is the greatest at theiadippart of the storm. The high
biodegradability at the start ¢iie storm event can be attributed to rapid breakdown of
substrates by microbial pomtion which are well adapted consolidated sediments
during dry weather flow. The ¢inh biodegradability of the inél part of the storm event

can exert high oxygen demand on the receiving waters. Proper management of the
release of the initial stormvent is important in order to minimise impacts on the

receiving waters.

List of symbols

BOD Biochemical Oxygen Demand (mg/L)

COD Chemical Oxygen Demand (mg/L)

OUR Oxygen Utilisation Rate (mg/Lh)

Om maintenance energy requirement rate constant (d
Ss readily biodegradable substrate (g COB)/m
So dissolved oxygen (g m°)

XB heterotrophic active biomass (g COBJm

Xsn hydrolysable substrate, fraction n (g COBYm
' yield constant for X(g COD/g COD)

Ly maximum specific growth rate forgXd™)

14
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