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Abstract

The impact of wastewater prefermentation cannot be evaluated in isolation, based only on the local prefermenter biodegradable
organic matter production rate, as represented by the volatile fatty acids concentration increase across the prefermenter. The
nutrients ratio changes and solids removal variations from the raw to the settled sewage must be taken into accountevimen consid

the suitability of the prefermented wastewater for downstream biological nutrient removal processes. The raw and settled
wastewater must, therefore, be characterised according to component nutrients and solids fractions. This paper reviews related
wastewater characteristics required for in-line prefermenters, to establish simple strategies on which in-line prefermenter

evaluations could be based.

Nomenclature UPCOD = unbiodegradable particulate chemical oxygen
demand

APT = activated primary tank USsSCOD = unbiodegradable soluble chemical oxygen
BCOD = biodegradable chemical oxygen demand demand
BEPR = biological excess phosphorus removal VFA = volatile fatty acid
BNRAS = biological nutrient removal activated sludge VFA-COD = equivalent COD for VFA
c = carbon WCW = water care works
COD = chemical oxygen demand
F-RBCOD = fermentable readily biodegradable chemical Introduction

oxygen demand
GC = gas chromatography The presence of appropriate proportions of the macro-nutrients C,
HAB = heterotrophic active biomass N and P in municipal wastewater is important for the efficient
N = nitrogen performance of a BNRAS process employing BEPR. These
N/A = not available constituents are characterised by the TKN and the TP to COD ratios
NH, = ammonia respectively. The TKN/COD ratio principally determines which
NH, = ammonium BNRAS process configuration is the most appropriate, with a
NH+NH,-N = total ammonia nitrogen process feed ratio smaller than 0.07 to 0.08 mg N/mg COD required
NO, nitrate for the frequently utilised 3-stage Phoredox process (Ekama et al.,
NO, = nitrite 1983). In a typical South African wastewater, the TKN/COD ratio
0-PO, = orthophosphate range of 0.07 to 0.10 in the raw sewage changes towards 0.09 to
[ = phosphorus 0.12 mg N/mg COD in the settled sewage. Concurrently, the TP/
PCOD = particulate chemical oxygen demand COD ratio range changes from 0.015 to 0.025 towards 0.02 to 0.03
PST = primary settling tank mg P/mg COD (WRC, 1984). These ratio increases are due to the
RBCOD = readily biodegradable chemical oxygen demanéverage 15 to 20% TKN and TP removals against the higher
SBCOD = slowly biodegradable chemical oxygen demandverage 40% COD removal occurring in the primary settling
SCOD = soluble chemical oxygen demand process. Solids removal taking place simultaneously can result in

SCVFA = short-chain volatile fatty acid
SetS settleable solids

SS suspended solids

TDS = total dissolved solids

TKN = total Kjeldahl nitrogen

TN = total nitrogen

TP = total phosphorus

TS = total solids

UcoD = unbiodegradable chemical oxygen demand
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SetS and SS removal of about 90% and 60% respectively.

The change towards a low-strength settled sewage (low COD
concentration) BNRAS reactor feed, lacking sufficient available
biodegradable matter, can be counteracted by changing the settled
sewage composition to contain more soluble organic matter. This
can be accomplished by the prefermentation of the settled solids in
the primary treatment process, where anaerobic bacteria hydrolyse
biodegradable solids in the sludge to soluble organic compounds.
These compounds can then be elutriated (washed) from the sludge
and transferred to the settled sewage, where they are available as
suitable carbon and energy sources in the downstream BNRAS
process.

The full-scale implementation of prefermentation occurred
only in the past 10 to 20 years at several WCW worldwide
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TABLE 1
Wastewater characterisation parameters for prefermenters

Parameter Typical components
Hydraulic Flow rates and patterns, structural dimensions and tank configurations
Composition Physical: solids, temperature, odour, colour

Organic: carbon, volatile acids
Inorganic non-metallic: nitrogen, phosphorus, pH

Fractionation Soluble, particulate, readily- and slowly biodegradable, and inert fractions

Kinetic and stoichiometricc Growth, decay and hydrolysis rates, yields and half saturation coefficients

TABLE 2
Physical characterisation of wastewater solids for prefermenters
Parameter Characteristics of particles
Floatable matter Fat, oil and grease, which form a scum layer on surfaces, and foreign floatable matter;

« visible with the naked eye, physically removable.

Coarse suspended matte Particles readily settleable of colloidal and non-colloidal nature (particle size{> 1 um);
¢ microscopically visible, filterable.

Colloidal dispersed matte Fine particles not readily settleable (particle size 1 um to 1 nm);
« ultra-microscopically visible, non-filterable, chemically flocculable.

Molecular solution matter Constituents in true solution (dissolved) (particle size < 1 nm);
* not visible by any instrumental method, not removable with conventional WGQW
treatment processes.

(Gongalves et al., 1994; Minch, 1998). Consequently, thelumetric inflow and diurnal flow patterns, sludge wastage and

performance of prefermenters often remains unmonitored astlidge recycle flow rates, obtained from flow meters or approximated

uncontrolled, mostly due to the lack of analytical facilities. Randaftom pump deliveries. The physical structural details required

et al. (1992) observed that prefermenter process monitoringimlude features such as tank and stilling chamber volumes, vertical

mostly done on a “may-it-hit” basis. Little attention is usually paidvall height, available surface (centre-feed stilling chamber surface

to the prefermenter performance if sufficient nutrient removal iexcluded), and conical settling zone volume. The composition

achieved in the downstream BNRAS process (Miinch and Kogbarameters include solids and nutrient (C, N and P) concentrations

1998). Research is directed on quantifying the C, N and P fractidins the liquid and sludge streams, preferably obtained from

in the secondary treatment processes (BNRAS reactor), withaepresentative composite samples, and from these samples the

due emphasis placed on the changes occurring in the primamrious biodegradable and unbiodegradable fractions can be

treatment process. obtained. Kinetic parameters are excluded in this review for a basic
The purpose of this review paper is to identify typical wastewat@refermenter evaluation.

characteristic changes reported in the literature for primary settled

and prefermented wastewater, applicable for a basic in-line ARSolids material

and other prefermenter configurations. The determination of the

variable characteristics of the raw wastewater and the constitudifte physical characterisation of WCW influent is developed

changesin the prefermenter form a starting point for prefermentatiancording to the relative size and condition of solids particles.

and BNRAS process evaluations. Murray (1991) characterised the PST feed into four categories,
based on the settling properties of the constituent material. This
Wastewater characterisation classification can be combined with the characterisation of a

dispersed system (a two-phase system with dispersed particlesin a
Theinput data required for process and wastewater characterisatiquid dispersion medium), as applicable to untreated wastewater
have been presented (Urbain etal., 1998) as hydraulic, compositip¥RC, 1984). The physical characterisation of the APT feed
fractionation and kinetic parameters, as listed in Table 1. Tlecreened and degritted) is summarised in Table 2.
hydraulic and composition parameters form the basis of an in-line The constituents in solution move largely unchanged through
prefermenter evaluation. The hydraulic parameter includes tlige prefermentation process (Tchobanoglous and Burton, 1991).
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TABLE 3
Classification of wastewater solids as constituent percentages

TS: 100%

Non-filterable or SS: 30% Filterable: 70%

SetS: 22% Non-settleable: 8% TDS: 63% Colloidal: 7%

Volatile: 17% | Fixed: 5% | Volatile: 6% Fixed: 2% Volatile: 22% Fixed: 41% Volatile: §% Fixed;] 1%

TABLE 4
Classification of raw and settled wastewater total COD as constituent fractions of total COD

COD (Raw and settled): 1.0
SCOD: 0.30; PCOD: 0.70

BCOD UucobD HAB
Raw: 0.75 to 0.85 Raw: 0.15to 0.25 Raw: 0
Settled: 0.80 to 0.95 Settled: 0.05 to 0.20 Settled] 0
RBCOD SBCOD USCOD UPCOD
Raw: 0.08 to 0.25 Raw: 0.50to 0.77 Raw: 0.04 to 0.10 Raw: 0.07 to 020
Settled: 0.10 to 0.35 Settled: 0.451t0 0,85 Settled: 0.05t0/0.20 Settled: 0.00 t¢p 0.10
SCVFA F-RBCOD
Raw: 0.008 to 0.10Q Raw: 0.048 to 0.225
Settled: 0.01t0 0.14 Settled: 0.06 to 0.315

The suspended matter of colloidal nature, which does not setfléSCOD) COD fractions, based on physical settling properties.
easily, is the main solids fraction in the APT settled sewagehe BCOD is further subdivided into slowly (SBCOD) and readily
overflow (supernatant) that must be treated in the downstreadsiodegradable (RBCOD) COD fractions, based on biokinetic
BNRAS processes (Murray, 1991). The excessive carry-over msponses. The RBCOD can be further subdivided into short-chain
coarse SS from the APT occurs in practice, usually due to solidslatile fatty acids (SCVFA) and non-SCVFA. These two divisions
overloading, inappropriate operational procedures, or desigme normally represented by VFA and fermentable (non-SCVFA)
inadequacies. RBCOD (F-RBCOD). An alternative COD subdivision, into two
The TS material can be characterised according to a nguhysical fractions, contains a total soluble (SCOD) and a total
filterable (or SS) and a filterable solids fraction. The non-filterablparticulate (PCOD) COD component. Typical reference data for
fraction consists of a settleable and a non-settleable fraction, é®duth African domestic wastewater COD fractions, based on total
the filterable fraction consists of a total dissolved solids (TDS) ar@OD, are presented in Table 4 (adapted from WRC, 1984; Dold et
a colloidal fraction. Each of these four fractions consists of al., 1991; Mbewe et §11995; Xu and Hultman, 1996; Park et al.,
volatile (organic) and a fixed (inert) fraction. Typical referencel997; Wilson et al., 1998).
data for the solids fractions, calculated as percentages of the TS, areThe UCOD fractions presented in Table 4 behave as conservative
presented in Table 3 (adapted from WRC, 1984; Tchobanoglossbstances, playing a negligible role in the prefermentation process
and Burton, 1991). The evaluation of the SS and the SetS in ftiRandall et al., 1992). The particulate material (UPCOD) is mainly
liquid streams and the TS in the settled sludge are used to determgr@oved with the waste sludge and the soluble material (USCOD)

solids removal across an in-line APT. passes through the prefermentation processes largely unchanged.
The BCOD fractions presented in Table 4 are used by organisms in
Carbonaceous material the BNRAS process (Lilley et al., 1997), with the soluble material

(RBCOD) being used more rapidly than the slowly biodegradable
The carbonaceous material content of the wastewater is estimaf@B8COD) material, as measured by oxygen or nitrate utilisation
by the COD (WRC, 1984). The typical COD chemical subdivisiomate tests (Naidoo et.alLl998; Urbain et al., 1998). The SCVFA
into three main fractions, biodegradable (organic) COD (BCODJjtaction is increased in a prefermenter with the solubilisation of
unbiodegradable (inert) COD (UCOD) and heterotrophic activ8BCOD to RBCOD, and the fermentation of F-RBCOD to SCVFA.
biomass (HAB), has been reported in detail (Mbewe et al., 1999)he component fractions are listed in Table 4 to indicate the general
The HAB fraction is approximated as zero in a typical Southelationship between COD and SCVFA, and a schematic
African prefermenter feed, as the influent is considered to esentation irAppendix A (Fig. 1) illustrates the component
anaerobic, not seeded with recirculated-activated sludge, and flegcentage fractions of the total COD.
wastewater is not supporting active biomass generation. The UCOD
is further subdivided into particulate (UPCOD) and soluble
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TABLE 5
Short-chain volatile fatty acids characteristics and COD equivalents

Common name Formulae Molecular GOD Equi-

mass valent

[g/mol] [g COD

/g acid]
formic acid HCOOH CCH, 46.00 0.348
acetic acid CHCOOH COH, 60.05 1.067
propionic acid CHCH,COOH COH, 74.08 1.514
n-butyric acid or iso-butyric acid CfCH,),COCH COH, 88.11 1.818
n-valeric acid or iso-valeric acid Ci€H,),COOH | GOH, | 102.13 2.039
n-caproic acid or iso-caproic acig  (f8H,),COOH | COH,, 116.16 2.207

TABLE 6
Typical VFA composition distributions for prefermenters, with VFA-COD equivalents
Acetic | Propionic [Butyric Valeric Other lotal VRA-COD  Reference
acid acid acid acid acid acid g COD
weight weight weight weight weight weight /g VFA
[%0] [%6] [%0] [%0] [%6] [%0] (calcula-
ted to
100%)
[9/d]
38 36 16 10 - 90 1.38 Pitman et,al992
43 41 8 - - 92 1.33 Randall et al., 1992
70 25 5 - - 100 1.22 Carlsson et al., 1996
56 30 7 0 7 93 1.27 Rabinowitz et al., 1997
71 24 3 3 - 101 1.22 Minch, 1998
61 27 7 - - 95 1.25 Munch, 1998
55 45 0 0 - 100 1.27 Munch, 1998
49 33 13 6 - 101 1.37 Minch, 1998
63 25 12 - - 100 1.27 Rodriguez et, d1998
AVERAGE
56 32 8 2 - 98 1.28 -
TABLE 7

Classification of raw and settled wastewater total nitrogen as constituent fractions of total nitrogen

TN: 1.0

TKN: 0.99t0 1.0 NQ& NO,
Raw: 0to 0.01

Settled: 0to 0.01

Organically bound N
Raw: 0.25; Settled: 0.17

Inorganic Nf& NH,
Raw: 0.75
Settled: 0.83

Biodegradable Unbiodegradable Raw: 0.50 to 0.75 (USA)
Raw: 0.12; Settled: 0.13 Raw: 0.13; Settled: 0.04 Settled: 0.60 to 0.85 (USA)
Particulate Soluble Particulate Soluble
Raw: 0.06 Raw: 0.06 Raw: 0.10 Raw: 0.08
Settled: 0.065 Settled: 0.065 Settled: 0.0 Settled: 1).04
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TABLE 8
Classification of wastewater phosphorus as constituent
percentages of total phosphorus

TP: 100%

orthophosphate polyphosphate Organic phosphate
Raw & settled: 70 to 90% Raw (USA): 29t0 33% Raw (USA): 14 to 25%
Raw (USA): 42 to 57%

Volatile fatty acids It is difficult to fractionate organically bound nitrogen (e.g.
protein, urea) into biodegradable and unbiodegradable soluble and
The fatty acids, forming part of the RBCOD group, are the kegarticulate fractions, and such a subdivision is not required for a
products required from the prefermentation process. Fatty acids aeesic prefermentation evaluation (Park et al., 1997). Bacterial
organic acids, consisting of a number of carbon atoms arrangediecomposition and hydrolysis convert organically bound nitrogen
a straight chain. An alkyl group (Ghi at one end of a straight or to ammonia and ammonium nitrogen. Typical reference data for
branched carbon chain and a carboxyl group (-COOH) at the ottibe nitrogenous fractions in South African (unless stated) domestic
end, combine to form carboxylic acids in the structurg-(@,),- ~ wastewater are presented in Tabl@dapted from WRC, 1984;
COOH (Murray, 1991; Minch, 1998), withrepresenting the Dold et al, 1991; Park et al., 1997; Wilson and Dold, 1998).
number of carbon atoms. The unbiodegradable particulate and soluble nitrogen fractions
The water soluble SCVFAs are an ideal substrate for thesented in Table 7 are handled in a similar fashion as the
BNRAS process, and specifically the BEPR process (Osborn et @onservative UCOD. The evaluation of the TKN and the:HNiH -
1986). Minch (1998) refers foas smaller or equal to six for N fractions of liquid and sludge streams at an APT are used to
SCVFA, as listed in Table 5. The one carbon SCVFA (formic acidjetermine the changesin TKN/COD nutrient ratio and the concurrent
does not support BEPR (Randall et al., 1997) and the six carbmmmonia fraction changes across the prefermenter. The component
SCVFA (caproic acid) is presentin negligible quantities. The ternfgactions are listed in Table 7 to indicate the general relationship
VFA and SCVFA are often considered to be synonymous in theetween TN and nitrogen fractions and a schematic presentation in
wastewater field (Buchauer, 1998). Appendix A (Fig. 2) illustrates the percentage fractions of TN.
Several researchers, as listed in Table 6, have reported VFA
compositions detected at individual WCW. Acetic acid iPhosphorus material
predominant, followed by propionic, butyric and valeric acid, with
acetic acid also being the preferred substrate for BEPR (Skalskiie phosphorus compounds, predominantly found in wastewater
and Daigger, 1995; Randall et al., 1997). The linear forms @fs phosphates, can be categorised by physical means (dissolved and
SCVFA are preferentially consumed before the branched formsrticulate fractions) and by chemical means as phosphate
(Moser-Engeler et g11998). compounds (Park et al., 1997). The chemical fractions consist of
The typical VFA compositions reported in prefermentedissolved inorganic orthophosphai@RO,), polyphosphate or
effluents, as listed in Table 6, can be used to calculate anndensed phosphate, and organically bound phosphate
approximation of the equivalent COD for VFA (VFA-COD). This (Tchobanoglous and Burton, 1991). The orthophosphateg’,(PO
generalisation is necessary at WCW where gas chromatogragtifQ,2, H,PO,, and HPQ)), usually the predominant fraction in
(GC) analyses are not available (Rdssle, 1999). The GC analySsaith African wastewater, are available for biological metabolism
are ideally required to identify individual VFA, and simple titrationwithout further breakdown. The polyphosphates include two or
procedures will only supply an approximation of the total VFAmore P atoms (e.g.,®,,;° P,0,?) in a complex molecule, and
concentration (De Haas and Adam, 1995; Buchauer, 1998). In fulevert together with the organic phosphates through a slow-rate
scale prefermenters with primary sludge feed (a side-streamydrolysis process to the solubePO, form. The organic
configuration), the reported VFA-COD equivalent is between 1.2ghosphorus fraction refers to phosphate in organic chemicals such

to 1.40 g COD/g VFA (Minch, 1998). as cells, pesticides and detergents, for which typical soluble and
particulate constituent percentages are not available. Typical
Nitrogenous material reference data for the phosphorus fractions in South African

(unless stated) domestic wastewater are presented in Table 8
The nitrogenous compounds, termed TN, are in the form of orgar{edapted from WRC, 1984; Tchobanoglous and Burton, 1991; Park
(proteinaceous) nitrogen and inorganic total ammonia nitrogeat al., 1997).
(NH,+NH-N), represented together by the TKN, and oxidised An APT evaluation is based on the TP anlO, fractions of
nitrogen compounds, such as nitrate (NN and nitrite (NQ-N)  liquid and sludge streams to determine the changes in the TP/COD
nitrogen. The oxidised nitrogen compounds are usually presentratio and the concurrent-PO, fraction change across the
low quantities in typical South African anaerobic raw and settlegrefermenter.
sewage. The inorganic total ammonia nitrogen exists in solution as
ammonia (NH-N) and ammonium nitrogen (NHN). These Wastewater nutrient ratios
fractions depend on the pH, with N being predominant at
conditions with a pH below 7 (Tchobanoglous and Burton, 1991The day-to-day wastewater constituent concentrations usually
as found in the prefermenter sludge. exhibit considerable variations, but the ratios of constituents
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TABLE 9
Characteristic ratios for raw and settled municipal wastewater
Ratio Units Raw Settled Country  Fermenter Reference
sewage sewage included

TKN/COD mg N/mg COD 0.07 to 0.10 0.09t0 0.12 RSA NO WRC, 1984; Ekama et al.| 1983

N/A 0.10t0 0.125 USA NO Randall et al., 1992

0.06 0.08 RSA YES Rossle, 1999
TP/COD mg P/mg COD 0.015t0 0.025 0.020 to 0.030 RSA NO WRC, 1984; Ekama et al., 1983

0.028 0.04 USA NO Randall et al., 1992
(NH,+NH,-N)/TKN mg N/mg N 0.6t00.8 0.7t0 0.9 RSA NO WRC, 1984

0.83 N/A Australia NO Muinch, 1998
o-PO/TP mg P/mg P 0.7t0 0.9 0.7t0 0.9 RSA NO WRC, 1984
SetS/SS ml SetS/mg SS 0.02t0 0.03 0 to 0.006 RSA NQ WRC, 1984
SCOD/COD mg COD/mg COD 0.33 N/A Australia NO Munch, 1998
VFA/SCOD mg COD/mg COD| 0.60to 0.75 0.60t0 0.76 Australia YES Miinch, 1998
VFA/COD mg COD/mg COD N/A 0.09 RSA YES Banister et al., 1998
SCVFA/F-RBCOD| mg COD/mg COD N/A 1.0 RSA YES Wentzel et al., 1991

accommodate such fluctuations to some extent (Wilson and Doftactice worldwide at many WCW, even at BNRAS feed TKN/
1998). The constituent ratios can be used as fairly representat®D ratios of lower than 0.11.

benchmarks to characterise the wastewater for BNRAS evaluations.

Typical nutrient ratios and fractions for raw and settled sewage d@@®nclusions

summarised in Table 9.

Primary settling (and prefermentation) can have a detrimenta@he efficiency of sewage prefermentation cannot be evaluated in
effect on the desired wastewater characteristics for a downstreawlation, based only on the local prefermenter VFA production
BNRAS process. The nutrient TKN/COD and TP/COD ratiosate (or soluble organic matter transformations). This review has
increase due to a larger COD settling and removal rate compateghlighted the importance of identifying the increased nutrient
to TKN and TP (Ekama et al., 1983), combined with the release watios in the settled sewage from a prefermenter. The higher ratios
N and P due to hydrolysis. About 0.09 mg N of [dHd about 0.035 can contribute to downstream performance failures for certain
mgk P ofo-PO, are solubilised for every 1.0 mg SCVFA (as acetiBNRAS process configurations. The changes in the SCVFA
acid) produced (Banister etal., 1998). This nutrient release has atemcentration across the prefermenter must be supported at least
been reported as 0.02 to 0.06 mg,Mmg COD and a maximum with nutrients and solids characteristics, to ensure that a suitable
of 0.005 mgo-PO-P/mg COD hydrolysed (Moser-Engeler et al BNRAS process feed is available.

1998). Wastewater with high nutrient ratios will not produce

adequate denitrification for certain BNRAS process configurationé\cknowledgements

which is a prerequisite for BEPR (Siebritz et al., 1983; Pitman,

1991). The strength of the settled sewage must also be considefi@tk authors wish to thank ERWAT for assistance provided during
together with the TKN/COD ratio, as the COD contentin the settletle preparation of this paper.
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APPENDIX A

RAW SCVFA 0.8 TO 10%

SETTLED SCVFA 1 TO 14%
RAW RBCOD 8 TO 25%

SETTLED RBCOD 10 TO 35%
RAW BCOD 75 TO 85% RAW F-RBCOD 4.8 TO 22.5%

SETTLED BCOD 80 TO 95% SETTLED F-RBCOD 6 TO 31.5%

RAW SBCOD 50 TO 77%

SETTLED SBCOD 45 TO 85%

RAW USCOD 4 TO 10%

SETTLED USCOD 5 TO 20%
RAW COD 100% RAW UCOD 15 TO 25%
SETTLED COD 100% SETTLED UCOD 5 TO 20%

RAW UPCOD 7 TO 20%

SETTLED UPCOD 0 TO 10%
RAW HAB 0%

SETTLED HAB 0%

Figure 1
Schematic representation of key chemical oxygen demand fractions in a typical raw and settled sewage, as percentage limits of total
chemical oxygen demand

RAW SOLUBLE 6%

SETTLED SOLUBLE 6.5%
RAW BIODEGRADABLE 12%

SETTLED BIODEGRADABLE 13%

RAW PARTICULATE 6%

SETTLED PARTICULATE 6.5%
RAW ORGANICALLY BOUND N 25%

SETTLED ORGANICALLY BOUND 17%
RAW SOLUBLE 3%

SETTLED SOLUBLE 4%

RAW UNBIODEGRADABLE 13%

SETTLED UNBIODEGRADABLE 4%
RAW PARTICULATE 10%

SETTLED PARTICULATE 0%

RAW TN 100% RAW AMMONIA/AMMONIUM 75%
SETTLED TN 100% SETTLED AMMONIA/AMMONIUM 83%

RAW NITRATE/NITRITE 0%

SETTLED NITRATE/NITRITE 0%

Figure 2
Schematic representation of key nitrogen fractions in a typical raw and settled sewage, as percentages of total nitrogen
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