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Abstract

High polymer demand in sludge conditioning is an intractable aspect of the water industry.
This study investigated the effects of extracellular polymeric substances (EPS) fractions on
polyacrylamide demand for conditioning and dewatering performance. Specifically, it
examined aerobically and anaerobically digested sludges from seven full-scale wastewater
treatment plants (WWTPs). Our study successfully quantified the contributions of soluble EPS
to polyacrylamide demand during conditioning and explained the role of tightly bound EPS
(TB-EPS) in determining the digested sludges’ dewatering performance. Results show that the
concentrations of soluble EPS in the sludges varied between 92 — 1148 mg/L. Experimental
results also demonstrated that between 25% - 80% of polyacrylamides used for conditioning
were wasted in “parasitic” reactions with soluble EPS. The residual cationic polyacrylamide
left in solution, after the parasitic reactions, was substantial and varied between 35 — 254 mg/L.
Despite this outcome, the zeta potential values of dewatered sludge cakes remained negative,
i.e. between -24 — -35 mV. These indicated that the residual soluble cationic polyacrylamides
would not have been absorbed on the negatively charged sludge particles. This explained the
relatively poor performance of the dewatering stage in the treatment plants studied.
Furthermore the results suggested the TB-EPS attached to the sludge particles would be
responsible for the poor dewatering. We postulated that the TB-EPS would gelify and
immobilize the water surrounding the sludge particles. Our study suggested that new and more
effective polymers for conditioning are needed to both: (i) reduce polymer demand; and (ii)

improve the dewatering performance.

Keywords: Anaerobically digested sludge; aerobically digested sludge; soluble extracellular
polymeric substances; conditioning polyacrylamide demand; tightly bound extracellular

polymeric substances; dewatering performance
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1. Introduction

The water industry spends hundreds of millions of dollars per year on polyacrylamides for
conditioning and dewatering of wastewater sludge. Polyacrylamide demand can reach up to 20
— 25 kg polymer/dry tonne of biosolids [1]. However, the high level of polyacrylamide demand
does not guarantee an equally high dewatering performance. Sydney Water is in charge of 25
wastewater treatment plants (WWTPs) of which, typically, the cake solids content varies on

average between 19 — 22 wit%.

Substantial amounts of research have been carried out over the years in an attempt to better
understand the roles of extracellular polymeric substances (EPS), which mainly comprise
polysaccharides and proteins, on polyacrylamide demand for conditioning and dewatering.
However, any progress that has been made to date is still limited, and this makes the job of
industry specialists more difficult to do. Besides, most of the studies on sludge characterisation
and its impacts on conditioning and dewatering have been carried on undigested waste
activated sludge (WAS). The main hypothesis for the high polymer demand for dewatering is
the presence of biocolloidal materials in solution. Furthermore, Higgins et al. [1] postulated
that the bio-colloids were dislodged fragments of “bio-flocs” of which particle size was below
a mean size of 4.2 um. Also, working with undigested WAS, Erikson [2] established that
cationic polymers were mainly consumed in neutralization of biopolymers and flocculation of

colloids and, to a lesser extent, in rebuilding floc fragments and improving existing flocs.

Excess amounts of highly charged extracellular polymeric substances (EPS) have
resulted in compromising efficient sludge dewatering due to their stable gel-like suspended
structure that holds water [3-5]. The dissolved biopolymers or soluble EPS are often
highlighted as an important factor to determine polymer demand for dewatering and

deterioration of sludge properties [1, 6-8]. The impacts of soluble EPS on conditioning and
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dewatering differ markedly for different sludge types. When compared to activated sludge,
digested sludge has encountered more serious problems with dewatering because digestion
conditions result in dramatic increases in soluble EPS, especially anaerobic digestion [1, 9, 10].
Novak et al. [8] reported that soluble protein was the most important in identifying conditioning
demand for anaerobically digested sludge. Meanwhile, for aerobically digested sludge, soluble
polysaccharides were the most fundamental. However, Houghton and Stephenson [11] stated
there is an optimum EPS content for sludge dewatering. This means that concentrations of EPS

which are too large or too small can result in destabilization of bio-flocs.

Recently, To et al. [12] developed a simple, yet unique experimental design that have
demonstrated that around 87% of the cationic polyacrylamides used in a WWTP was removed
by precipitation with soluble anionic EPS present excessively in anaerobically digested sludges
(ADS). The findings reported by To et al. [12] has opened a new line of research that would
better link academic research to industry needs in regards to understanding what is needed to

reduce polymers chemicals costs and also on dewatering performance.

In comparison to soluble EPS, little research has been done on the effects of other EPS
fractions on conditioning and dewatering. It has been documented that TB-EPS exert positive
impacts on bio-flocculation [13] while LB-EPS are found to wield a negative influence on

sludge flocculation [14] and settleability [15].

High polyacrylamide demand in sludge conditioning is a common feature of the water
industry. The reason for the modest dewatering performance after conditioning with high
concentrations of high molecular polyacrylamides still remains, to a large extent, unknown.
Yet, answers to these questions are of great importance to the industry in its attempts to: firstly,
reduce significant chemical costs; and secondly, minimize the expenses involved in

transporting biosolids for beneficial reuse applications.
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Therefore, the objectives of this paper were two-fold:

(i) Quantify the wastage of cationic polyacrylamides in side reactions with EPS that
contribute to high polymer demand during conditioning of anaerobically and
aerobically digested sludge from several WWTPs

(if) Establish the role of different EPS components that limit the dewatering performance

of all sludges studied. .

2. Materials and methods
2.1. Materials
2.1.1. Sludge samples

Anaerobically digested sludge (ADS) and aerobically digested sludge (AEDS) samples were
collected from five of Sydney Water’s WWTPs that employ anaerobic digestion methods
(Cronulla, West Camden, Glenfield, Warriewood, and Malabar) and two WWTPs using
aerobic digestion (Winmalee and Penrith), respectively. The selected WWTPs use cationic
polyacrylamides for conditioning and centrifuges for dewatering. Details of different types of
sludge being either anaerobically digested sludge (ADS) or aerobically digested sludge

(AEDS) in the selected WWTPs are shown in Table Al in the Appendix.

The sludge samples were collected from June 2016 to September 2018. The samples were
immediately transferred to the laboratory for characterizing their physical and chemical
parameters (pH, zeta potential (ZP), total solids (TS) content, EPS fractions) on the same
sampling days. Samples used for conditioning tests were stored at 4°C (in order to minimize
the microbial activity). Sludge samples were allowed to reach room temperature (20 — 25°C)
before all experiments and analyses were run. General characteristics (TS, pH) of digested

sludge are displayed in Table A2 of the Appendix.
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97  2.1.2. Conditioning chemicals for dewatering

98 This study utilized cationic polyacrylamides that are currently used by the WWTPs.
99  Characteristics of the polyacrylamides are summarized in Table 1. A polyacrylamide solution
100 for conditioning was prepared by dissolving the polymer powder in tap water at the same
101 concentrations used in the respective WWTPs. The polyacrylamide solutions were prepared
102  using a bench-scale agitator (3-blade impeller, Heidolph RZR 2020). Both polymer mixing
103  time and aging time were 30 minutes. The polymer solution was used within two days of the

104  experiments to minimize degradation and ensure maximum performance.

105 Tablel
106  Characteristics of the cationic polyacrylamides used by the respective WWTPs that were
107  studied in this research. (Note that all the cationic polyacrylamides used in the WWTPs were

108 linear polymers).

Sludge Polyacrylamides Molecular  Cationic Concentration of stock
types used in respective weight charge polymer solution used at
WWTPs density respective WWTPs (%)
ADS1 FO 3801 Ultra-high ~ Very high 0.3
ADS2 Zetag 8185 Ultra-high High 0.25
ADS3 Zetag 8185 Ultra-high High 0.45
ADS4 Zetag 8165 Ultra-high High 0.2
ADS5 FO 4190 Ultra-high Low 0.2
AEDS1 FO 4490 Very high High 0.3
AEDS2 FO 4290 Very high Medium 0.4
109
110
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2.2. Experimental methods
2.2.2. EPS extraction protocol

Three EPS fractions, namely soluble EPS, loosely bound EPS (LB-EPS) and tightly bound
EPS (TB-EPS), were extracted from the studied digested sludges using the method proposed
by Higgins et al. [16]. Briefly, 50 ml of ADS or AEDS sludge sample was centrifuged at
3000xg for 15 minutes at 5°C. The supernatant was collected as soluble EPS. After that, the
sediment was resuspended to a volume of 100 ml using a buffer solution (pH = 7) consisting
of NaH2PO4and Na2HPOj4 at the molar ratio of 1:1.6. The suspension was mixed at 1500 rpm
for 10 minutes using the 3-blade impeller and then centrifuged at 3000xg for 15 minutes at 5°C.

The bulk solution was collected as LB-EPS.

In the next stage, the sediment (after centrifugation) was resuspended to a volume of 100 ml
using 1IN NaOH. The suspension was mixed at about 500 rpm for 2 hours using a magnetic
stirrer and centrifuged at 3000xg for 15 minutes at 5°C. The bulk solution was collected as TB-
EPS. The collected solutions of soluble EPS, LB-EPS and TB-EPS were filtered through a 2.7
um filter paper (Whatman filter paper No. 542). Selection of the filter paper pore size was
based on a study conducted by Higgins et al. [1]. Furthermore, the centrate samples were used
for EPS analysis. In this study, the determined EPS concentration would correspond to the total
amount of protein (PN) and polysaccharides (PS). The protocol is systematically illustrated in
Fig. Al in the Appendix. In this study, the unit mg/L was used for soluble EPS and LB-EPS
while the unit mg/g TS was used for TB-EPS. The reasons for employing different units for
different components of EPS are explained below:

- The unit for soluble EPS and LB-EPS is mg/L (mg of EPS per litre of liquid sludge)

which is because these EPS fractions are dissolved (soluble EPS) or partially dissolved

(LB-EPS) cellular components present in the surrounding liquor phase of bio-flocs.
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These components of sludge actively react in solution with soluble polyacrylamide
particles during conditioning.

- The concentration of TB-EPS expressed as mg/g TS was because the species were not
dissolved but were forming parts of the sludge solids. It was also used to compare the

TB-EPS of the different sludge types which have different TS contents.

2.2.3. Evaluation of the contribution of EPS fractions to polymer demand for conditioning

We have designed a new, simple, yet unique experiment that has allowed us to quantify the
fate of cationic polyacrylamides when contacted with digested sludges prior to dewatering [9].
The rationale to develop the experiment was based on the high cationic polyacrylamide doses,
expressed in mg/L or mg/g TS, for the conditioning of the estimated relatively low specific
surface area of solids in sludges. Here, mg/L means mg of polyacrylamide (powder) needed
for conditioning of 1 litre of liquid sludge. mg/g TS means mg polyacrylamide (powder) needed
for conditioning of 1 gram of total dry solids of sludge. If TS of a certain sludge is a g/L (g of

dry solid per litre of liquid sludge), the calculation from mg/L to mg/g TS is as follows:
mg/L=mglag TS (Eq. 1)

Two sets of conditioning tests were carried out concurrently for both soluble EPS (extracted
in Stage 1 — Fig. Al), called test A, and the whole digested sludge (as-received sludge), referred
to as test B. These sets of experiments were designed to calculate how much cationic
polyacrylamide was consumed by the soluble EPS only. The remainder of the polyacrylamide

was utilized for flocculation of LB-EPS, TB-EPS and sludge particles.

Different concentrations of polyacrylamide solution were added to the solution of soluble
EPS and the whole digested sludge. The polyacrylamide concentration was expressed in mg/g

TS (mg of polyacrylamide per g of the total solids content of digested sludge). The
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polyacrylamide doses ranged from 0.5 — 24 mg/g TS. The mixtures were rapidly mixed at 1000
rpm for 10 seconds using the 3-blade impeller. Conditioned mixtures were then centrifuged at
3000xg for 5 minutes and supernatants of the conditioned mixtures were taken for EPS, zeta
potential and absorbance measurements. Fig. 1 below illustrates the procedure for the

conditioning tests.

Different polyacrylamide doses
(ranging from 0.5-24 mg/g TS)

l

Digested
Sludge
(B)

Quickly mixed for 10s

Conditioned samples
v

Centrifuged

2 concurrent sets of experiments
A

- Collected supernatant
A4

Unfiltered v Filtered

Measured Abs & ZP Measured EPS

Fig. 1. Schematics of the experimental procedure used to quantify the precipitation of the

cationic polyacrylamides with the soluble EPS.

2.2.4. Procedure to quantify cationic polyacrylamide precipitation

Excess polyacrylamide content in the sludge supernatant from the conditioning tests was
determined by measuring the absorbance at 191.5 nm (Abs) of the supernatant collected after
centrifuging conditioned samples [17, 18]. In the present study, the measurement was used for
samples from both tests A and B. This method was applied to determine the contribution of

soluble EPS to polymer demand for conditioning. It was done by establishing a relationship
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between absorbance and polyacrylamide dosage for conditioning. The relationship curve is

presented in Fig. A2 in the Appendix.

The relationship curve is divided into three ranges: underdose, optimal dose, and overdose.
The optimum polymer dose (OPD) in each case was the dose that led to the minimum value of
Abs. OPD in test A (OPDa) was the amount of polyacrylamide consumed by soluble EPS while
OPD in test B (OPDg) was the polyacrylamide demand for conditioning of digested sludge. In
this study, OPDa and OPDg were considered as the doses that resulted in no un-precipitated
polyacrylamide remaining in the solution after conditioning in tests A and B. The difference in
the OPD values of tests A and B was considered to be the polyacrylamide fraction used for
flocculation of LB-EPS, TB-EPS and sludge particles. The proportion of conditioning
polyacrylamide consumed by soluble EPS was calculated as OPDA/OPDg. Details for the

procedure have been documented in a recent study [12].

2.2.4. Analytical methods

All chemical analyses were carried out in duplicate using chemicals purchased from
commercial sources and used as received. Proteins were measured by the Peterson modification
of the Lowry method [19] using bovine serum albumin (Sigma-Aldrich) as the standard.
Polysaccharides were determined by the Phenol-Sulphuric method [20] using glucose as the
standard. Zeta potential of the sludge particles was measured using the Malvern Instrument
(ZetaSizer Nano ZS-90). pH was measured with a pH meter (Hana, model HI 9025C). The

total solids content was analyzed following Standard Method 2540B [21].

UV-vis spectrophotometer (UV-1700 PharmaSpec, Shimadzu) served to measure the
absorbance of the samples at a wavelength of 191.5 nm. The recommended working range was
between 0 and 1 absorbance unit (AU) [17, 18]. The supernatant of ADS had a strong yellowish
color, which interfered with the Abs measurements; as a result, the samples were diluted. These

10
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samples were diluted with DI water at an optimal ratio (optimized by reducing the sample Abs

to the recommended working range (0 — 1 AU) of the instrument).

3. Results and discussion
3.1. General characterization of EPS compositions of different digested sludges

Fig. 2 depicts the EPS composition profiles of digested sludges subjected to analysis. As
noted here the total amounts of EPS in different ADS and AEDS differed, with ADS (299 + 40
mg/g TS) slightly higher than AEDS (252 + 24 mg/g TS). The concentrations and compositions
of the EPS depended on the digestion processes employed at WWTPs. Thus, ADS consistently
produced higher concentrations of soluble EPS compared with AEDS. The causes for the
variability in both quantity and compositions of the EPS with the upstream processes to the

digestion stage are outside the scope of this study.

Regarding the distribution of EPS fractions, a similar pattern was observed for both ADS
and AEDS, with TB-EPS content far outweighing LB-EPS and soluble EPS contents. TB-EPS
contents in ADS were around 75 wt% of total EPS while those in AEDS were almost 97 wt%
of total EPS (Fig. 2d). One reason for the smaller ratio of TB-EPS in ADS compared with
AEDS is that POs*, NHs*, S%, and HCOs produced during anaerobic digestion, bind
multivalent cations (such as Ca?*, Mg?*, and Fe?*) to form precipitates (such as MgNH4POy,
Cas(OH)(PO4)3, Fe3(PO4)2.8H20, and FeS;). This action reduces the concentration of
multivalent cations which consequently may cause TB-EPS to become soluble or LB-EPS [22].
Yu et al. [13] stated that TB-EPS have positive impacts on bio-flocculation. However, this

would not guarantee more efficient dewatering.

ADS in this study had larger amounts of soluble EPS (up to 20 times higher — Fig. 2a) and

LB-EPS (up to 8 times higher — Fig. 2b) as compared to those in AEDS. This may be due to

11
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the effect of the hydrolysis process of anaerobic digestion where complex organic compounds
in sludge break down into soluble substances. It has been proved that an increase in soluble
EPS content creates more polyacrylamide demand for conditioning [1, 6, 8]. Sheng et al. [23]
claimed that excessive amounts of LB-EPS can result in a weaker aggregation structure and
consequently, poor bio-flocculation. Experimental results also indicate that a higher dose of
polyacrylamide is needed for conditioning of ADS in comparison with AEDS. The soluble EPS
in the ADS was consistently higher (between 281.7 and 1147.5 mg/L) compared with the

concentration of soluble EPS in AEDS (91.2 to 98.6 mg/L).
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3.2. Conditioning tests with whole digested sludge and supernatant

Table 2 summarizes the calculated percentage of conditioning polyacrylamides consumed

by only soluble EPS, which ranged from 25% to 86%. The experimental results demonstrated

that the parasitic reaction between cationic polyacrylamides and soluble EPS described in To

et al. [12] also occurred in other six WWTPs that used both anaerobic and anaerobic digestion.

Results indicate that higher consumption of conditioning polyacrylamides by soluble EPS was

measured for ADS (40 — 86% of the cationic polyacrylamide dosed) in comparison with AEDS

(25 — 33%).

Table 2

Percentage of cationic polyacrylamide precipitated by soluble EPS only during conditioning

(calculation from both tests A and B).

Sludge % of conditioning  Concentration OPDa OPDs
types @ polymer of soluble EPS  mg/L (mg/g TS) mg/L (mg/g TS)
precipitated by (mg/L)
soluble EPS

ADS1 86 1148 215 (12) 250 (14)
ADS? 75 963 187 (6) 249 (8)
ADS3 71 705 86 (7) 121 (10)
ADS4 43 282 48 (3) 111 (7)
ADS5 67 712 56 (4) 83 (6)
AEDS1 33 99 33 (1) 100 (3)
AEDS?2 25 91 9 (0.5) 36 (2)

2 Sludge types refer to the upstream processes where each sludge was subjected to either aerobic or

anaerobic digestion.
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Table 3 presents the calculated amounts of polyacrylamides (in mg/L and mg/g TS)
remaining in the solution phase after reacting with soluble EPS in test A when using
polyacrylamide dosages currently utilized for full-scale conditioning in this study’s WWTPs.
Our results confirmed that a significant amount of “un-precipitated” polyacrylamide remained
in the liquid phase. Furthermore results show that the amount of “un-precipitated”
polyacrylamide available for conditioning was much smaller for ADS when compared to
AEDS. This was attributed to the much smaller amount of soluble EPS in AEDS in contrast to

that concerning ADS (Table 3).

Table 3

Concentration of polyacrylamide remaining in the solution after the reaction with soluble EPS

(Test A).
Sludge Concentration of OPDa Concentration of un-
types polyacrylamide mg/L (mg/g TS) precipitated
currently used in the polyacrylamide after
WWTPs studied reaction with soluble
expressed in EPSin test A
mg/L and mg/g TS mg/L (mg/g TS)
ADS1 250 (14) 215 (12) 35 (2)
ADS?2 250 (8) 187 (6) 63 (2)
ADS3 193 (16) 86 (7) 107 (9)
ADS4 111 (7) 48 (3) 63 (4)
ADS5 56 (4) 56 (4) 0
AEDS1 183 (6) 33 (1) 150 (5)
AEDS?2 339 (19) 9 (0.5) 330 (18.5)
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3.3. Zeta potential analysis and full-scale cake solids contents

The results shown in Table 4 indicated that zeta potential values of sludge before and after
conditioning with cationic polyacrylamides were negatively charged. Depending on the
WWTP, the cationic polyacrylamide dosed varied between 4 — 19 mg/g TS (Table 3). Based on
this experimental finding, despite the large excess of cationic polyacrylamide left in solution
following the parasitic precipitation reaction, the zeta potential values of the dewatered cake
remained negative for all cases. This meant that the residual un-precipitated cationic
polyacrylamides would not have been adsorbed on the conditioned sludge particles prior to

dewatering.

From Table 4, it is clear that ZP values of dewatered cake were much more negative as
compared to those of sludge before conditioning for all sludge samples. We have hypothesized
that, prior to conditioning, the outer layers which were soluble EPS and TB-EPS contributed
mainly to the sludge particles’ surface charges. After conditioning where soluble EPS and,
possibly, LB-EPS were removed by cationic polyacrylamides, TB-EPS which appeared in
much larger amounts compared to other EPS components (Fig. 2) contributed mainly to ZP of

sludge samples.

17
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Table 4
Zeta potential values of both ADS and AEDS before cationic polyacrylamide addition and their

respective biosolids cakes collected from their respective WWTPs after dewatering.

Sludge types Zeta potential (mV)

Digested sludge before Dewatered cake after sludge is

conditioning with cationic conditioned with the respective
polyacrylamide cationic polyacrylamide and

centrifuged

ADS1 -30.2+2.2 -35.3+3.4
ADS2 -26.3+0.8 -31.3+3.0
ADS3 -22.7+0.6 -24.3 + 2.7
ADS4 -224+05 -26+1.3
ADS5 -20+11 -28.6+1.3
AEDS1 -22.3+3.1 -28.7+05
AEDS? -17.7+19 -235+2.8

Table 5 shows that, regardless if a high dose of polyacrylamide was used for conditioning
of digested sludges, dewatering performances in most WWTPs studied were relatively poor (20
wt% on average). Although the sludge samples were collected from different WWTPs with
different processes upstream digestion, the TB-EPS contents of all sludge samples varied from
198-290 mg/g TS (Table 5). Generally, there was not much difference in TB-EPS between ADS
(about 241+ 40 mg/g TS) and AEDS (about 243 + 21 mg/g TS) as compared to soluble EPS
and LB-EPS. These results indicate that: firstly, the TB-EPS would determine the effectiveness
of dewatering; and secondly, there would be a relationship between this EPS fraction and
dewatering performance of digested sludge. This could be due to the differences in the chemical

natures of TB-EPS. EPS, which include soluble EPS, LB-EPS, and TB-EPS, are mainly
18
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composed of proteins, carbohydrates, humic substances, nucleic acids, uronic acids and lipids
[24-29]. These components possess a sticky fibrillar character, which is believed to strengthen
sludge flocs and is subsequently important in high shear dewatering). It provides them with a
pseudoplastic nature [30]. However, it is believed that these fibrillar EPS interact with water in
a similar way as gels do [3]; the result is that EPS can retain up to 95% of moisture. EPS are
also closely linked to bound water which is difficult for mechanical dewatering to release [31].
Yuetal. [13] investigated the chemical characteristics of different EPS fractions. Based on their
results, the protein was mainly found in TB-EPS (97.5-98.3%) while polysaccharides were
distributed uniformly in different EPS fractions. They also found that while divalent cations
were mainly allocated in soluble EPS (over 48.5%), trivalent cations were detected mainly in
TB-EPS (over 97.5%). These chemical natures may help TB-EPS become closely attached to
the surfaces of sludge particles when compared to other fractions of EPS. In effect, it means

that they will not easily react to polyacrylamide during conditioning.

19



338 Table5
339  Relationship between TB-EPS and full-scale dewatering performance (in terms of wt% cake

340 solids content) obtained at the respective WWTPs.

Sludge types TB-EPS of Concentration of Cake solid contents
digested sludge polyacrylamide currently of the obtained by

used in the WWTPs studied centrifugation at the

mg/g TS
mg/L (mg/g TS) full-scale plant @

wt%
ADS1 198 250 (14) 21.1
ADS2 246 250 (8) 20.5
ADS3 267 193 (16) 21.6
ADS4 290 111 (7) 23.9
ADS5 205 56 (4) 28.6
AEDS1 258 183 (6) 20.6
AEDS2 228 339 (19) 18.3

341 2 Full-scale dewatered cake solids contents obtained at the respective WWTPs by centrifugation after

342  conditioning with cationic polyacrylamides.
343
344  3.4. Discussion

345  3.4.1. Contribution of soluble EPS to polyacrylamide demand for conditioning of digested

346 sludges

347 Seven WWTPs were investigated in this study which had different upstream wastewater and
348  sludge treatment configurations. Thus, both AEDS and ADS samples used in this study had

349  different characteristics. Regardless of the diverse and varying sources of samples collected and
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analysed, the parasitic precipitation reactions between polyacrylamides and soluble EPS during

conditioning were observed for all sludge samples, with ADS being more severe than AEDS.

In the case of ADS studied, despite the high consumption of the polyacrylamide through the
reaction with soluble EPS, there should be enough polyacrylamide to flocculate the sludge
particles (see Table 3). In practice, ADS with high soluble EPS content requires a larger dose
of polyacrylamides for conditioning. However, most of the polyacrylamide was consumed by
soluble EPS during the sludge conditioning, especially ADS (67 — 86%). The experimental
results indicated that by reducing the soluble EPS during anaerobic digestion, the amount of

polyacrylamide consumed by parasitic reactions could be reduced.

In the case of AEDS studied, because of the low content of soluble EPS, a relatively small
amount of the cationic polyacrylamides demand would be sufficient for conditioning (see Table
3). These AEDS WWTPs also required large amounts of polyacrylamide for conditioning and
this resulted in poor dewatering performance. Although the precipitations of cationic
polyacrylamide by the soluble EPS in AEDS were relatively low (Table 3), the concentrations
of the TB-EPS in AEDS samples were high (Table 5). This explains why the dewatering of
AEDS was still low as the un-precipitated polyacrylamides were unable to “penetrate” the

gelified water coating around the sludge particles.

3.4.2. Mechanisms of the precipitation reaction between cationic polyacrylamides and soluble

EPS

Polyelectrolyte complexes are formed when macromolecules of opposite charge are allowed
to interact. Depending on a variety of factors, it may cause the system to separate into a dilute
phase and a concentrated complex phase, or it may result in a more-or-less compact precipitate
or gel [32, 33]. At this stage, we propose that the parasitic reactions between cationic

polyacrylamides and negatively charged EPS are governed by the same principles that control
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the formation of “polyelectrolyte complexes”. A substantial body of research in the literature
indicates that polyelectrolyte complexes have a wide variety of industrial applications, such as

pharmaceuticals, cosmetics, paper and others [32-34].

The interaction between oppositely charged polyelectrolytes is, however, more complex than
“positive-attract-negative”. The molecular structure of the polyelectrolytes in terms of polar
and non-polar hydrophobic components also plays a role in determining whether a solid
precipitate or a liquid coacervate is formed [35]. Furthermore, research in model polymeric
systems shows that ionic strength plays a role in the formation of the complex polyelectrolytes.
Increases in ionic strength from 1 x 10* M to 1 x 103 M favored the formation of the complex.
However, higher ionic strengths reduced the formation of the polyelectrolyte complex [36]. The
ionic strength would screen the oppositely charged by electrostatic interactions between the
interacting oppositely charged organic groups. Therefore, any decline in electrostatic
interactions between opposite charges would result in a decrease in the formation of the

polyelectrolyte complex.

In this study, the precipitation of the cationic polyacrylamide with the soluble anionic EPS
was observed at ionic strengths of 1.7 — 7.0 x 102 M, which are higher than in the case of the
model system studied by De Vasconcelos et al. [36]. Such difference may be due to the much
more complex spatial conformation of the soluble EPS. This illustrates the need to carry out
further research to understand the structure of the complex EPS in sludges. A critical step is to
develop or select conditioning polymers that are unreactive with the ubiquitous soluble EPS,

which would significantly reduce the chemical costs for the water industry.

3.4.3. Contribution of TB-EPS to dewatering of digested sludges

Zeta potential value of the digested sludges before conditioning was negative due to EPS.

EPS are mainly semi-digested proteins and polysaccharides that contain carboxylic, phosphate
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and other anionic groups which are fully ionized at natural pH. The zeta potential of digested
sludges that made contact with larger doses of cationic polyacrylamides were still highly
negative. This demonstrates that the cationic polyacrylamides would firstly react with the

negatively charged soluble EPS and colloidal materials before reaching the sludge particles.

It is well established that protein denaturation is a prerequisite for gelation [37]. Proteins
present in both wastewater and sludge during the digestion process would only be partially
degraded. As a result, when most of the water is removed during dewatering, the partially
degraded proteins and polysaccharides present in the sludge will form gels that hold water.
Thus, the cationic polyacrylamides would only have a minimal effect on removing water from
the gel formed by the TB-EPS around the sludge particles. This led to inferior flocculation

performance which was later replicated in the poorer dewatering performance (see Table 5).

It is suggested that the TB-EPS (which only varied between 19 - 29 wt% of total sludge
solids content) gelify water molecules and prevent the cationic polyacrylamides from
flocculating the sludge particles. We know this because the biosolids dewatered cakes were all
negatively charged (see Table 4). Our findings suggest that conditioning polyacrylamides for
sludge dewatering should have “anti-gelling” properties in order to effectively flocculate the
digested sludge. Lin et al. [38] have demonstrated that by destroying the structure of EPS with
the enzyme lysozyme it is possible to release bound water. As result, sludge dewatering

performance increased, with cake solids content up to 42 wt%.

4. Conclusions

The present study has developed a universal methodology for measuring how
polyacrylamide is consumed during conditioning, and for identifying new and potentially
effective conditioners for dewatering. The new knowledge developed here is fundamental to
finally understanding: firstly, high polyacrylamide demand in conditioning and dewatering; and

secondly, helping the water industry to reduce significant chemical costs.
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Our study can explain why high conditioning polyacrylamide demand occurs and attributes
it to parasitic reactions between soluble EPS and ultra-high molecular weight cationic
polyacrylamides. The experimental results showed that digested sludges with higher soluble
EPS contents required larger amounts of conditioning polyacrylamides as well as higher
fractions of polyacrylamide that were wasted in reacting with soluble EPS. In the case of ADS,
40 — 86% of polyacrylamide was not used for flocculation of sludge particles while only 25 —

33% of polyacrylamide would be wasted in the conditioning of AEDS.

Despite the large amounts of polyacrylamide utilized for conditioning in the WWTPs
studied, their full-scale dewatering performance was poor, in fact between 18 — 20% (with
ADSS5 being the exception). Our results showed that the cationic polyacrylamide used had not
interacted with the negatively charged sludge particles after reacting with soluble EPS. We
proposed that the water in the sludge particles was “gelified” due to the large amount of TB-

EPS that ranged between 200 and 250 mg/g TS.

In summary, polyacrylamide demand for the purpose of conditioning depends on the
concentration of soluble EPS. Meanwhile, dewatering performance using cationic
polyacrylamides is dependent on the TB-EPS around the sludge particles. We believe that any
improvement in polymers for dewatering will need to meet three main targets, namely: (i) be
unaffected by EPS which would reduce the industry’s chemical costs; (ii) can improve
dewatering despite the large proportions of tightly bound EPS; and (iii) have no effect on the

quality of biosolids and therefore not seriously compromising their advantageous reuse options.
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553  Appendix

554 Table Al

555  Information on digestion processes of the WWTPs studied.

WWTPs Sludge types Digestion process

Cronulla ADS1 Two-phase (acid phase and gas phase) mesophilic
anaerobic digestion of mixed sludge (waste activated
sludge (WAS) & primary sludge (PS))

SRT =225 days

West Camden ADS?2 Two-phase mesophilic anaerobic digestion of mixed
sludge (WAS & PS)

SRT = 46.5 days

Glenfield ADS3 One-stage mesophilic anaerobic digestion of mixed
sludge (WAS & PS)

SRT = 18.5 days

Warriewood ADS4 One-stage mesophilic anaerobic digestion of mixed
sludge (WAS & PS)

SRT =19 days

Malabar ADS5 One-stage mesophilic anaerobic digestion of PS
SRT = 26 days

Winmalee AEDS1 Aerobic digestion of WAS

SRT =22.5 days
Penrith AEDS2 Aerobic digestion of WAS

SRT =4.5 days

556 2 SRT: Sludge Retention Time

557
558
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Table A2

General characteristics (TS, pH) of 7 digested sludge studied.

Sludge types TS (%) pH
ADS1 2.0 7.6
ADS?2 3.2 7.5
ADS3 1.2 7.1
ADS4 1.6 7.3
ADS5 14 7.1
AEDSI1 3.4 7.2
AEDS2 1.8 6.6
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Fig. Al. EPS extraction protocol.
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586  Fig. A2. Relationship curve between absorbance of the supernatant and polymer dosage for

587  conditioning (adopted from a project involving Sydney Water).
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