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ABSTRACT

This research was designed to investigate the effect of cations on activated dudge characteristics
and adso to determine their influence on digestion performance. For this purpose, cations in
solution and in floc were evauated dong with various activated dudge characteristics and the
collected waste activated dudge underwent both anaerobic and aerobic digestion. It was found
that large amounts of biopolymer (protein + polysaccharide) remained in the effluent of WWTP
that recaeived high influent sodium but had low iron and duminum in floc. However, dudges
from plants with high sodium and high iron and duminum dewaered well and produced high
qudity effluents, suggesting that iron and duminum have dgnificant pogtive effects on floc
properties. Following anaerobic digestion, a dgnificant increase in solution protein occurred and
correlations between solution protein, ammonium production, percentile voldaile solids reduction
and iron in floc were obtained. These data indicate that ironlinked protein is released to solution
when iron is reduced and its degradation is responsble for volatile solids reduction in anaerobic
digegion. In aerobic digedion, polysaccharide in solution incressed dong with cacium,
magnesum and inorganic nitrogen. This implies that divaent cation-bound biopolymer might be
the primary organic fraction that is degraded under aerobic digestion. Combined
(anaerobic/agrobic) digestion was performed and produced further volatile solids destruction
with discrete cation and biopolymer response during each phase of digestion. These results
support the theory that two types of organic matter with different cation bindings are present in
floc and each type is degraded under different digestion processes.
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LITERATURE REVIEW

INTRODUCTION

Both anaerobic and aerobic digestion have been widely used to stabilize wastewater dudge prior
to ultimae solids disposal. Reduction of voldaile solids and odor potentid and destruction of
pathogens are the primary objectives of both processes. Each digestion process uses different
microbiologica and biochemicd reections and the mgor difference of two digestion processes is
whether digestion proceeds in the presence or absence of molecular oxygen.

Higtoricaly, a great deal of study has been conducted to describe digestion kinetics and to assess
factors that affect digestion performance. However, the fundamental question as to whether a
gpecific dudge is better treated by anaerobic or aerobic digestion has not been evauated. At
present, there are no specific criteria for choosing a digestion method but secondary factors such
as the scale or dze of wastewater treatment plant, complexity of the process, and economic
interests are commonly consdered for digestion options. As a consequence, solids that do not
meet treatment goals can be produced and unsatisfactory performance could cause additiond
cost. In the future, regulations and cods for solids handling could become more dringent,
meaking efficient stabilization of greater importance.

Recently, a study demondrated that different mechanisms for floc destruction are involved in
anaerobic and agrobic digestion and they account for different characteristics of digested product
with regard to volatile solids reduction and subsequent dewatering properties (Novek et d., in
press). The sudy further suggested that an anadlyss of activated dudge floc structure would be
necessary to understand different digestion mechanisms.

The activated dudge process is the most commonly used biologica process for secondary
wadtewater treatment. In this process, microorganisms in wastewater are grown in the aggregated
and suspended form, removing organic matter from the influent wastewater. In order to separate
solid biomass from dudge liquid, good bioflocculation is required and a variety of factors are
known to be involved.



Microorganisms, extracdlular polymeric substances or exocdlular biopolymers, and cations are
magor components of activated dudge flocs (Bruus et d., 1992; Higgins and Novak, 19974). It is
thought that biopolymers originate from microbid activity and wastewater influent and provide a
mairix in which microorganisms can be aggregated to form flocs (Urbain et d., 1993; Dignaec et
d., 1998). Because a mgority of exocedluar biopolymers is negatively charged, multivalent
cations become an important component of floc dructure by providing bridging to the negative
gtes on the biopolymer network (Bruus et a., 1992; Urbain et d., 1993; Higgins and Novak,
1997a). Therefore, without the proper cation composition, flocs would be weak and dispersed,
causng setling, dewatering, and effluent quaity problems. However, there is gill much debate
about the role of the mgor caions found in activated dudge and the role of iron and aduminum
remains unclear.

This research was desgned to invedtigate the effects of caions on activated dudge
characteristics and dso to determine their influence on digestion performance. In order to assess
the overdl impact of cations on the activated dudge system, a fied study rather than a lab-scae
resctor sudy was performed and both the cations in solution and solid floc were evauated aong
with various activated dudge characteristics. Subsequently, the collected waste activated dudge
underwent both anaerobic and aerobic digestion for 30 days and chemica characteristics of each
dudge were andyzed before and after digestion. The results were expected to be useful in
determining how cations may account for many differences between wastewater dudges and
further to help us deveop a better underdanding the influence the cation has on digestion
process.

FACTORSTHAT AFFECT ACTIVATED SLUDGE CHARACTERISTICS

Activated dudge is the most commonly used biologica process for the secondary wastewater
treestment. The primary objective is to remove organic matter from the influent wastewater using
a flocculent durry of microorganisms. In this process, microorganisms are grown, aggregated
and suspended, in wastewater converting organic meatter into carbon dioxide, ammonia-N, and
new biomass. The separation of solid biomass from dudge liquid, a key performance of activated
dudge process, can be achieved by gravity settling in a find darifier and good bioflocculation is
necessary for good settling to occur. Various factors such as the proper population of microbes
and interactions between exocelular biopolymers and cations are known to be involved in



bioflocculation. In addition, operational factors such as solids retention time are known to
influence the activated dudge process performance.

Solids retention time

Solids retention time (SRT), the age of dudge biomass in a bioreactor, is an important factor that
can affect activated dudge characterisics. At lower SRTs, biomass will not flocculate effectively
and many dispersed organic matter will be washed out of the system, causng deterioration in
efluent qudity (Grady et a., 1998). Therefore, sdlecting a proper SRT at wastewater treatment
plant (WWTP) is required to produce proper activated dudge process performance. The SRT at
which biomass washout occurs is referred to be minimum SRT and the design SRT should have
adudge age greater than thisrange (Grady et d., 1998).

Bisogni and Lawrence (1971) studied the effect of various SRTs on laboratory-grown activated
dudge characterigics and showed that SRT influences settling properties of activated dudge as
indicated by dudge volume index, zone settling velocity, and the extent of dudge dispersion.
The authors adso found that soluble chemicd oxygen demand (COD) in the effluent increased
with an accumulation of polysaccharide above a certan time of SRT. This organic matter in
effluent is thought to be primarily nonbiodegradable materia (Grady et d., 1998). Based on ther
results, Bisogni and Lawrence (1971) concluded that an SRT in the range from 4 to 9 days would
be best. At shorter SRTs, settling problems occur and at longer SRTs, effluent qudity would
become problematic.

Murthy (1998) dso obtaned smilar results from a study that showed the effect of SRT on
activated dudge effluent qudity. In his sudy, soluble polysaccharide (< 3K) and colloidd
protein (0.45mm - 30K) incressed in the effluent as the SRT increased above 10 days but the
effluent biologicd oxygen demand (BOD) remaned condant, implying that increesed effluent
COD was not easily degradable material.

If the organic matter recacitrant to biodegradation increases as SRT increases, SRT might aso
have a dgonificant effect on digedtibility of dudge Reece e d. (1979) found that
nonbiodegradable materiad in activated dudge increases as SRT increases, affecting aerobic
digedtibility of dudge Bruus et d. (1993) dso showed that activated dudges processed at
different SRTs experience different changes under anaerobic conditions. The authors reported
that when activated dudges were anagrobicadly stored, more dramatic changes in conditioning



and dewatering properties took place in activated dudges with short SRT compared to those
from higher SRT processes.

Extracellular polymeric substances

Extracdlular polymeric substances (EPS) or exocdlular biopolymers are a mgor component of
activated dudge floc. Microorganisms can be aggregated in this extracdlular marix o0 its
importance in bioflocculation can not be overdated. Consequently, a number of dudies have
focused on understanding the composition of EPS and its effect on settling property of activated
dudge. However, a variety of extraction procedures and variation in dudges invesigated have
often brought controversy in defining its characterigtics.

Studies using extraction methods such as cation exchange resin treatment (CER) (Frf lund et dl.,
1996; Nielsen et d., 1996), sonication (Urbain et d., 1993) and a combination of sonication and
CER (Dignec e d., 1998) have yidded highly efficient extraction and the data shows tha
activated dudge EPS are manly composed of protein, polysaccharide, humic acid and nucleic
acids. These dudies adso agreed that protein is the mgor condituent of EPS in activated dudge
floc.

Activated dudge EPS are negatively charged due to functiond groups such as carboxyl groups in
EPS. Higgins and Novak (1997a) and Dignac et a. (1998) measured amino acids of protein in
activated dudges and found that carboxyl containing groups such as aspartic and glutamic acids
accounted for a large portion in their protein samples. As a consequence, multivalent cations play
a dgnificant role in binding negatively charged biopolymer to enhance bioflocculation. More
details about therole of cationsin activated dudge are discussed in the following section.

Hydrophilic and hydrophobic properties of EPS ae another important factors affecting the
flocculation mechanism. Hydrophobicity is of specific importance snce activated dudges ae
highly hydrated Structures (Urbain et d., 1993). Urbain et a. (1993) obtained empirica results
that dudge sdtlesbility was improved a a low concentration of EPS when internd
hydrophobicity of flocs increased. Higgins and Novak (1997a) showed that hydrophobic amino
acids of protein were sgnificant condituents in activated dudge and suggested that biopolymers
can dso bind through hydrophobic interactions. Later, Dignac et d. (1998) compared the
extraction efficiency of sonication and combination of sonication and CER. The authors found
that hydrophobic amino acids were aso better extracted by CER, indicating that not only



negatively charged hydrophilic proteins but aso hydrophobic proteins are associated with cation
binding in the floc Sructure.

The source of EPS is dso of great interest. Exocdlular biopolymers can originate from two
possible sources, microbid activity such as metabolism and lysis of cdls and wastewater influent
(Urbain e d., 1993; Dignac e d., 1998). However, it is not clear how these materids are
digributed within the floc dructure and how this digtribution affects floc properties and the
extraction of biopolymers.

Lately, some dudies have suggested that EPS from different origins will dso have different or
unique characterigtics. Nielsen and Keiding (1998) proposed a floc model in which the outer EPS
for wastewater originated-EPS is bound by wesk forces to a rigid backbone of floc matrix and
therefore is sendtive to changes in the dability of floc. They drew this result from the
observetions of different degrees of floc digntegration in fidd activated dudge and lab-grown
cultures induced by iron extraction following addition of sulfide. Novek et a. (in press) reported
very different cation and biopolymer responses from anaerobic and aerobic digestion sudies.
Sgnificant amounts of cdcium and magnesum ions were released to solution during aerobic
digestion, but this did not occur during anaerobic digestion. They attributed these results to a
proposed modd in which two types of biopolymer with different cation bindings exist in flocs.
These are (1) lectin-like biopolymer, generated by microorganism and linked to divalent cations
and (2) iron and/lor duminum bound biopolymer, trapped from incoming wastewater and cdl
lysis product.

Cations

Since biopolymers are negatively charged, cations become a dgnificant  structurd  component.
As one sep of flocculation, cations provide binding between negaively charged biopolymers
where microorganisms can be embedded (Bruus et d., 1992; Urbain et d., 1993; Higgins and
Novak, 1997a). Therefore, without the proper cation compostion, flocs would be weak and
dispersed, causng settling, dewatering, and effluent qudity problems. Sodium, potassum,
ammonium, cacum, magnesum, iron and duminum ae the mgor caions found in activaied
dudge. Although there is some debate about the specific role of these cations, it has been
generdly accepted that divdent and trivaent cations are better flocculants than monovalent
cdions. The dgnificance of cations has been dedt in many dudies usng a vaiety of



experimenta  approaches or with different types of dudge and these have led to severa different
models of floc structure.

(1) Divaent cations

The role of divadent cations in the floc structure has been of great interest in understanding the
mechanism involved in hbioflocculation.  Cdcum remova from flocs usng cation exchange
resn (Keiding and Nidsen, 1997), EDTA (Kakii et d., 1985), or EGTA (Bruus et a., 1992)
resulted in the desorption of organic métter, deteriorating settling and dewatering properties of
dudge. While these sudies dressed the effect of cacium on the dability of floc, some other
works demongrated that magnesum as well as cacium is important for the floc stability. Sobeck
and Higgins (2002) reported that the dudge fed with ether magnesum or cacium improved in a
smilar manner as to sdtling and dewatering properties. In their study, the authors examined
three different cation induced-floc models and from this observation they suggested that divaent
caion bridging theory in which both cdcium and magnesum equdly bind negatively charged
biopolymers best explain the role of cations in the floc Structure. Novak et d. (in press) reported
that there was subgtantid increase in both magnesum and cdcium in solution during aerobic
digestion and ascribed this result to the degradation of floc segment that was associated with
both the divalent cations. However, activated dudges investigated by Kakii et a. (1985), Keding
and Nidsen (1997), and Bruus e d. (1992) contained much more cacium than magnesum o
the relative importance of calcium ion could be due to low magnesum in their wastewater.

Interactions between specific EPS and divaent cations have aso been sudied in depth. Since
protein and polysaccharide are mgor condituents of EPS, ther reaionship with cacum and
magnesum is important for understanding the floc sructure. Bruus et d. (1992) suggested that
polysaccharides in biopolymers are dginaes and these biopolymers bind to cacium ion to form
a gel-like floc dructure. Urbain et d. (1993) and Dignac et a. (1998) reported that proteins are
more strongly associated with cacium and magnesum than polysaccharides. Urbain et d. (1993)
dso found thet protein has higher affinity for cdcdum while DNA has higher afinity for
magnesum. Unlike the models which trest protein and polysaccharide separately, Higgins and
Novak (19978) proposed a floc model where proteins with lectin activity are cross-linked with
polysaccharides and both magnesum and calcium provide bridging to this biopolymer network.
They concluded this from the observation that polysaccharide was released when pronase was
added to dudge and bound protein increased when dudge was fed with magnesium and calcium.



(2) Monovaent cetions

In contrast to the divalent cations, high concertration of monovalent cations, especidly sodium,
has been known to be detrimental to the floc gtability (Bruus et d., 1992; Higgins and Novak,
1997a; Novak et al., 1998; Sobeck and Higgins, 2002). All these studies showed that dudges that
receved additiond sodium deteriorated in settling and/or dewatering properties. It was aso
reported that WWTPs treating industrid wastewater where sodium hydroxide is used for pH
control generdly produce dudges with poor settling and dewatering properties (Murthy et al.,
1998). It is theorized that monovdent cations displace divaent cations within the cation bridged
floc dructure by ion exchange, making flocs weak and sengtive to any physiochemica changes
on the floc structure.

Murthy and Novak (1998) studied the effect of potassum on activated dudge characteristics and
found that high potassum improved the floc drength and settling property of dudge while it
caused deterioration in dewatering property and effluent qudity. Consequently, the authors
concluded that the role of potassum in activated dudge floc is not the same as that of sodium
that exacerbates dl the activated dudge characterigtics.

Ammonium is another monovaent caion that can affect floc Structure. According to Novak
(2001), the ammonium ion aso replaces divaent caions in a same manner as the sodium,
deteriorating floc properties. In his sudy, sdtlesbility and dewaterability of dudge became
worse when ammonium concentration increased following the addition of nitrification inhibitor.
The author suggested that poor activated dudge characteristics usudly reported at short SRT or
during the winter are partly because of the loss of nitrification at these conditions.

(3) M/D

By examining the effects of monovdent and divaent cations on the activated dudge
characterigtics, Higgins and Novak (1997b) suggested that the ratio of monovaent to divaent
cations on a charge equivalent basis could be served as a rgpid indicator of dudge characterigtics.
The authors investigated severa full and lab-scale activated dudges and found that the M/D rétio
was postively corrdated with dudge filterability (specific ressance to filtration). They aso
observed that the ratio exceeding 2 resulted in the large decrease in the dudge filtering rate so
that they used this number as an optimd ratio of M/D. The conceptud bass of M/D was that
monovaent cations diglace divdent cations within the cation bridged-floc dructure by ion



exchange and deteriorate floc properties. Later, a study by Murthy (1998) showed that the M/D
ratio was aso an efficient parameter for describing activated dudge effluent quality.

(4) Trivdent cations

While the role of mono and divdent cations in the floc dructure has been sudied extensively,
the role of trivalent cations such as iron and duminum has not been sudied in depth dthough
these cations are often found at high concentrations in activated dudge (Kakii et d., 1985). Since
they have higher charge vdence and lower solubility than divdent cations their contributions to
the floc ability should be understood better. According to Kakii e d. (1985), iron and
duminum were not affected by the acid trestment of activated dudge a pH 3 while most of
cdcium and magnesum were extracted, indicating that iron and duminum are more drongly
associated with dudge matrix than divaent cations.

In sudies of the role of iron in activated dudge, iron (I11) reduction to iron (I1) ether by iron
reducing bacteria (Caccavo et a., 1996) or sulfate reduction to sulfide (Nidsen and Keding,
1998) resulted in the turbidity increase in bulk water of dudge, which suggested that oxidized
iron is an important condtituent for floc dabilization. Rasmussen and Nidsen (1996) reported
that about 70 to 90% of iron was present as ferric iron in the fresh activated dudges they
investigated. However, they dso admitted difficulties in identifying the species or chemicd
forms of feric iron; whether they are present in floc as cryddline, amorphous or organicaly
bound ron. Later, Nidsen and Keiding (1998) hypothesized that ether the reaction of ferric ion
with EPS or the precipitation as ferric hydroxides or both are involved in flocculation. In
addition, both species were considered to be stronger flocculants than cadum ion.

It has been reported that ferric iron has high affinity for protein (Murthy et d., 2000; Muller,
2001; Novak et d., in press). Murthy et a. (2000) demonstrated that iron (I1l) sdts selectively
coagulated solution protein produced from autotherma thermophilic aerobic digesters. Muller
(2001) compared the efficiencies of iron (Ill) and iron (II) sdts for coagulation of solution
protein and found that the former worked more effectively than the latter. Later, Novak et d. (in
press) postulated that large protein release during anaerobic digestion is due to the loss of
sective binding between protein and ferric iron induced by iron reduction in anaerobic
conditions.



There is little information avalable for the specific role of duminum in activated dudge floc.
Some invedtigations about duminum were found in the filed of water treetment snce auminum
sdts are often used as coagulants for removing naturd organic matters in water trestment plants.
Two dudies showed that polysaccharide found in lake and river waer was preferentidly
coagulated by duminum polychlorosulfate (Vilge-Ritter et d., 1999; Masion et a., 2000). The
ealir sudy of these dso teded duminum sulfate (dum) but such a high sdectivity for
polysaccharide was not found and it was not aso clear why two chemicas worked differently.
Another study reported that humic substances separated from swamp water were well removed
by dum a pH 5to pH 7 (Lu et d., 1999). Since both polysaccharide and humic substances are
magor organic components of activated dudge EPS, there seem to be some interactions between
auminum and biopolymers in the floc sructure.

PROCESSOVERVIEW OF ANAEROBIC AND AEROBIC DIGESTION

Both anagrobic and aerobic digestion has been widdy used to dabilize the wastewater dudge
prior to ultimate solids digposa. Reduction of volatile solids and destruction of pathogens are the
primary objectives of both processes. Each digestion is processed through very different
microbiologica and biochemica reections and the mgor difference of two digestion processes is
whether digestion proceeds in the presence or absence of molecular oxygen (Metcaf and Eddy,
1991).

Aerobic digestion

The bass of aerobic digestion process is amilar with activated dudge process. In the presence of
molecular oxygen and nitrate, microorganisms convert organic maiter into carbon dioxide,
ammonia-N, water and new biomass. As available subsirate is depleted, endogenous respiration,
auto-oxidation of cdlular protoplasm, takes place, accounting for the dedtruction of volaile
solids (Metcdf and Eddy, 1991).

Simplicity of process and lower capital cost are the advantages of aerobic digestion compared to
anaerobic process and because of these merits, aerobic digestion has been a ppular option for
the smal scde WWTPs. However, high energy cost and lower pathogen inactivation could be
the disadvantages of aerobic digestion (Grady et ., 1998).



The percentage of volatile suspended solids (VSS) reduction (38%) and specific oxygen uptake
rate (1-5 mgO2/gVSS-hr) are considered as indicators of dudge stabilization (Grady et d., 1998).
Some previous dudies demondrated that minerdization of organic nitrogen during aerobic
digestion could dso be an indicator of the extent of the aerobic digestion process. Bishop and
Famer (1978) and Mavinic and Koers (1982) fond that the percentage of organic nitrogen in
dudge solids for both the feed and aerobicdly digested dudge was condant during aerobic
digedtion, indicating that % organic nitrogen minerdized is equivdent to % VSS destroyed. With
regard to the faie of nitrogen in agrobic digestion, both the two studies adso reported that
ggnificant rates of nitrification occurred during aerobic digestion. Mavinic and Koers (1982)
also observed that pH of dudge decreased even below 4 due to the akalinity consumption during
nitrification

Anaerobic digestion

With comparison to aerobic digestion, anaerobic digestion is a very complex process and various
groups of microorganisms in the absence of oxygen and nitrate are involved in reciproca
relationship. Converson of organic mater into methane after severd deps of biochemicd
reactions accounts for removing COD of feed dudge in anagrobic digestion (Metcaf and Eddy,
1991).

The anaerobic process is known to occur in 3 deps hydrolyss, acidogeness, and
methanogenesis. In the fird gep, hydrolyss, insoluble organic maiter and large molecular
organic compounds ae hydrolyzed to soluble and smdler sze of organic compounds. In
acidogenesis, anaerobic microorganisms bresk down the products of first step into hydrogen
molecule and smple organic acids such as volatile fatty acids and acetic acid. In the find sep of
anagrobic digestion, known as methanogeness, methanogenic bacteria convert acetic acid and
hydrogen into methane and carbon dioxide. It is dso believed that one third of methane is
produced from the pathway of usng hydrogen and the rest of methane is from the acetic acid.
Methanogens are drict anaerobes and have very dow growth rate. Consequently, their
metabolism is usudly conddered rae-limiting and long detention time is required for dow
growth (Metcalf and Eddy, 1991).

The production of methane, useful end product, is the great advantage that aerobic digestion does

not possess. Reatively higher pathogen inactivation can aso be accomplished due to the harsh
condition in anaerobic process than in aerobic digestion (Grady et a., 1998).
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Different digestion mechanisms between anaer obic and aer obic digestion

Recently, a study by Novak et a. (in press) concentrated on the changes in floc properties that
occur during anaerobic and aerobic digestion. The authors monitored very different cation and
biopolymer response from each digestion process so they suggested that there are different
digestion mechanisms between anaerobic and aerobic digestion.

Based on the observation by Novak e d. (in press), subgtantid amount of cacium and
magnesum was released into solution during aerobic digestion. Divdent cation release was
accompanied with an accumulation of solution polysaccharide. The accumulation  of
polysaccharide was shown to be due to the loss of enzyme activity during aerobic digestion. As
indicated earlier, lectin-like biopolymer is comprised of proteins with lectin  activity,
polysaccharide cross-linked with proteins, and divaent cations. From the results, the authors
suggested that lectin-like biopolymer in the floc Structure is degraded during aerobic digestion.

Novak et al. (in press) aso performed anaerobic dgestion using the same waste activated dudge
that underwent aerobic digestion. Unlike aerobic digestion, large amounts of protein were
released into solution during anaerobic digestion and the release of divadent cations did not take
place. These results made the authors suggest that different digestion mechanisms are involved in
each digestion process. Novak et a. (in press) stressed the role of iron in anaerobic digestion.
They hypothesized that the large rdlease of protein is due to the rupture of preferentid binding
between feric iron and proten when feric iron is reduced to ferous iron in anaerobic
conditions. Released protein was thought to undergo degradation, accounting for volatile solids
reduction under anagrobic digestion. Since divaent cations were not released during anaerobic
digestion, the authors aso suggested that biopolymers degraded during anaerobic process are not
lectin-like biopolymers but mainly proteins coagulated by feric iron from the wastewater
influent and cdl lysis materid.

Since each digestion process accounts for the degradation of a specific type of biopolymer,

Novak et d. (in press) aso predicted that high degree of dudge dabilization could be
accomplished by the combination of two digestion processes.
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ABSTRACT

Iron, duminum and sdected mono (sodium, potassum, and ammonium) and divaent (cacium
and magnesum) cations in wastewater were andyzed in order to sudy the effect of these cations
on setling, dewatering, and effluent quality of activaled dudge. Samples of influent, mixed
liquor, wadte activated dudge and effluent were collected from eight different wastewater
trestment plants and al these cations were measured in the solution phase of each sample. In
addition, iron and duminum associated with dried waste activated dudge was quantified. Unlike
mono and divaent cations, iron and duminum were not detected in most influents to the aeration
basn, indicaing that these trivdent cations are mos likdy associsted with solids in the
wastewater. It was aso found that a dgnificant amount of biopolymers (protein +
polysaccharide) remained in the solution of waste activated dudge and secondary effluent of
wadtewater treatment plants that received high influent sodium but had low concentrations of
iron and duminum in the floc. High soluble biopolymer concentrations corresponded to poor
dewatering rates of dudge, high conditioning chemicd requirements, and high chemicad oxygen
demand in effluent. However, dudges from plants with high sodium and high iron and duminum
dewatered wel and produced high qudity effluents suggesting thet iron and duminum have
dggnificant pogtive effects on the floc propeties. These rexults indicated that not only
concentrations and/or ratio of monovaent and divalent cations but dso these floc trivaent
cations could be used to predict and evauate dudge characteristics. A modified cation ratio that
included iron and duminum was examined and it appeared to be useful in predicting dudge
characterigics and effluent qudity of activated dudge.
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INTRODUCTION

Microorganisms, extracdlular polymeric substances (EPS) or exocdlular  biopolymers, and
cations are mgor components of activated dudge flocs (Bruus et d., 1992; Higgins and Novak,
1997a). It is thought that biopolymers originate from microbid activity and wastewater influent
and provide a marix in which microorganisms can be aggregated to form flocs (Urbain et d.,
1993; Dignec et d. 1998). Because a mgority of exoceluar biopolymers are negatively charged,
multivalent cations become an important component of the floc dructure by providing bridging
to the negative dtes within the biopolymer network (Bruus et d., 1992; Urbain et d., 1993,
Higgins and Novak, 1997a). Therefore, without the proper cations, flocs would be wesk and
dispersed and thiswould result in poor settling, dewatering and effluent qudity.

Higoricdly, divdert cations such as cdcium and magnesum have been of great interest in
underganding bioflocculation mechanisms. Cadcium remova from flocs usng a caion exchange
resn (Keiding and Nidsen, 1997), EDTA (Ka&kii et d., 1985), or EGTA (Bruus et d., 1992)
resulted in the desorption of organic matter and poor seitling and dewatering properties. While
these dudies dressed the effect of cdcium on the dability of floc, other dudies have
demondraied that magnesum as wel as cdcium is important for floc ability. Sobeck and
Higgins (2002) reported that the dudge fed with either magnesum or cadcium improved in a
gmilar manner as to settling and dewatering properties. In ther sudy, the authors examined
three different cation induced-floc modes and from this observation they suggested that divalent
caion bridging theory in which both cdcium and magnesum equdly bind negatively charged
biopolymers best explain the role of cations in the floc structure. Novak et a. (in press) reported
that there was subdantid increase in both magnesum and cadcium in solution during aerobic
digesion and ascribed this result to the degradation of floc materid associated with divaent
cations. However, activated dudges investigated by Kakii e a. (1985), Keiding and Nielsen
(1997), and Bruus et d. (1992) were dominated by cacium ion so the relative importance of
cacium in the floc structure could have reflected the lack of magnesium in their wastewater.
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While divaent cations are beneficid to the floc properties, high concentration of monovaent
caions, especially sodium, has been known to be detrimenta (Bruus et d., 1992; Higgins and
Novak, 1997b; Novak et d., 1998; Sobeck and Higgins, 2002). All these studies showed that
dudges that receved additional sodium deteriorated in settling and/or dewatering properties. It
was aso reported that wastewater treatment plant (WWTP) treating industrid wastewater where
sodium hydroxide is used for pH control generdly produced dudges with poor settling and
dewatering properties (Murthy et d., 1998). It is theorized that ion exchange mechanisms result
in digolacement of divaent caions with monovaents, making flocs wesk and sengdtive to any
physochemica changes on the floc dructure By examining the effect of mono and divaent
cations on the floc properties, Higgins and Novak (1997b, c) proposed that the ratio of
monovaent to divaent cations (M/D) on a charge equivdent basis can be used to determine if
the cation content is likely to cause dudge problems. According to the authors, dudge with high
M/D ratio, especidly greater than 2, would possess problems in settling and dewatering due to
the wesk floc structure induced by high monovaent cations.

While the role of mono and divdent cations in the floc structure has been studied extensively,
the role of trivdent cations such as iron and duminum has not been sudied in depth dthough
these cations are often found at high concentrations in activated dudge (Kakii et d., 1985). Since
they have higher charge vaence and lower solubility than divaent cations their contributions to
the floc ability should be understood better. According to Kakii e d. (1985), iron and
duminum were not affected by the acid trestment of activated dudge a pH 3 while most of
cdcum and magnesum were exiracted, indicating theat iron and auminum are more srongly
associated with dudge matrix than divaent cations.

In sudies of the role of iron in activated dudge, iron (I11) reduction to iron (I1) ether by iron
reducing bacteria (Caccavo et a., 1996) or by addition of sulfide (Nielsen and Keiding, 1998)
resulted in a turbidity incresse in bulk dudge water, which suggests that oxidized iron is an
important congtituent of the floc structure. Rasmussen and Nielsen (1996) reported that about 70
to 90% of iron was present as feric iron in the fresh activated dudges they investigated.
However, they dso admitted difficulties in identifying the species or chemicd forms of iron (l11)
in activated dudge. Later, Nidsen and Keiding (1998) hypothesized that ether the reaction of
ferric ion with EPS or the precipitation as ferric hydroxides or both are involved in flocculation
and both the species were conddered to be better flocculants than cacium ion. It has been
recently reported that ferric iron has high affinity for protein (Murthy et d., 2000; Novek et d.,
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in press). Murthy et a. (2000) demonstrated that iron (I11) sdts sdectively coagulated solution
protein produced from autotherma thermophilic aerobic digesters. Later, Novak et a. (in press)
postulated that large protein release during anaerobic digestion is due to the loss of sdective
binding between protein and ferric iron induced by iron reduction in anaerobic conditions.

There is little information avalable for the specific role of duminum in activated dudge floc.
Some invedigaions deding with duminum in dudge were found in the fiedd of drinking water
trestment Snce duminum sats are often used as coagulants removing naturd organic matters in
water trestment plants. Two Sudies showed that polysaccharide found in lake and river water
was preferentidly coagulated by duminum polychlorosulfate (Vilge-Ritter et a., 1999; Masion
et d., 2000). The ealier study of these studies dso tested duminum sulfate (dum) but such a
high sdectivity for polysaccharide was not found and it was not cler why two species of
auminum chemicds worked differently. Another study reported that humic substances separated
from swamp water were well removed by dum a pH 5to pH 7 (Lu et a., 1999). Since both
polysaccharide and humic substances are mgor organic components of activated dudge EPS,
there are likely to be some interactions between duminum and biopolymersin the floc structure.

RESEARCH OBJECTIVES

An examnation of the literature revealed that poor bioflocculation due to the improper cation
compostion might cause setling and dewatering problems. Smultaneoudy, criticd amounts of
unflocculated materias might be washed out of the system, causng deterioration in effluent
quality. Previous sudies dso indicated that both divalent and trivalent cations are extremey
important in well-flocculated activated dudge dthough the specific role of each of the cations is
not clearly understood. In order to assess the overdl impact of cations on the activated dudge
gystems, a fidd study was performed and both the solution and floc cations were evauated dong
with various activated dudge characterisics. The data were used to determine how cations
account for many differences between characteristics of WWTPs and dudges they produce. The
hypothess of this sudy was tha both divdent and trivdent cations pogtively affect the floc
gtability and that each has aunique role in floc formation, dudge properties and effluent qudlity.
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METHODSAND MATERIALS

Experimental approach

Wadtewater samples were collected from eight different full-scde WWTPs. The plants were
sdected jointly by US Filter Inc. and the Virginia Tech research team. Some plants were
sampled twice and the fird and second sampling are designated with 1 and 2. The samples
condged of plant’s influent (primary effluent), mixed liquor, waste activated dudge, and plant's
effluent (secondary effluent). For dl the samples, cations in solution were measured and dried
wade activated dudge (WAS) was prepared for andyss of iron and duminum in floc. In this
dudy, the term ‘solubl€ or ‘solution’ refers to be the materid that can be filtered through
0.45um filter. However, iron and duminum were designated as ‘floc’ cations since these cations
were measured in the floc dructure. The dudge settling and dewatering properties were
measured usng mixed liquor and WAS, respectively. Shear tests and conditioning tests were
aso conducted usng WAS. The consecutive filtering processes with different sizes of filters was
performed usng WAS in order to andyze molecular weight digtributions and biopolymer content
in eech of the molecular weght fractions. For this andyss, dl the WAS samples were
centrifuged a 9,460g for 15 minutes and the supernatant was subsequently filtered through
1.5um, 0.45um filters and through 30,000 Ddton (30K) and 1,000 Daton (1K) ultrafiltration
membranes (Amicon YM30 and YM1). The soluble biopolymer (protein + polysaccharide) and
soluble chemica oxygen demand (COD) in secondary effluent were adso analyzed.

Analysis

Solution cations, sodium, potassum, ammonium, magnesum, and cadcium were andyzed usng
a Dionex lon Chromatograph. Foc cations, totd iron and duminum, in dry dudge were
measured usng EPA method 3050B (Acid digestion for metas andyss of soils, sediments, and
dudges). For this experiment, WAS was dried at 105°C and the known amount of dried Sudge
was removed and underwent acid digestion. The prepared samples were quantified usng Atomic
Absorption Spectrometer. Iron and aduminum in dudge solution were aso messured using
Atomic Absorption Spcetrometer.

Totd solids (TS), totd suspended solids (TSS), mixed liquor suspended solids (MLSS), tota
volatile solids (VS), and volatile suspended solids (VSS) were messured according to Standard
Methods (APHA, 1995). Sudge volume index (SVI) and soluble COD were measured based on
methods 2710D and 5220C of Standard Methods, respectively (APHA, 1995). The protein
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concentration was determined by the Hartree (1972) modification of the Lowry et a. (1951)
method usng bovine serum dbumin as the dandard. Polysaccharide was messured by the
Dubois et d. (1956) method utilizing glucose as the standard.

Both ferric chloride and dum a concentrations of 100g/L and a high charge cationic polymer,
BC650 (Stockhausen), a 0.5% (w/w) were used as dudge conditioners in this study. Optimum
doses of each conditioner were determined using capillary suction time (CST) test by obtaining
the lowest CST reading. CST and specific resstance to filtration (SRF) were used as measures of
the dudge dewatering rate according to method 2710G of Standard Methods (APHA, 1995) and
method described by Christensen and Dick (1985), respectively.

The shear test using a flat paddle mixer a 700 rpm was conducted to evauate the floc strength of
each WAS sample. 500mL of WAS was placed into a 2L baffled cylinder and CST vaues at
every 2 minute upto 8 minutes were measured.

RESULSTSAND DISCUSSION

Compogtion of the WAS samples including mono and divaent cations in dudge solutions and
iron and duminum in the dried dudges are liged in Table 1. A summay of dudge stling and
dewatering properties, conditioning chemicd requirements, and solution biopolymers (protein +
polysaccharide) in the WAS and secondary effluent are listed in Table 2.

Table 1. Solution mono and divaent cations and floc trivaent cationsin WAS

KT TS VS  Na K*  NH,” Mg? ca®* M/ID CaMg Al Fe
Plant (day) (gL) (gL) (mgL) (mglL) (mgl) (mglL) (mgl) (eg/eq) (eg/eq) (mg/gTS) (mg/gTS)
Al 18 150 102 296 297 295 192 31 41 11 15 25
A2 28 187 139 59 272 ND 201 394 72 12 9.2 16
Bl 11 657 318 1087 926 ND 184 237 18 08 07 29
B2 11 847 499 977 116 ND 179 372 14 13 07 38
C 4 832 669 676 717 493 250 248 23 06 13 13
D 23 67/ 549 938 114 ND 135 342 16 15 58 58
E 7 887 487 324 328 516 445 339 09 46 20 40
FL 3 557 457 712 101 24 77 260 18 20 14 58
F2 3 52 38 83 104 02 61 259 23 26 27 95
G 5 654 518 129 484 395 149 203 34 12 9.3 15
H 1 3% 294 44 210 333 155 362 14 14 42 80

ND: Not detected
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Table 2. Characteridtics of activated dudge processin eight full-scale WWTPs

Solution’ Effluent
Optimum Optimum Optimum Solution” poly- Effluent poly-
Vi CsT SRF polymer  FeCl; Alum  protein saccharide protein saccharide

Plant  (mL/g)  (sec) (Tm/Kg) (g/KgTS) (gKgTS) (gKgTS) (mgl)  (mgl)  (mglL)  (mglL)
Al 85 60.0 20 264 80 A 3.60 2.16 3.18 282
A2 110 71.9 17 2.45 60 96 5.88 392 393 3.62
B1 373 61.6 47 357 487 164 66.8 138 57.0 124
B2 149 274 0.6 141 283 118 322 721 294 8.00
C 251 34 250 478 144 240 21 129 7.71 519
D 55 185 05 059 106 148 122 430 348 329
E 117 57.8 13 314 217 248 16.6 13.0 NA NA
F1 249 449 57 1.96 72 122 3.10 250 193 3.06
F2 199 265 11 1.22 77 153 0.74 2.39 1.78 418
G 268 22 120 538 202 134 17.8 106 7.60 6.88
H 484 211 120 752 308 328 20.8 146 0.50 183

" Protein and polysaccharide in WAS solution

NA: Sampleswere not available.

Potassum release in activated sludge

It can be seen that the dewatering rates, described by CST and SRF, of the WAS samples from
plants C, G, and H were quite different from those from other plants. The floc strength of these
dudges were measured by conducting shear tests and evauating the changes in CST over time.
Figure 1 shows that WAS C and G were very sendtive to shear while others, except for WAS H,
were shear-resstant under the same condition. Surprisingly, the dewatering rae of WAS H
improved as a result of dudge shearing. Plant H was only the plant that received externd iron for
phosphorous remova but the reason for these unusua characteristics of WAS H was not
clarified. However, low solution biopolymer in the effluent in spite of high solution biopolymer
in the WAS implies that some changes might have occurred during dudge handling, which led to
the poor dewatering characteristics of WAS H.

Week floc srength of WAS C and G indicates that these dudges would dewater poorly if high
shear device such as a centrifuge is used. Cdtion ratios previoudy suggested to describe dudge
characterigtics could not explain poor dewatering rates and wesk floc strength of WAS C and G.
As shown in Table 1, the ratios of M/D and CalMg (Higgins and Novak, 1997¢) of these dudges
were close to respective optimum values 2 and 1 that are likely to bring good dudge properties.
The only noticegble difference in cation contents for these dudges was that abnormdly high
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potassum concentration was found in the solution of WAS compared to its concentration in
plant's influent. Table 3 shows potassum concentrations across each facility. Compared to the
potassum concentrations in each influent, approximately five and four times grester potassum
was found for WAS C and G, respectively. Since potassum is required by microorganisms for
cedl synthess and is more likdy an intracdlular cation than extracdlular (Bakker, 1993;
Madigan et d., 1997), it can be thought that some stress to microbes might have been present in
the influents to these two fadilities.

Table 3. Potassum concentrations across aWWTP

K" Raio
Influent ML WAS Effluent (WAS/INF)
Plant (mg/lL) (mg/L) (mg/L) (mg/L) (mg/mg)
Al 18.8 22.3 29.7 22.0 1.58
A2 18.1 22.0 27.2 20.5 1.51
Bl NA 94.0 92.6 97.2 -
B2 NA 111 116 117 -
C 15.6 28.0 71.7 15.7 459
D 7.20 9.10 114 8.60 1.58
E 19.2 32.0 32.8 NA 1.70
F1 9.60 10.8 10.1 7.70 1.06
F2 9.70 111 104 9.37 1.07
G 12.9 314 48.4 26.5 3.78
H 10.9 10.5 21.0 9.40 1.92

NA: Samples were not available

Bott and Love (in press) reported that when the toxins of eectrophilic or thiol reective chemicals
were added to activated dudges, bacteria released K* as specific protective stress response,
causing dudge deflocculation. Rasmussen e d. (1994) observed K release during short term:
anaerobic dorage of activated dudge and hypothesized that the release took place because the
drict aerobes lost their ability to keep internal K* under anaerobic conditions. Figure 2 shows
that the ratio of K in WAS to that in influent produces a useful indicator of poor dewatering
rates of WAS C and G. Although the data is limited, it gppears that the changes in potassum
across a plant might be indicators of both toxicity and poor dudge dewatering.

Solution biopolymer in the effluent from these two facilities, as shown in Figures 3 to 6, was

much higher than those from the other plants with smilar cation compostions. These results dso
suggest that dudge characteristics associated with K™ release across the trestment plant might be
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somewhat different from problems caused by other influent properties. As a result, data points
representing wastewater from these two facilities were trested differently in the figures shown in
this study and trend lines between some variables were obtained without using those data.

The effect of cations on activated sudge effluent quality

In this study, secondary effluent quality was consdered to be the best indicator for activated
dudge performance at each WWTP. Unwanted reections such as deflocculation of dudge during
the transfer or storage (Bruus et a., 1993; Rasmussen et a., 1994) can occur for mixed liquor
samples but will not apply to effluent. Therefore, the comparisons of cations with effluent
biopolymer were used to assess the impact of influent cations on ectivaied dudge effluent

qudity.

(1) M/D

Higgins and Novak (1997b, ¢) examined severd full and lab-scale activated dudges and found
that the ratio of monovadent cations to divdent cations on a charge equivdent bass was
postively corrdlated with the filtration rate (SRF) of activated dudges. The authors aso
observed that a a ratio exceeding 2, the dewatering rate decreased so that they used this number
as an optima ratio of M/D. The conceptud bass of M/D was tha monovaent cations displace
divdent catiions within the cation bridged-floc dructure by ion exchange deteriorating floc
properties. Later, a study by Murthy (1998) showed that the M/D raio was dso an efficient
parameter for describing activated dudge effluent qudlity.

Solution protein and polysaccharide in each plant’s effluent are shown in Table 2. Large amounts
of biopolymer were found in effluents from plant B, implying that subdentid fraction of
biopolymer in activated dudge was deflocculated and washed out in the effluent. The solids
retention time (SRT) for plant B was 11 days so SRT was not likdy to contribute the high
solution biopolymer in the effluent of plant B (Bisogni and Lawrence, 1971; Grady et d., 1998).

The influents to plant B contained extremdy high sodium concentrations. However, the lowest
iron and auminum in the floc were detected from WAS samples. The M/D ratios of WAS Bl
and B2 were 184 and 13.7, respectively. Poor dudge characteristics a these high M/Ds are
consistent with the concept described by Higgins and Novak (1997b, ¢). The M/D ratios of WAS
were compared to effluent biopolymer and are shown in Figure 3. In generd, as the M/D ratio
increased, more biopolymer was found in the effluent. Moreover, it is important to note that
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effluent properties of B1 and B2, even from the same WWTP, were different over time as the
cation compostion varied. Data in Table 2 dso shows that the settling and dewatering properties
of dudge B2 aso improved at areduced M/D ratio.

However, the M/D ratio adone could not explan dl the differences in characteristics of
wastewater from the different WWTPs. An example was wastewater sampled from plant A. High
concentrations of sodium were dso found in this facility, which corresponded to WAS M/D
ratios of Al and A2 a 4.1 and 7.1, respectively. Although both the M/D ratios are much higher
than optimum, settling and dewatering properties of both dudges could be consdered to be
reflective of good dudges. Twice as much as sodium was found in WAS A2 compared to WAS
Al, but the overdl dudge characterisics were not very different, implying that plant A did not
seem to experience such operaiond problems despite high M/D or high sodium. High
concentrations of iron and duminum in floc was found in WAS Al and A2. While both the
plants A and B had high sodium in the influent, the dudge characteridics of plant A in which
high floc trivdent cations was found were much better than of plant B.

(2) Trivalent cations

Dried WAS was used to measure the floc trivdent cations, iron and duminum. Filtrate passng a
1.5-micron filter for eech WAS was dso prepared to measure iron and auminum in solution, but
these cations were usudly less than the detection limit. Concentrations of iron and duminum in
floc are listed in Table 1. Widdy varying amounts were found between the WWTPs and even for
activated dudges taken from the same WWTP at different times. Maeda and Azumi (1982) and
Kakii et d. (1985) investigated series of activated dudges from a particular WWTP over a year
and found seasond varidions in the heavy metds such as iron and duminum and ash content in
the MLSS. These two sudies reported increases in both the metals and ash content during the
summer but decreases during the winter. However, they dso reported that the ratio of the totd
metal content to ash content in the MLSS was congtant throughout a year. It was speculated that
the summer increase was not because of actud increase in inflow of these materids but more
likely because of decrease in volatile fractions in the mixed liquor. They ascribed low VSS or
high ash content in summer to the possble auto-oxidation of biomass a the higher summer
temperatures.

For this study, three WWTPs were sampled twice. The sampling time, the percentage of ash in
WAS, and the sum and ratio of iron and duminum are lisged in Table 4. As previous dudies
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indicated, the sum of iron and auminum (except for plant B) and ash content were greater in
dudges collected during the warmer period. The ratio of duminum to iron from the same facility
was dso quite condant in Spite of different total concentrations, which might support the
previous discussion that inflows of meta content a different sampling times were likdy smilar.
The mass of metals in dudge is usudly expressed on a TS basis (Table 1). If increased iron and
duminum were not redly due to the incressed inflow of these materids, different units might
possbly be used to express their concentrations. Since inorganic cations ae more likey
associated with ash content in the mixed liquor, a unit based on one gram ash was used by
dividing ‘mg-cation/g TS by ‘gasVgTS. The sum of iron and aduminum based on these units
are dso liged in Table 4. The concentrations on these units Hill show differences between WAS
from the same dte but the percentile difference between two concentrations were reduced. Figure
4 ds shows that the sum of iron and duminum based on one gram ash explains better the
relationship between trivaent cations and effluent biopolymer.

Table 4. Vaidaionsin floc cations and ash content in WAS at different times
ANTS Al+Fe Al/Fe Al+Fe Month of
dudge (%) (mgg TS (mgimg) (mg/lgash)  Sampling

Al 317 39.0 0.59 123 e
A2 25.8 25.0 0.58 97.0 January
B1 51.6 3.60 0.24 6.90 iy
B2 41.1 450 0.17 10.8 November
F1 18.0 19.3 2.32 108 January
F2 26.2 36.3 2.83 138 September

More importantly, Figure 4 illusrates that as iron and auminum increased in an activated dudge
process, less solution biopolymer was found in plant’s effluent. It has been speculated that both
iron and aduminum might have higher flocculaing &bility then divdent cations, building srong
and compact flocs. Keiding and Nidsen (1997) dso predicted that when dudge is deficient of
iron and aduminum, much of biopolymer would remain unflocculated and wash out of the
sysem. This is dearly shown in Fgure 4. Activated dudges with low iron and duminum such as
WAS B1 and B2 yieded high solution biopolymer in the effluent. A Smilar trend was dso found
between the sum of iron and duminum and effluent COD, dthough the corrdaion was not as
good as effluent biopolymer.

The linear corrdations between the logarithmic values of variables were examined and srong
correlations were obtained between the effluent biopolymer with the sum of iron and duminum
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in flocs (” = -0.99) and the ratio of M/D (> = 0.90). It could not be determined which cation
content had the most sgnificant effect, but the data suggest that both the floc trivalent cations
and the M/D ratio should be consdered together to describe activated dudge and effluent
characteridics. The effect of cations on effluent qudity might be of specific importance in
wastewater trestment in Europe and Asa where effluent COD is often used for desgn and
effluent regulations.

(3) Modified M/D

From the data above, both the M/D ratio and trivalent cations appear to be important for
determining the activated dudge effluent qudity. Therefore, if they can be combined, ther
impact on dudge characteristics might be better described. Before unifying the M/D ratio and
trivdlent caions, the ratio of monovaent cations to the sum of iron and duminum in floc (M/T)
was evauaed dong with effluent biopolymer data The andyticd approach was smilar with the
M/D ratio that monovalent cetions negatively affect the floc sability while trivalent cations, iron
and duminum, pogtively contribute to the floc properties. Figure 5 shows that the M/T ratio can
aso be used for describing activated dudge effluent qudity. This might be because of the low
vaidion in divaent catlions in dudges except for WAS E, examined 0 that the M/D ratio is
manly determined by the monovaent cation concentration. However, if dudges contain widdy
varying divalent cation concentrations, this ratio might become less ussful.

A modification of M/D ratio with floc trivdent cations has been tried. This ratio was obtained by
dividing the M/D raio by the sum of iron and duminum so the units of this ratio were
[(eg/eq)/(mg/g-ash)]. The rddionship between modified M/D ratio (mM/D) and effluent
biopolymer is presented in Figure 6. As the sum of iron and duminum and the sum of cacium
and magnesum increase, the ratio decreases, 0 a low vaue would be associsted with good
dudge properties. Although this ratio was ussful in describing dudge properties in this study, this
ratio might not be the best way to describe the overdl effects of mono-, di-, and trivalent cations
on dudge characteridics since while the M/D ratio is based on competitions for ion exchange
gtes between mono and divaent cations, adsorptive reactions with biopolymers are more likey
involved with iron and duminum in activated dudge. Clearly, this concept needs more work. If
divalent cations coagulate organics that differ from those coagulated by iron and auminum, ther
effect might be additive.
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Effect of biopolymer on dudge conditioning

The study demondrated that when dudges contained high monovaent cations and low iron and
duminum, large amounts of biopolymers remained unflocculated, accounting for poor effluent
quaity. Sludges that experienced poor flocculation will not settle and dewater wdl. In addition,
more conditioning chemicas will be required to achieve efficient dudge dewatering. Figure 7
cealy shows how various dudge chaacteridics ae inter-rdlated for activated dudge
performance.

The effect of solution biopolymer on the peformance of dudge conditioning was further
investigated during this study. Novak et a. (1988) proposed that the particle sze didribution is
one of the most important parameter affecting the dewatering properties of dudge. In their study,
the particles less than 40um were found to be associated with the filter blinding, causng poor
dewaterability of dudge. Bivins and Novak (2001) showed that colloidad biopolymer, the sum of
protein and polysaccharide between 1.5um and 30K, was strongly related with dewatering rates
of anaerobicaly digested dudges.

As can be seen in Figure 8, the optimum conditioning dose of ferric chloride for each WAS was
mainly determined by the concentrations of solution (< 0.45um) biopolymer. Biopolymer
passing 1.5-micron filter, the Sze dso often used for separation between solids and solution, was
adso wdl coagulated by ferric chloride (data not shown). However, from Figure 9, optimum
doses of dum and cationic polymer gppeared to be influenced by specific Sze of solution
biopolymer, colloida (1.5um - 30K) fraction. The different results between iron and auminum
sts might be because of different atomic Sze of each cation. Iron is larger ion S0 the iron
conditioner might have coagulated a broader range of dzes The different coagulating
capabilities of chemical conditioners were dso obsarved by Murthy et d. (2000) who
demongrated that iron (I11) sdts removed protein and polysaccharide from a wide Size range
while cationic polymer was effective in removing only colloidd (1.5um - 30K) biopolymer,
leaving the materid less than 30K in solution

The results from conditioning tess udng feric chloride and dum might dso be usgful in
andyzing the rdaionships between biopolymers and iron and duminum in activaied dudge
flocs Fgure 10 implies that optimum aum dose for dudge conditioning was more likey
affected by colloida polysaccharide rather than colloidad protein. Vilge-Ritter et a. (1999) and
Mason et d. (2000) dso obsarved the high &ffinity of polysaccharide in naturd waeter for
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duminum sdts. However, the chemicd used in two dudies was duminum polychlorosulfate and
the former study did not find polysaccharide affinity for dum. Further study is needed to better
undergand a certain role of duminum in activated dudge flocs. Figure 11 clearly shows that iron
(117) has gtrong affinity for protein. In addition, the comparison between Figures 8 and 11 reveds
that optimum ferric chloride dose was determined by the concentration of solution protein. This
grong afinity between ferric iron and protein was aso suggested by Novek et d. (in press).
They hypothesized that protein release during anaerobic digestion is result of iron reduction
under anaerobic conditions. While a high concentration of iron in activated dudge floc is
beneficid for making drong and dense flocs by drongly ataching protein, it might dso play a
negative role in dudge dewatering if iron rich-dudge is kept in anaerobic conditions. Unlike
iron, duminum does not undergo reduction and therefore may provide the benefits of iron
without the problems associated with reduced conditions.

Implications

Higgins and Novak (1997c) and Murthy et a. (1998) showed from ther fidd trids that the
addition of magnesum st to the feed of the industrid WWTP resulted in  dramatic
improvements in dudge settling and dewatering properties. These two studies dso showed that
such improvements were achieved following one or two cyces of SRT. The data obtained from
this research suggest that addition of iron and auminum to activated dudge process might be
beneficid for improving effluent qudity. The addition of these cations contributes to strong and
dense flocs, improving dewatering properties and reducing polymer conditioning costs.

Iron salts are often added to the mixed liquor for the remova of phosphorous from wastewater.
As indicated earlier, plant H added iron for the same objective and it corresponded to the highest
iron concentration among dudges investigated. Low biopolymer in this plant's effluent indicate
that added iron might have worked as an efficient coagulant or flocculant in the mixed liquor but
the high solution biopolymer in the WAS and its poor dewatering rates were not consstent with
this explanation. The unusual characteristics of wastewater from this facility can dso be seen in
Figure 7c. In this figure, FeCk conditioning deta for WAS H was only the data not showing good
relationship with effluent biopolymer. This is likely because iron was directly added to the mixed
liguor so that iron might have formed weak hydroxy compound rather than being incorporated
into the internad of bioflocs. Consequently, dudge might have eesily deteriorated when externd
forces were introduced on this dudge.
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CONCLUSION

Caions in activated dudge had sgnificant effects on activaied dudge characteridtics, specificaly
on activated dudge effluent quaity. The sudy dso showed that floc trivalent cations, iron and
duminum, are important condituents of activated dudge. The specific role of each cation in
flocculation should be better understood. The following specific conclusons are drawn from this

Sudy:

Measurement of potassum changes across an activated dudge facility may be useful for
indicating toxicity and predicting dewatering rates of dudge.

Sludges with high monovdent caions and low iron and duminum ae not wel
flocculated. As a reault, large amounts of biopolymers remained in the dudge solution,
Oeteriorating effluent qudity and causng poor dudge dewaering and high conditioning
chemicd requirements.

A modified cation ratio which incdudes iron and duminum was ussful in evadudaing
overdl effects of common mono-, di-, and trivdent cations on activaied dudge
Characterigtics.

Optimum iron (I11) sdts was determined by the concentrations of solution (< 0.45um)
biopolymer while duminum sdts reacted primarily with colloidd (1.5um - 30K) fraction
of solution biopolymer.

Conditioning data suggested that ferric iron has drong affinity for activaied dudge
proten while duminum might have higher afinity for polysaccharide in activated dudge
EPS.
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ABSTRACT

Laboratory digestion studies were carried out in order to characterize the changes that occur
when waste activated dudge undergoes anaerobic and aerobic digestion For this purpose, waste
activated dudge collected from various wastewater treatment plants was digested separately
under anaerobic and aerobic conditions for 30 days at room temperature (gpproximately 22°C).
Before and dfter digedion, cations in solution and in floc, soluble anions, and soluble
biopolymers (protein and polysaccharide) were measured. Following anaerobic digestion, a
ggnificant increase in solution protein took place and correations between solution protein,
ammonium production, percentile volatile solids reduction and iron concentration in activated
dudge floc were obtained. These data indicate that iron-linked protein is released to solution
when iron is reduced and its degradation is responsble for volatile solids reduction in anaerobic
digestion. In aerobic digestion, the polysaccharide concentration in solution increased dong with
cacium, magnesum and inorganic nitrogen. This implies that divaent cation-bound biopolymer
might be the primary organic fraction that is degraded under aerobic digestion. Combined
(anaerobic/aerobic) digestion was performed usng one waste activated dudge. The dudge that
underwent anaerobic digestion for 30 days was then digested aerobicdly. The dudge that was
initially digested under aerobic conditions then further degraded anaerobicaly. Combined
digestion resulted in further volatle solids dedtruction with discrete cation and biopolymer
response during each phase of digestion. These results support the theory that two types of
organic maiter with different cation bindings are present in the floc Structure and each type is
degraded under different digestion environments.

46



KEY WORDS
Anaerobic digestion, aerobic digestion, iron, soluble cations, two types of biopolymer, EPS,
protein, polysaccharide, volatile solids reduction, inorganic nitrogen

INTRODUCTION

Both anaerobic and aerobic digestion have been widdly used to dabilize the wastewater dudge
prior to land gpplication. Reduction of volaile solids and destruction of pathogens are the
primary objectives of both processes. However, each digestion process undergoes different
microbiological and biochemica reactions and the main difference is whether digestion proceeds
in the presence or absence of molecular oxygen. Higtoricaly, a grest ded of study has been
conducted to describe digestion kinetics and to assess factors affecting digestion performance.
However, the fundamenta question as to whether a specific dudge is better treated by anaerobic
or aerobic digestion has not been evauated. At present, there are no specific criteria for choosing
a digestion method. Rather, secondary factors such as the scae or Sze of wastewater treatment
plant, complexity of the process, and economic interests are commonly considered for digestion
option (Metcadf and Eddy, 1991; Grady et a., 1998). As a result, biosolids that do not meet
tresiment goals can be produced and this can compromise ultimate disposal, especidly if odors
are produced. In the future, regulations and costs pertaining to solids handling could become
more stringent, making efficient stabilization of greater importance.

Recently, Novek et d. (in press) proposed that different mechanisms for floc destruction are
involved in anaerobic and aerobic digestion and they account for different characteristics of
digested dudges with regard to volatile solids reduction, subsequent dewatering properties, and
odor potenti. As Novak et d. (in press) adso suggested, an understanding of floc sructure
would gppear to be useful in predicting the performance of different digestion processes.
Although there is much debate as to the interaction between extracdlular polymeric substances
(EPS) and cations in activated dudge floc, this interaction may aso play a pivotd role in the
effidency of digestion. Studies using extraction methods such as cation exchange resin treatment
(CER) (Frflund et d., 1996; Nidsen et d., 1996), sonication (Urbain et d., 1993) and a
combination of sonication and CER (Dignac et d., 1998) minimize cdl lyss and reved that
activated dudge EPS are mainly composed of protein, polysaccharide, humic acid and nucleic
acids. These dudies dso agree that protein is the mgor condituent of EPS in activated dudge

47



floc. Exocdlular biopolymers can originate from microbial activity such as metabolism and lyss
of cdls and wastewater influent (Urbain et a., 1993; Dignac et d., 1998). However, it is not
cear how these materids ae didributed within the floc structure and how this didribution
affects floc properties and the extraction of biopolymer.

Lady, some sudies have suggested that EPS from different origins will dso have different or
unique characterigtics. Nielsen and Keiding (1998) proposed a floc model in which the outer EPS
for wastewater originated biopolymer is bound by wesk forces to a rigid backbone of floc matrix
and therefore is sendtive to changes in dability of floc. They concluded this from the
observetions of different degrees of floc digntegration in fidd activated dudge and lab-grown
cutures induced by iron extraction following the addition of sulfide Novak et d. (in pres)
reported very different cation and biopolymer responses from anaerobic and aerobic digestion
dudies. Sgnificant amounts of cacum and magnesum ions were rdleased to solution during
aerobic digestion, but this did not occur during anaerobic digestion. Based on these results, they
proposed a floc modd that contained two types of biopolymer with different cation bindings.
These ae (1) lectin-like biopolymer, generated by microorganisms and linked to divaent
catiions and (2) iron and/or duminum bound biopolymer, trapped from incoming wastewater and
cdl lyss product. The former was thought to be degraded primarily under aerobic conditions
while the iron bound maerid is degraded under anaerobic conditions. The aforementioned
dudies indicated possbly different compostions and characteristics of two types of EPS and
importance of cations in the floc structure as well.

Divdent cations dabilize floc by providing bridging to negatively charged biopolymers (Kakii et
a., 1985; Bruus et d., 1992; Higgins and Novak, 1997a; Sobeck and Higgins, 2002). The
relative sgnificance of cacum and magnesum and affinity of each cation for specific EPS are
not fully known. Bruus et a. (1992) suggested that polysaccharides in biopolymers are aginates
and these biopolymers bind to cacium ion to form a ge-like floc structure. Urbain et a. (1993)
and Dignac et d. (1998) reported that proteins are more strongly associated with calcium and
magnesum than polysaccharides. Urbain et d. (1993) dso found that protein has higher affinity
for cdcdum while DNA has higher afinity for magnesum. Higgins and Novak (1997a) proposed
a floc modd that lectin-like proteins are cross-linked with polysaccharides and both magnesum
and cdcium provide bridging to this biopolymer network. The importance of both cdcium and
magnesum was again seen in the recent sudy that showed the dudge added with ether cation
improved in a dmilar manner with regard to settling and dewatering properties (Sobeck and
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Higgins, 2002). In contrast to the divaents, monovaents, especidly sodium, are believed to be
problematic in dudge trestment. They displace divdent caions within the cation bridged floc
dructure by ion exchange and wesken floc drength, causng deteriorated settlegbility and
dewaterability of dudge (Higgins and Novak, 1997b; Novak et d., 1998).

Trivdent catiions such as iron and duminum are often found a high concentrations in activated
dudge (Kakii e d., 1985). Although the specific role of iron and duminum in flocculaion is not
well understood, their contributions to the floc Sability, especidly iron, are of interest since
these cations have higher charge vaence and lower solubility than divaent cations. Iron (I1) can
be reduced to iron (l) ether by iron reducing bacteria (Caccavo et d., 1996) or by addition of
aulfide (Nidsen and Keding, 1998). A sgnificant incresse in turbidity during iron reduction was
observed by both research teams, indicating that deflocculation occurred when iron was reduced.

The importance of cations was adso demondrated in an aerobic digestion study. Murthy and
Novak (1999) observed that an activated dudge with lower concentrations of divalent cations
resulted in poorer dewatering and higher conditioning requirement during aerobic digestion.
However, the release of calcium and magnesum was not monitored in this study.

RESEARCH OBJECTIVES

The characteridics of feed dudge are often neglected when choosing between anaerobic and
aerobic digestion. Sdecting a type of digestion without consdering dudge characterisics may
result in a falure to meet treetment gods. Since the type and concentration of cations srongly
affect activated dudge characterigtics, they might dso impact the performance of digestion
processes. Based on this hypothesis, changes in cations and soluble biopolymer were carefully
monitored before and after both anaerobic and aerobic digestion. The study was expected to
provide a better understanding of interactions between EPS and cations in the floc structure and
lead to guiddines for selecting atype of digestion.
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METHODSAND MATERIALS

Experimental approach

Samples of waste activated dudge (WAS) and secondary effluent were collected from eght
different wastewater trestment plants (WWTPs). The plants are aphabeticaly numbered from A
to H. Severd WWTPs were sampled twice and the first and second sampling are designated with
1 and 2. Andyses of cations, anions, and biopolymer and tests of conditioning and dewatering
were conducted usng WAS and both anaerobicaly and aerobicaly digested dudges.

For the digesion dudies, three liters of WAS was placed in four-liter baich anaerobic and
aerobic digedters. Digestion was performed for 30 days a room temperature and mixing was
continuoudy provided by a dir plate. Eight sets of WAS (A2-F2) were utilized for anaerobic and
aerobic digestion. However, no anaerobic digestion data is avalable for WAS F2 because
adhesve gilled into the reactor when replacing the sopper following sampling. The solids
concentration of WAS used for the digestion studies varied from 5.22 g/L to 8.87 g/L (within +/-
20 % of mean concentration) except for WAS A2 (18.74g/L). The posshle effect of different
meass |oadings on digestion performance was not studied in this research.

The ar stones were placed at the bottom of the aerobic digester and aeration was provided
through a humidifier to minimize evgporaion. When make-up water was needed, the didtilled
water, approximately 200mL over 30 days, was added. For the anaerobic digestion systems, a
rubber stopper that was pierced with a glass tube to serve as a gas collector was placed on the
anaerobic digester and seded tightly to avoid gas leskage. The gas generaied during digestion
was transferred to a gas collector system.

The consecutive filtering processes with different szes of filters was performed usng WAS and
digested dudge in order to andyze molecular weight digtributions and the biopolymer content in
eech of the molecular weight fractions. For this analyss, dl the dudge samples were centrifuged
a 9,460g for 15 minutes and the supernatant was continuoudy filtered through 1.5um, 0.45um
filters and through 30,000 Ddton (30K) and 1,000 Ddton (1K) ultrefiltration membranes
(Amicon YM30 and YM1). In this study, the term ‘soluble€ or ‘solution’ refers to be the materia
that can befiltered through 0.45um filter.
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Analysis

Free solution cations, sodium, potassum, ammonium, magnesum, and cadcium were andyzed
usng a Dionex lon Chromatograph (IC). Magnesum and cdcium in solution were dso
quantified usng an Atomic Absorption Spectrometer (AA). An AA uses a combustion process o
the cations in solution associated with dissolved organic metter are measured dong with free
(unassociated) cations. Therefore, the difference in concentrations between by 1C and AA would
be the organically associated or bound cations in solution.

Totd iron and duminum in dry dudge were messured using EPA method 3050B (Acid digestion
for metds andyss of soils, sediments, and dudges). For this experiment, WAS was dried at
105°C and the known amount of dried Sudge was removed and underwent acid digestion. The
prepared samples were quantified usng an AA. Metd concentrations were expressed as mg-
meta/g-ash after normdizing mg-metd/g TS, a unit generdly reported, by g-as/g TS (Park et
d., 2002). lIron and duminum in solution were measured usng an AA. However, these cations
were not detected in most of WAS solution so that iron and duminum were designated as ‘floc
cations in this study.

Soluble anions, nitrite, nitrate, phosphate, and sulfate, were determined using a Dionex lon
Chromatograph. Totd solids (TS), totd suspended solids (TSS), tota volatile solids (VS), and
volatile suspended solids (VSS) were measured according to Standard Methods (APHA, 1995).
The protein concentration was determined by the Hartree (1972) modification of the Lowry et 4d.
(1951) method using bovine serum abumin as the standard. Polysaccharide was measured by the
Dubois et d. (1956) method utilizing glucose as the standard.

Both ferric chloride and dum a concentrations of 100g/L and a high charge cationic polymer,
BC650 (Stockhausen), at 0.5% (w/w) were used as dudge conditioners in this sudy. Optimum
doses of each conditioner were determined using the cepillary suction time (CST) test by
obtaining the lowest CST reading. CST and specific resistance to filtration (SRF) were used as
measures of the dudge dewatering rate according to method 2710G of Standard Methods
(APHA, 1995) and method described by Christensen and Dick (1985), respectively.

For the datigticd analyss, the error bars were used in some figures representing +/- one standard
deviation.
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RESULTSAND DISCCUSION

Cations and activated sudge

The characterisics of WAS and secondary effluent from each facility were examined before
initiating digestion dudies (Table 1). Solution biopolymer in the WAS and in the effluent were of
specific interest dnce the dudges that had poor solidliquid separation and lost substantia
amounts of organics to the effluent might digest differently from dudges that retained most of
the biopolymer in the floc. The reaionship between solution biopolymer in the WAS and in the
effluent is shown in Figure 1. It would be expected that the solution biopolymer in the WAS and
effluent biopolymer should be nearly the same. This trend can be seen in Figure 1 except for
wadewater samples from three facilities. Although the observation is limited, these three WAS
samples might have experienced some changes during the shipping and storage that resulted in
high WAS biopolymer measurements compared to effluent biopolymer. An increese in WAS
solution biopolymer could have occurred if the samples were dlowed to become septic.
Consequently, effluent biopolymer was consdered as a better indicator for the performance of
activated dudge process a each WWTP for this study since effluent biopolymer is unlikdy to be
affected by shipping and handling.

Solids retention time (SRT) or dudge age is thought to be an important operationa factor that
can affect activated dudge characteristics (Bisogni and Lawrence, 1971, Grady et d., 1998).
However, an andyss of the data in Table 1 indicates no relationship between SRT and effluent
properties (data not shown). Nonetheless, SRT may have a particular effect on the characterigtics
of digested dudge or digestion performance. Bruus et a. (1993) showed that activated dudges
processed a different SRTs experienced different changes under anaerobic conditions. The
authors reported that when activated dudges were anaerobicaly stored, more dramatic changes
in conditioning and dewatering properties took place in activated dudges with short SRT
compared to those from higher SRT processes. Reece et a. (1979) found that nonbiodegradable
materid in activated dudge increases as SRT increases, affecting aerobic digestibility of dudge.

Higgins and Novak (1997c) reported that the ratio of monovaent cations to divaent caions in
activated dudge influent can be used to evauae effluent and dudge properties. According to
Higgins and Novak (1997c), dudges with an M/D ratio grester than two will not seitle or
dewater as well as dudge with an M/D of two or less. Murthy (1998) demonstrated that activated
dudge solution biopolymer and effluent COD were dso srongly influenced by the M/D ratio.
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Recently, the floc cations, iron and duminum, were dso found to have sgnificant effects on the
activated dudge effluent qudity (Park et d., 2002). With regard to the cation content, plant B
would be most likely to have poor activaied dudge properties due to its high sodium and low
iron and duminum content (Table 1). Effluent biopolymer versus M/D and the sum of iron and
auminum are shown in Figure 2. As expected, far more biopolymer was found in the secondary
effluent from plant B. It can not be determined whether the M/D ratio or floc iron and duminum
had the more sgnificant effect on effluent qudity from this data, but it is clear that an improper
caion compostion resulted in poor binding of biopolymer to the floc dructure. The inability to
retain a large fraction of biopolymer might be expected to influence the digedtibility of WAS B,
since much less biopolymer is retained within the floc.

Table 1. Characterigtics of WAS and secondary effluent of WWTPs

Solution’ Effluent
Soluiton” polysa Effluent polysa
SRT TS VS Na K' NHSf Mg C& M/D Fe Al proten ccharide protein ccharide

Plent (day) (91) (@) (molL) (mglL) (mglL) (o) (mol) (ewes) 000 TO9 (mor) (o) (mor) (mov)
Al 18 150 102 296 297 295 192 361 41 774 457 360 2.16 3.18 2.82
A2 28 187 139 579 272 ND 201 394 72 614 356 588 3.92 3.93 3.62
Bl 11 657 318 1087 926 ND 184 237 18 56 13 66.8 13.8 57.0 12.4
B2 11 847 499 0977 116 ND 179 372 14 92 16 32.2 7.21 294 8.00
Cc 4 832 669 676 717 493 250 248 23 659 656 221 12.9 7.71 519
D 23 677 549 938 114 ND 135 342 16 307 309 122 4.30 3.48 3.29
E 7 887 487 324 328 516 445 339 09 881 43 16.6 13.0 NA NA
F1 3 557 457 712 101 24 7.7 260 18 325 754 310 2.50 1.93 3.06
F2 3 522 38 893 104 02 6.1 259 23 361 102 074 2.39 178 4.18
G 5 654 518 129 484 395 149 293 34 725 450 178 10.6 7.60 6.88
H 1 39 294 454 210 333 155 362 14 326 169 208 14.6 0.50 1.83

ND: Not detected

NA: Samples were not available
" Solution biopolymer in WAS

Iron and anaer obic digestion

Batch anaerobic digestion was conducted for 30 days for each of the WAS samples. The solids
concentration, solution cations, and solution biopolymer after anagrobic digestion are listed in
Table 2. As Novak et d. (in press) aso observed, a large amount of protein was dways found in
the solution phase of anaerobicdly digested dudges An andyss of molecular  weight
digribution reveded that this protein was composed primarily of protein less than 30K (data not
shown). Novak et a. (in press) hypothesized that substantid production of protein in solution is
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due to the drong affinity of protein for ferric iron in activated dudge floc so when iron is
reduced during anaerobic conditions, protein bound to ferric iron is released. The high dfinity of
protein for iron (I1) can be seen in the conditioning data in Figure 3 Each data point represents
the optimum conditioning dose of FeChk for individua activated dudges that contained various
concentrations of protein and polysaccharide in solution. This result is consgent with the data
reported by Murthy et d. (2000) who aso observed that protein was sdectively removed by iron
(1) sdlts,

Studies have shown that iron can be reduced under anaerobic conditions either by iron redudng
bacteria (Caccavo et a., 1996) or by addition of sulfide (Nidsen and Keiding, 1998). These two
dudies showed that dudge was deflocculated when iron was reduced, indicating that iron (I1) is
an important condituent for the dability of activated dudge floc. Muller (2001) compared the
efficdencies of iron (I11) and iron (II) sdts for coagulation of solution protein and found thet the
former worked more effectivdly than the latter. Therefore, iron reduction under anaerobic
digesion may be derimentd in terms of dudge conditioning and dewatering. However, iron
reduction may be necessary for solubilizetion of floc-associated proteins so that they can be
degraded by microorganisms during anaerobic digestion. In addition, Rasmussen and Nielsen
(1996) reported that iron reduction was immediately initisted when activated dudge was stored
under anaerobic conditions. Therefore, iron reduction may precede the microbid fird step of
anaerobic digestion, hydrolysis.

Table 2. Chemica content of dudge following anaerobic digestion for 30 days

Solution
Soluiton poly
TS VS Na* K* NH," Mg?* ca** protein  saccharide
Sludge  (glL) (gL) (mg/L) (mg/L) (mg/L) (mg/L) (mgl)  (mgl)  (mgl)
A2 153 10.9 601 104 359 4.50 239 250 293
Bl 6.49 314 1120 110 224 16.8 484 85.8 124
B2 7.96 461 1003 135 525 14.9 554 915 14.2
C 4.96 348 69.4 86.2 367 6.90 27 181 14.0
D 524 404 95.8 454 189 16.9 456 115 14.2
E 6.52 265 332 675 313 50.1 167 154 8.78
F1 417 313 72.7 44.8 193 114 28.2 109 9.93

Snce VS reduction was of interest, it was caefully examined dong with various other
parameters during the study. As shown in Fgure 4, the concentration of solution protein in
anaerobicdly digested dudge and the percent VS reduction were srongly affected by the iron



content of activated dudge floc. In generd, as floc iron increased, more protein was released into
solution and more VS reduction occurred during anaerobic digestion. This shows that floc iron is
an important factor in the anaerobic digestion process. The increase in the ammonium ion
(Figure 5) serves as an indicator of the degradation of nitrogen containing organic métter,
primarily protein. Ammonia-N in anaerobic digestion has been dudied extensvely because of
its buffering capacity and toxic effect. However, Figure 5 shows that ammonium production is
adso drongly associated with VS reduction in anaerobic digestion. While some of the released
protein remans in solution, influencing dewatering behavior and conditioning requirement for
dudge dewatering, most of protein is degraded, accounting for much of the VS dedtruction in
anagrobic digedtion. The sgnificance of protein in anaerobic digestion is in accordance with the
work of Nidsen et d. (1996) who showed that protein was the mgor organic compound
degraded during anaerobic storage.

There are severd possible reasons why Sludge A2 does not fit the pattern of the other dudges in
Figure 4. Firdly, as Table 1 shows, the SRT under which WAS A2 was generated was longer
than any other SRT for the dudges that underwent anaerobic digestion. With the reasons
discussed earlier, therefore, WAS A2 was not likedy as susceptible to anaerobic digestion as
other dudges processed at shorter SRTs. Secondly, plant A treats a mix of indusrid and
domestic wastewater and receives high concentration of influent sodium. As can be seen in Table
1 and Figure 2 when sodium or the M/D rdio is high, protein is not retained as effectively and is
discharged into the effluent. This protein is, therefore, not available for degradation during
anaerobic digestion.

Since both iron and sodium seemed to be important components for anaerobic digestion, the
combination of the two cations was compared to the previous VS reduction data to see if t could
explain the difference in VS reduction. The reationship between NalFe and %VS reduction is
shown in Fgure 6 and it gppears that digedtibility under anaerobic conditions is influenced by
both iron and sodium.

As expected, characteristics of dudges B1 and B2, which initidly contained low floc iron and
duminum and a high M/D, were very different from other dudges following digestion. These
dudges were not as odorous as others and the color was between dark brown to gray rather than
black. The soluble biopolymer content changed little and the VS dedruction was sgnificantly
lower than others. No nitrate or sulfate was present in solution, showing that the dudge was
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anaerobic. Toxicity was dso conddered but these two dudges digested well aerobicdly (Tables
1 and 3). These data suggest tha the lack of ironbound protein due to low floc iron or
ggnificant loss of organics into effluent due to the high sodium accounted for the poor anaerobic
digestion performance. Novak et d. (in press) hypotheszed that biopolymer from wastewater
influent and cdl lyss maeid would be linked with iron and/or duminum in floc while
biopolymer produced from microbes growth for flocculation such as lectin-like biopolymer
would be associated with divdent cations, cdcium and magnesum. Since these two dudges
contained the lowes iron and duminum of any of the samples, the large amount of biopolymer
found in the activated dudge effluent might be the wadtewater rdated and/or cdl lysed
biopolymer.

Soluble cations were andyzed following anaerobic digestion. There was not any noticegble
change in sodium but Sgnificantly incressed potassum ion was found in dl digesed dudges
This implied that cdls were lysed during digestion, since K™ is present a high concentrations in
cdls (Bakker, 1993). However, no observable relationship between the release of potassum and
any other parameters of digedtibility described above was edtablished, which implies tha the
effect of cdl lyds on digedion is of less importance for VS dedtruction than is the degradation of
biopolymer. Unlike large increases in divdent cations during aerobic digestion as reported by
Novak et d. (in press), smal decresses in magnesum and cacium occurred in some of the
dudges following anaerobic digestion. The use of cdcium and magnesum by microbes
degrading some of the released biopolymer for growth might be a possble explandaion for this
upteke, which dso suggests that anaerobic flocculation might occur in a sSmilar manner to
activated dudge flocculation.

Cations and aerobic digestion

The changes in solution biopolymer and cations in agrobic digestion were very different from
those in anaerobic digestion. Differences in the chemicad content between anagrobicdly and
aerobicaly digested dudges can be contrasted by comparing the data in Tables 2 and 3. Under
aerobic conditions, more polysaccharide was found in solution and a subgantia increase in
cddum and magnesum (Figure 7) was detected in dl aerobicaly digested dudges. The
accumulation of polysaccharide in aerobicaly digested dudges was shown to be due to the loss
of enzyme activity during aerobic digestion (Novak et d., in press). According to Novek et d. (in
press), glucosdase, a polysaccharide degrading enzyme, dramatically decreased during aerobic
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digesion while peptidase, a protein degrading enzyme, remained active throughout aerobic
digestion. Smilar data were aso obtained by Murthy and Novak (1999).

Table 3. Chemica content of dudge following aerobic digestion for 30 days

Solution
Soluiton poly
TS VS Na" K* NH, NOs M ca* protein  saccharide
Sudge  (g/L) (gL) (mglL) (mgll)  (mgl) (mglL) (mgll)  (mgl) (mgll)  (mgl)
A2 14.0 9.24 549 76.5 194 320 61.0 184 42.8 62.1
B1 5.14 1.97 1191 123 ND 88.9 20.3 72.6 345 15.4
B2 7.14 377 979 134 ND 154 28.4 113 30.3 31.2
C 5.06 3.27 68.0 72.8 116 181 44.7 112 30.1 37.3
D 459 3.27 95.1 41.0 128 226 34.7 155 24.7 58.7
E 6.30 2.46 329 52.0 44.2 191 53.6 455 355 57.6
F1 3.67 2.66 75.1 52.3 134 205 36.3 116 19.6 335
F2 475 3.22 95.1 22.7 22.8 157 16.5 117 6.74 7.25

ND: Not detected

The increase in free cacium and magnesum ions in solution, measured by IC, indicated that
organic matter associated with these cations in floc was degraded during aerobic digestion. The
greatest release occurred for Sludge F2 (3.11meq Cat+tMg/g VSS reduced) while the least was for
Sludge C (1.41meg/g VSS reduced). Moreover, totd soluble cation measurement by AA for
Sludge A2 showed that some of the cacium and magnesium (0.97meq Ca+tMg/L) was associated
with organics in solution. Although the concentration difference between by IC and AA is
gmdler in this study, this result is consstent with the previous observation made by Novek et d.
(in press) who found that ggnificant amount of cacium was bound to dissolved organics during
aerobic digestion.

If the rdease of cacium and magnesium is caused by the floc degradetion, it should be related to
parameters of dudge digedtibility such as % VS or VSS reduction and inorganic nitrogen
production. Previous studies reported that the percentage of organic nitrogen in dudge solids for
both the feed and aerobicdly digested dudge was congtant during aerobic digestion, indicating
that % organic nitrogen minerdized is equivdent to % VSS destroyed (Bishop and Farmer,
1978; Mavinic and Koers, 1982). Figure 8 shows that sum of two divalent cations released was
well corrdated with inorganic nitrogen (sum of ammonium and nitrate) production, meaning that
the release of free cacium and magnesum was accompanied by the degradation of nitrogenous
organic matter. Figure 8 dso implies that the dginate modd is not sufficient to explan the
rdess2 of magnesum with the production of inorganic nitrogen in aerobic digestion. Both
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cdcium and magnesum gppear to play a role in binding negatively charged biopolymer and
contribute the gability of floc. Two important observations can be made from these results. Firg,
the portion of floc degraded during aerobic digestion is different from that under anaerobic
digegion. That is, different processes or mechanisms of digestion are involved in anaerobic and
aerobic digestion. Second, the accumulation of polysaccharide, the releese of cadcium and
magnesum and degradation of nitrogen containing organic metter indicate that the mgor
fraction of floc degraded during aerobic digestion is the lectin-like protein. Higgins and Novak
(19978) proposed that proteins with lectin activity are cross-linked with polysaccharides and both
magnesium and cacium provide bridging to this biopolymer network.

Interestingly, no reationship between % VSS reduction and ether of inorganic nitrogen
production or cation release could be obtained in this study. Murthy and Novak (1999) aso noted
gmilar results and they described this due to the differentid degradation between protein and
polysaccharide associated with divdent cations during agrobic digestion. That is, while both the
protein and polysaccharide are released into solution during aerobic digestion, only protein
gopears to undergo nearly complete degradation, while polysaccharide degradation is highly
variable. The reason for the variability in polysaccharide degradation appears to be related to a
decrease in pecific enzyme activity (Novak et d., in press).

Inorganic nitrogen data in Table 3 illudraie that condderable nitrification occurred during
aerobic digestion. Mavinic and Koers (1982) aso observed nitrification and found that pH
continuoudy dropped to beow 4 due to the dkdinity consumption during nitrification. In one
sudy, cdcium and magnesum were quite readily extracted from floc a this low pH while iron
and duminum were not affected (Kakii et d., 1985). Therefore, some of the tota divaent cation
rdleese into solution could aso be the result of weekly acidic conditions that result from
nitrification and this might aso affect polysaccharide degradation.

While aneerobic digesion data indicate that divalent cation-associated biopolymer was not
degraded under anaerobic conditions snce no cacium and magnesum release was detected, it
could not be determined whether iron or duminum bound biopolymer was degraded during
aerobic digestion.
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Combined digestion

To further investigate the specific components degraded under anaerobic and aerobic digestion, a
combined sequentia digestion was performed using WAS E. When each of the anaerobic and
aerobic digesters had been operated for 30 days, digested dudges were switched, anaerobic to
aerobic and aerobic to anaerobic. If a specific type of biopolymer is degraded only under one
digesion condition, further VS dedruction would occur during the second phase of digestion.
Simultaneoudly, the release of specific biopolymers and cations would aso be expected to teke
place in a manner smilar to the sngle digestion conditions. Tables 4 and 5 illudrate how
chemical contents of interest changed after theinitia and during the second stage of digestion.

(1) Anaerobic to aerobic digestion

As expected, large increases in soluble protein and NH;* were detected after 30 days of
anaerobic digestion. Increased K* in solution was dso found. A smal increase in free M¢f”
(49mg/L) but large decrease in free Ca* (172mg/L) was found from the dudge solution
folowing the initid digesion. Compared to other WASs, WAS E contained about 10 times
greater Ca2* in solution and that might be a reason why unusualy high amount of Ca&&* was taken
up during anaerobic digestion.

After changing the process to aerobic digestion, the black color gradually disappeared, indicating
that FeSg was reoxidized to Fe** and SO,%. Free divdent cations in solution incressed and
cacium in excess of the initid solution concentration was measured a day 40. (There was no
ggnificant change in magnesum through the combined digestion process and this might be
because this wastewater was dominated by cacium.) As shown in Fgure 9, divaent cations were
released and reached Steady date a day 50. This divaent cation release is consstent with the
previous observations that divadent cationrbound biopolymer is degraded during aerobic
digestion but not during anaerobic digestion. Moreover, the sudden increase of polysaccharide in
solution smultaneoudy with divalent cation rdesse and the smilarity between changes in the
two materids from day O to day 60 strongly suggest that some portions digested during aerobic
digegion are lectin-like biopolymers. The solution polysaccharide decressed after day 60 to a
concentration less than 20mg/L. This reduction accounted for gSgnificant improvement in the
dewatering rate as CST readings indicatein Table 4.

The solution protein concentration dropped as soon as agrobic digestion started. Ammonium aso
decreased but nitrate and nitrite incressed (Figure 10), indicating that nitrification occurred
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during the second phase of aerobic digestion. However, gpproximately 200mg/L-N of inorganic
nitrogen could not be accounted for following aerobic digestion. The consumption of inorganic
nitrogen could be caused by two possible reactions. Bishop and Farmer (1978) demonstrated that
ggnificant denitrification occurred in a baich agrobic digester when dissolved oxygen (DO) was
below 1Img/L. Although DO data are not available, there was strong likelihood that DO was low
in the reactor when the process changed from anaerobic to aercbic digestion. Also, some NH;"
might have been used for growth of aerobic heterotrophs. Since substrate (released biopolymer)
was avalable, there might have been subgantid growth of microbes under initid aerobic
conditions. Decreased K™ data tends to support this explanation since K™ is required by al
organisms including some enzymes involved in protein synthess (Madigan et d., 1997). Due to
the consumption of inorganic nitrogen, it could not be verified whether the reduction of solution
protein was from the degradation or from the reflocculation as a result of iron reoxidation.
However, the large decrease in inorganic nitrogen, coupled with a quick decrease in solution
protein indicates that protein was more likdy reflocculated than degraded during initid aerobic
conditions.

Table 4. Sudge characteristics during combined digestion | (anaerobic to aerobic digestion)

WAS |Anaerobic Aerobic

Day O Day30 | Day40 Day50 Day60 Day70 Day80 Day87
Free Ca’* (meg/L) 169 8.34 19.1 26 21 226 225 23
FreeM g2+ (meg/L) 3.66 412 4,02 421 413 430 415 413
Free Ca?*+M gz+ (meg/L) 20.6 125 232 26.8 26.3 26.9 26.6 26.4
K* (meg/L) 0.84 173 1.36 127 123 122 117 117
Na* (meg/L) 130 136 134 134 131 128 127 126
NH,* (mg/L-N) 51.6 313 409 454 ND 205 ND ND
NOs (mg/L-N) 2.30 ND 495 4.1 437 63.6 93.0 97.8
NO, (mg/L-N) ND ND 374 54.0 54.3 323 ND ND
S. protein (mg/L) 16.6 154 29.7 20.1 231 205 184 15.6
S. polysaccharide (mg/L) 130 8.78 9295 132 124 54.2 191 16.5
%V S reduction (%) 0 456 51.1 54.0 56.5 62.2 56.9 63.1
CsT (sec) 493 155 224 182 164 311 378 437

ND: Not detected
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Table 5. Sludge characteristics during combined digestion |1 (aerobic to anaerobic digestion)

WAS Aerobic Anaerobic

Day O Day 30 Day 70 Day 87
Free Ca’" (meg/L) 16.9 22.7 17.8 18.2
Free Mg (meg/L) 3.66 4.41 4.04 4.17
FreeCa?*+M¢?"  (meg/L) 20.6 27.1 21.8 22.4
K* (meg/L) 0.84 1.33 1.39 1.50
Na* (meg/L) 13.0 13.8 13.6 13.7
NH4* (mg/L-N) 51.6 44.2 90.9 99.7
NOs’ (mg/L-N) 2.30 191 ND ND
NO, (mg/L-N) ND 17.4 ND ND
S. protein (mg/lL) 16.6 35.5 35.1 29.2
S. polysaccharide  (mg/L) 13.0 57.6 24.5 19.2
%V S reduction (%) 0 495 62.2 62.6
CST (sec) 49.3 517 423 167

ND: Not detected

(2) Aerobic to anaerobic digestion

Little gas production and color change was observed for the first 32 days after changing the
gystem from aerobic to anaerobic process. Nitrate (191mg/L-N) produced during the prior
aerobic digestion likely impeded the development of anaerobic conditions. Denitrification was
needed and glucose was added on a soichiometric basis to consume the nitrate. The dudge
turned black 6 days after adding the externa organic source. This observation suggests that the
performance of anaerobic digestion using aerobicdly digested dudge is not very practicd.
However, the data can ill be used to andyze how the different cations are associated with
different biopolymer in the floc structure.

Figure 11 shows changes in the sum of Ca&* and Mg, solution biopolymer and ammonium
during the aerobic to anaerobic combined digestion. Both free divdent cations and solution
polysaccharide increased during aerobic digestion but decreased during anaerobic digestion.
Agan, thexe reaults are the same as the previoudy observed in separate digestion phases. The
concentration of protein remained reatively congant throughout digestion, but the increase in
NH," indicates that protein was released and degraded during anaerobic conditions. Degradation
of protein during the second phase anagrobic digestion is not from the lectin-like biopolymer
since divaent cations were not released. Rather, these cations were taken up. Calcium decreased
from 22.7meg/L to 18.2meg/L and magnesum from 4.41meg/L to 4.17meg/L. It was likey from
the degradation of protein bound to ironin floc.
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(3) VS destruction in combined digestion

Didinct responses of solution biopolymer and divalent cations, Smilar to those in individud
digestion process, were seen in the combined digestion, indicating that some portion of flocs can
only be digested under one digestion condition and not the other. If each digestion process only
consumes one type of organic materid, tota VS destruction in two series of combined digestion
might provide information about how much of each portion occupies flocs. However, it should
be noted that these two types of biopolymer do not take into account cell biomass and other types
of EPS such as humic substances and nucleic acids. Therefore, each % VS reduction does not
necessrily indicate the degradation of distinct biopolymer. VS reduction in the initid anaerobic
digestion was 45.6% and 49.5% for aerobic digestion. Additiondly, 17.5% and 13.1% of VS was
consumed in the second aerobic and anaerobic digestion phases, respectively. These numbers
tend to reflect that the degradable divaent cationbound biopolymer in WAS E might have been
gndler than ironlinked biopolymer based on the assumption that the former was not degraded
under the anaerobic digestion.

Figure 12 shows that both series of combined digestion resulted in the same percentile volatiles
solids reduction of WAS E, 67%. This high dedruction of voldile solids is mogt likdy to meet
the requirement for production of class A biosolids defined by US EPA 40CFR Part 503 (1993).
As predicted by Novak e d. (in press), dabilization of activated dudge will be best
accomplished by combined digestion. Anaerobic digestion followed by aerobic digestion would
be a good option. Improvement in dewatering properties might be another benefit of this type of
combined digesion, but only if the second sage was long enough to consume the
polysaccharides released early in the second stage.

Conditioning characteristics of digested sudges

The importance of colloidd materid in dewatering properties was ds0 seen in this sudy. As
shown in Figure 13, biopolymer between 1.5um and 30K, which are defined in this Sudy as
colloidd biopolymer, were responsible for the specific ressance to filtration. Consdering very
different characteristics of anagrobic and aerobic dudge, this sze fraction seems to be universal
in determining dewaterability of dudge. Bivins and Novak (2001) reported that biopolymer in
this 9ze was dso very ressant to degradation in temperature phased anaerobic digestion. They
showed that the colloidd fraction produced in thermophilic anaerobic digestion did not change
during mesophilic digestion and as a result, the dewatering rate and polymer conditioning dose
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did not change, even though most biopolymer less than 30K was degraded during subsequent
mesophilic digestion.

However, paticle sze done does not explain al the conditioning and dewatering properties of
digested dudges. It was observed that inorganic conditioners worked quite differently on
anaerobically and aerobicdly digested dudges. In order to investigate which type and sze of
biopolymer is coagulated by chemicd conditioners (cationic polymer, FeCk, and dum),
conditioning test followed by molecular weight separation utilizing anaerobic and aerobic dudge
(Sludge D) was performed. Cationic polymer worked in a smilar fashion for both anaerobic and
aerobic dudges. In contrast, dum was not able to effectively condition most aerobicaly digested
dudges, but it was effective for anagrobically digested dudges and was comparable to iron
conditioner in its effectiveness (data not shown).

During the conditioning tests with iron or duminum sdts the pH was not controlled but a
decreased pH might have affected the efficiency of dum for aerobicdly digested dudge. As a
consequence, the results from iron conditioning might be more useful for andyzing the
difference between anagrobic and aerobic dudges, since iron is more insoluble than duminum
and iron conditioner is efficient over a wider pH range. Figure 14 shows how the colloida
fraction in digeted dudge was conditioned by two different (optimum and about haf of
optimum) doses of FeClk. For anaerobically digested dudge, over 50% of colloida protein and
polysaccharide was coagulated by underdosed iron sdts and about 99% of both colloida
biopolymer was removed by optimum conditioning dose. In contradt, different doses of iron sdts
brought little difference in coagulation of colloidd biopolymer produced from aerobic digestion.
Besdes, only about 80% of colloidd protein and 50% of colloidal polysaccharide was removed
by ether optimum or underdosed FeCk. These results indicate that aerobicaly digested dudges
are rddively hard to condition with inorganic chemicas. The data aso imply that biopolymers
that were origindly bound with different cations might aso have different physologica
Characterigtics.
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CONCLUSIONS

The digestion performance for waste activated dudge was strongly influenced by the cation
content in the dudge. Specificaly, iron in floc turned out to be crucid in determining
digedtibility of dudge in anaerobic digestion. The data associated with cation and biopolymer
from single and combined digestion processes suggest that two different biopolymer networks
are present in activated dudge floc and each type is mainly degraded under different
conditions of digestion. Therefore, the evauation of feed dudge characteristics, especidly
cation content, should be beneficid for predicting digestibility of dudge. Specific conclusons
of this study can be summarized asfollows:

Both the M/D rdio and floc cetions (iron and auminum) were important for determining
dudge characteridtics.

Protein release induced by iron reduction and its degradation were important mechanisms
accounting for voldiles solids reduction in anaerobic digestion. Consequently, dudge
deficient of iron did not degrade effectively under anaerobic digestion due to the lack of iron
bound protein in activated Judge.

Sodium aso appeared to affect dudge digedtibility.

The accumulation of solution polysaccharide with the rdesse of divdent catlions and
production of inorganic nitrogen in aerobic digestion indicated that lectin-like biopolymer
was the primary organic matter that was degraded during aerobic digestion.

Combined digestion produced further VS destruction with discrete cation and biopolymer
response during each phase of digestion, suggesting that the best dudge destruction would be
achieved by combination of anaerobic and aerobic digestion.

The peformances of inorganic conditioners for anaerobically and aerobicaly dudges were
different, implying that biopolymers released during each type of digestion might aso have
different physiologica characteridtics.
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APPENDI X

Table 1. Characterigtics of mixed liquor

MLSS MLVSS  Svi ZSvV M/D

Fat  (mgl) (mgl) (mlig  (omhr)  (eg/eq)
Al 5,525 3,913 85 67.5 4.96
A2 5,843 4,640 110 24.1 6.76
B1 2,630 2,290 373 157 20.2
B2 3,420 2,913 149 66.3 13.9
C 2,187 1,933 251 45.8 1.38
D 2,080 1,764 55 426 1.33
E 2,057 N 117 N 0.68
F1 5,250 4,478 249 24.2 153
F2 N N 199 12.6 1.74
G 1,717 1,510 268 81.9 1.92
H 961 702 484 75.9 0.79

N: not measured

Table 2. Characterigtics of secondary effluent

Effluet’  Poly-
Effluet Effluet’ COD  Effluet’ Proten  Poly- saccharide  Effluent’
Pant TSS COD Sid.dev Protein Std. dev saccharide Std. dev Biopolymer

Al 10.0 N N 3.18 0.13 2.82 0.47 6.00
A2 31.0 32.0 19 3.93 0.20 3.62 0.48 7.55
Bl 37.0 305 49.4 57.0 6.30 124 0.16 69.4
B2 14.7 296 244 294 0.08 8.00 0.32 374
C 1.8 62.4 1.7 7.71 0.12 5.19 0.79 12.9
D 7.8 29.6 2.8 3.48 0.55 3.29 0.00 6.77
E NA NA NA NA NA NA NA NA
F1 39.1 3.8 3.7 1.93 0.11 3.06 0.32 4.99
F2 27.8 23.8 N 1.78 N 4.18 0.63 241
G 6.7 96.0 11.3 7.60 0.06 6.88 0.63 145
H 1.0 26.4 5.8 0.50 0.19 1.83 0.48 2.33

" Soluble effluent data

NA: sampleswere not available
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Table 3. Characterigtics of WAS and anaerobicaly (ANA) and aerobicaly digested dudge (AER)

15Um-  1.5Hm-

Soluble  Soluble  1.5Hm- 30K 30K

Cake Soluble polysa bio- 30K polysa bio-

SRT TS VS M/D CsT SRF solids Polymer FeCl3  Alum  protein ccharide polymer protein  ccharide polymer

Plant (day) (mglL) (mgl) (egeq) (sec) (TmKg) (%) (IKgTS (@KTS (gKgTS (mgl) (mgl) (mgl) (mgl) (mgl) (mglL)

WAS A1l 18 14980 10,230 4.14 60.0 197 13.2 2.64 80 93 3.60 2.16 576 0.76 0.66 142
A2 28 18,740 13910 7.16 719 170 115 245 60 97 5.88 3.92 9.80 3.09 3.18 6.27
Bl 11 6,570 3,180 18.4 61.6 4.68 13.2 3.57 487 164 66.8 13.8 80.5 528 1.67 6.95
B2 11 8470 4,990 13.7 274 0.61 12.2 141 283 118 322 7.21 394 2.16 0.90 3.06

C 4 8320 6,680 2.27 394 250 NQ 4.78 144 240 221 12.9 35.0 15.4 8.09 235
D 23 6,770 5,490 155 185 0.46 110 0.59 106 148 122 4.30 5.52 179 167 3.46
E 7 8870 4,870 0.81 57.8 133 6.46 314 216 248 16.6 13.0 29.6 N N N

F1 3 5570 4,570 1.80 44.9 570 6.56 1.96 72 122 3.10 2.50 5.60 5.93 101 6.94
F2 3 5220 3,850 2.32 26.5 1.09 9.19 122 7 153 0.74 2.39 3.13 0.90 1.46 2.36
G 5 6,540 5,180 3.35 92.2 120 2.87 538 202 183 17.8 10.6 284 114 5.44 16.8
H 1 3,900 2,940 141 211 120 3.67 7.52 308 328 20.8 14.6 354 6.81 12.1 18.9

A NA A 1 * * * * * * * * * * * * * * *
A2 15340 10,940 310 1727 N N 8.69 352 443 250 293 280 179 44.2 223
Bl 6,490 3,140 13.9 76.6 7.50 111 361 616 210 85.8 124 98.2 1.63 4.33 5.96
B2 7,960 4,610 125 66.0 30.6 4.49 4.50 804 412 91.5 14.2 106 294 8.08 375

C 4,960 3,500 151 1499 201 NQ 10.4 403 NQ 181 14.0 195 66.3 15.7 82.0
D 5240 4,040 431 37.6 60.2 2.96 4.18 210 305 115 14.2 129 16.0 12.5 28.5
E 6,520 2,650 2.62 186 215 14.0 N N 917 154 8.78 163 N N N

F1 4,170 3,130 6.38 121 165 NQ 8.59 269 624 109 9.93 120 48.3 14.0 62.4
F2 * * * * * * * * * * * * * * *

G 4,860 3,240 9.27 419 90.3 514 724 658 988 119 116 130 20.9 10.9 317
H 3,010 1,700 3.90 193 50.7 111 4.30 332 664 89.0 10.7 99.7 10.7 523 16.0

AER Al * * * * * * * * * * * * * * *
A2 13,960 9,240 2.58 403 46.7 NQ 5.70 143 NQ 42.8 62.1 105 222 46.0 68.2
Bl 5,140 1,970 10.4 53.9 17.9 4.30 532 78 62 345 154 49.9 10.9 4.89 15.8
B2 7,140 3,770 579 102 13.3 15.6 3.62 95 NQ 30.3 31.2 61.5 10.2 12.3 22.6

C 5060 3,270 121 1040 141 NQ 10.2 126 NQ 30.1 37.3 67.4 43.7 33.6 77.3
D 4590 3,270 1.16 618 168 NQ 6.50 131 NQ 247 56.7 814 17.0 453 62.3
E 6,300 2,460 0.65 761 94.4 NQ N N NQ 355 57.6 93.1 N N N

F1 3670 2,660 137 182 71.1 11.8 3.52 87 NQ 19.6 335 531 6.63 19.3 259
F2 4,750 3,220 0.83 355 2.37 11.6 251 101 101 6.74 113 18.0 0.42 2.76 3.18
G 5320 3,390 1.03 562 109 NQ 8.08 83 NQ 16.5 40.6 571 12.5 30.1 42.6
H 3580 2,110 0.53 107 20.0 14.4 2.22 67 NQ 14.1 18.6 32.7 191 3.34 5.25

NQ: desired parameters could not be quantified
"no digestion performance
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Table 4. Solution sodium (Na") in activated Sudge process and in digested dudges

influent ML Effluet  WAS ANA AER
Faot (mgl) (mgl) (mgl) (mgl) (mgl)  (mgl)
Al 402 311 295 296 NA NA
A2 482 555 537 579 601 549
B1 NA 1165 974 1087 1120 1191
B2 NA 1041 1041 977 1003 979
C 63.7 61.9 63.0 67.6 69.4 67.9
D 78.1 93.2 91.1 93.8 95.8 95.1
E 418 318 NA 300 313 318
F1 113 75.4 97.6 712 72.7 75.1
F2 54.5 57.1 88.0 89.3 NA 95.1
G 115 133 129 129 125 121
H 45.9 455 48.7 454 46.6 48.4

Table 5. Solution potassium (K ™) in activated dudge process and in digested dudges

ifluet ML~ Effluet  K'Raio WAS  ANA  AER
Fant (mgl) (mgl) (mgl) (WASIn) (mgl) (mgl) (mgl)
Al 18.8 22.3 22.0 1.58 29.7 NA NA
A2 18.1 22.0 205 151 27.2 104 76.5
B1 NA 94.0 97.2 - 92.6 110 123
B2 NA 111 117 - 115.6 135 134
C 15.6 28.0 15.7 4.59 717 86.2 72.8
D 7.20 9.05 8.59 1.58 11.4 454 41.0
E 19.2 32.0 NA 1.70 32.8 67.5 52.0
F1 9.60 10.8 7.73 1.06 10.1 44.8 52.3
F2 9.73 11.1 9.37 1.07 10.4 NA 22.7
G 12.8 31.4 26.5 3.78 48.4 722 59.3
H 10.9 105 9.43 1.92 21.0 32.6 26.5




Table 6. Soluble ammonium and nitrate before and after digestion

NH," NOs

WAS ANA AER WAS ANA AER

Fat | (mgl) (mglL) (mg/L) (mglL) (mg/L) (mglL)
Al 2.95 NA NA 2.24 NA NA
A2 ND 359 194 1.95 ND 320
B1 ND 224 ND 2.43 ND 88.9
B2 ND 52.5 ND 2.23 ND 154
C 49.3 367 116 22.8 ND 181
D ND 189 128 2.60 ND 226
E 51.6 313 44.2 2.30 ND 191
F1 2.36 193 134 2.24 ND 205
F2 0.19 NA 22.8 9.55 NA 157
G 395 253 119 1.99 ND 274
H 33.3 237 55.7 2.02 ND 173

ND: not detected

Table 7. Solution magnesium (Mcf™") in activated sludge process and in digested Sudges

influent ML Effluent WAS ANA AER

Fat  (mgll) (mglL) (mg/L) (mglL) (mg/L) (mglL)
Al 212 145 182 19.2 NA NA
A2 29.8 18.3 18.7 20.1 4.54 61.0
B1 19.4 17.9 17.8 18.4 16.8 20.3
B2 12.8 18.2 17.3 17.9 14.9 28.4
C 6.38 137 6.96 25.0 6.85 44.7
D 11.8 138 13.01 135 16.9 34.7
E 36.0 36.9 NA 445 50.1 53.6
F1 12.8 10.2 8.08 7.72 11.4 36.3
F2 5.19 6.02 5.66 6.10 NA 16.5
G 15.8 18.8 16.9 14.9 7.40 44.7
H 12.1 12.0 12.2 155 19.9 20.4
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Table 8. Solution calcium (Caf") in activated sudge process and in digested Sudges

influent ML Effluent WAS ANA AER
Plant (mglL) (mglL) (mg/L) (mglL) (mg/L) (mglL)
Al 40.0 33.3 40.1 35.1 NA NA
A2 46.0 44.2 46.1 39.4 23.9 184
B1 27.3 24.5 22.7 23.7 48.4 72.6
B2 25.6 41.8 22.3 37.2 55.4 113
C 25.2 26.6 28.8 24.8 22.7 112
D 275 42.7 27.8 34.2 45.6 154
E 265 373 NA 339 167 455
F1 29.9 30.0 317 26.0 28.2 116
F2 20.4 22.6 23.5 25.9 NA 117
G 33.9 39.7 43.1 29.3 33.8 185
H 39.4 37.4 447 36.2 49.1 190
Table 9. Iron and duminum in dried WAS
Al Fe Al+Fe Al Fe Al+Fe Al/Fe
Pant  (mgTS) (mgTS (mgTS (mglash) (mglash) (mglash)  (mg/mg)
Al 14.5 24.5 39.0 457 77.4 123 0.59
A2 9.17 15.8 25.0 35.6 61.4 97.0 0.58
Bl 0.69 2.90 3.59 1.34 5.62 6.96 0.24
B2 0.66 3.79 4.45 1.61 9.22 10.8 0.17
C 12.9 12.9 25.8 65.2 65.5 131 1.00
D 5.84 5.80 11.6 30.9 30.7 61.6 1.01
E 1.96 39.7 41.7 4.35 88.1 92.4 0.05
F1 135 5.84 19.4 75.4 325 108 2.32
F2 26.8 9.47 36.2 102 36.1 138 2.83
G 9.28 15.1 24.4 44.6 72.5 117 0.62
H 4.16 80.2 84.3 16.9 326 343 0.05
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Table 10. Cation ratios of WAS

Na/Fe M/T (M/D)/T
Fant  (mgl)(mgigash)  (meglL)(mg/gash)  (eg/eq)/ (mg/g ash)
Al 3.827 0.112 0.034
A2 9.431 0.267 0.074
B1 1934 7.135 2.648
B2 105.9 4.198 1.261
C 1.032 0.057 0.017
D 3.057 0.071 0.025
E 3.400 0.181 0.009
F1 2.189 0.032 0.017
F2 2.475 0.030 0.017
G 1.772 0.077 0.029
H 0.140 0.013 0.004
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