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Abstract: Acculturation/enculturation has been found to impact childhood health and obesity sta-
tus. The objective of this study is to use cross-sectional data to examine the association between 
proxies of adult/caregiver acculturation/enculturation and child health status (Body Mass Index 
[BMI], waist circumference [WC], and acanthosis nigricans [AN]) in the U.S.-Affiliated Pacific Is-
lands (USAPI), Alaska, and Hawaiʻi. Study participants were from the Children’s Healthy Living 
(CHL) Program, an environmental intervention trial and obesity prevalence survey. Anthropomet-
ric data from 2–8 year olds and parent/caregiver questionnaires were used in this analysis. The re-
sults of this study (n = 4121) saw that those parents/caregivers who identified as traditional had 
children who were protected against overweight/obesity (OWOB) status and WC > 75th percentile 
(compared to the integrated culture identity) when adjusted for significant variables from the de-
scriptive analysis. AN did not have a significant association with cultural classification. Future in-
terventions in the USAPI, Alaska, and Hawaiʻi may want to focus efforts on parents/caregivers who 
associated with an integrated cultural group as an opportunity to improve health and reduce child 
OWOB prevalence. 

Keywords: acanthosis nigricans; acculturation; body mass index; child; obesity; overweight; U.S.-
Affiliated Pacific; waist circumference 
 

  

Citation: Sparks, K.S.; Fialkowski, 

M.K.; Dela Cruz, R.; Grandinetti, A.; 

Wilkens, L.; Banna, J.C.; Bersamin, 

A.; Paulino, Y.; Aflague, T.; Coleman, 

P.; et al. Acculturation and Health 

Status in the Children’s Healthy Liv-

ing Program in the Pacific Region. 

Int. J. Environ. Res. Public Health 2024, 

21, x. https://doi.org/10.3390/xxxxx 

Academic Editor(s): Peter Clifton 

Received: 1 February 2024 

Revised: 25 March 2024 

Accepted: 28 March 2024 

Published: date 

 

Copyright: © 2024 by the authors. 

Submitted for possible open access 

publication under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 
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Abstract: This paper characterizes the composition of extracellular polymeric substances (EPSs) in
different types of activated sludge (AS) processes and analyzes the biosorption of soluble organics
when waste AS (WAS) is mixed with raw wastewater for primary carbon diversion. The fraction of AS
organics identified as EPSs was 26% in a membrane bioreactor (MBR), 54% in conventional AS (CAS),
and 51% in a trickling filter/solids contact (TF/SC) process. EPSs were found to be approximately
15% carbohydrates, 40% proteins, 40% humics, and 5% uronics in CAS and MBR AS. Biosorption was
not correlated to the organic portion (VSS) of the WAS; however, statistically significant correlations
were found for the total amount of EPSs (for TF/SC and CAS) and the protein fraction (for TF/SC
and MBR) in the VSS. EPSs from different types of AS biosorbed the same amount of soluble organics,
removing 1.43 ± 0.15 (n = 16) mg of soluble chemical oxygen demand (sCOD), and 1.20 ± 0.18
(n = 16) mg of truly soluble COD (ffCOD), per mg of cation exchange resin (CER) total extracted EPSs.
Utilizing multiple extraction methods in series (CER–base–sulfide) increased EPS extraction yields
by nearly 100% relative to CER alone and indicated different EPS fractionization for CAS (a smaller
fraction of carbohydrates and a larger fraction of humics).

Keywords: biosorption; extracellular polymeric substances; cation exchange resin; sulfide extraction;
base extraction; high-rate biological contactor; primary wastewater treatment; carbon diversion

1. Introduction

Activated sludge (AS) contains various types of bacteria, protozoa, waste solids, and
extracellular polymeric substances (EPSs). EPS prevalence and character are dependent
on microbial growth phase and environmental conditions, though the mechanisms are
not well understood [1]. EPSs consist of a combination of secretions, cell lysis products,
hydrolyzed macromolecules, and sorbed organic compounds [1]. EPSs figure into the
physicochemical properties of AS including the structure, surface charge, flocculation,
settling and dewatering properties, and adsorption ability [1,2]. EPSs also serve as a means
for biological functions such as cell-to-cell recognition and communication [2].

The literature suggests that a large fraction of the organic matter contained in AS
consists of EPSs [3,4], but due to the dynamic nature of AS processes and wide variations
in process types and operating modes, there is no consensus about what exactly constitutes
EPSs. EPSs are often categorized as loosely-bound EPSs, tightly bound EPSs, and soluble
EPSs, also referred to as soluble microbial products (SMPs) [1]. Physicochemical properties
of the sludge are typically attributed to the bound portion of the EPSs, though some
studies suggest that the SMPs may also play a role [1]. The SMPs can be separated using
centrifugation, but the extraction of bound EPSs requires physical or chemical treatment
in order for them to be released from the cell matrix before centrifugation [5]. The most
common method is the cation exchange resin (CER) method.

Biosorption is a physicochemical process where AS acts as a sorbent that uptakes
external nutrients and compounds from a sorbate—such as raw, untreated wastewater
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(WW)—into its cell matrix. In this process, the particulate and soluble organic matter con-
tained in the WW adsorbs onto the AS flocs. Conventional primary wastewater treatment
(gravity sedimentation) is effective at removing particulate organic matter, but ineffective
in the removal of soluble organics. The soluble organics are generally oxidized during
secondary treatment via high-energy-consuming aeration that can account for up to half of
the total cost of treating wastewater. Advanced primary treatment can be used to increase
the amount of particulate and/or soluble forms of organic carbon diverted in sludge to
anaerobic digestion for increased methane gas production and the concomitant reduction
of aeration energy needs in downstream secondary treatment. The high-rate biological
contactor (HRBC) is a new primary treatment process that removes particulate organic
matter and a portion of soluble organic matter by means of biosorption using waste AS
(WAS) as biosorbent [6], followed by dissolved air flotation (DAF). The contactor operates
with a short hydraulic retention time (HRT) (30 min or less) and low dissolved oxygen
(DO) concentration (1.0 mg L−1 or less) to affect biosorption for enhanced carbon diversion.
Carbon captured in this way (in DAF float) can be converted into energy (anaerobic diges-
tion to methane to electricity/heat) rather than consuming energy for oxidation to carbon
dioxide in secondary AS treatment. High biomethane potential (BMP) values for the DAF
float in a pilot test using WAS from a trickling filter/solids contact (TF/SC) found that the
oxidation of the sorbed organic matter in the HRBC was not significant [6].

EPSs in AS have been shown to have a prominent role in biosorption of heavy
metals [7]. It has been shown that the properties of AS have a larger influence on biosorption
than the properties of the influent wastewater [6]. In a prior study [8] using only WAS from
a TF/SC process, total EPSs and the protein fraction of EPSs were statistically correlated to
the removal of soluble chemical oxygen demand (sCOD) and truly soluble COD (ffCOD).
The present study evaluates biosorption using WAS from a membrane bioreactor AS (MBR)
process and a conventional AS (CAS) process in addition to TF/SC in a lab-scale HRBC
to determine whether the type of AS makes a difference. Prior studies have evaluated the
effect of extraction time on the CER method [8] and found that almost four times more EPSs
were recovered with a 24 h extraction time rather than the more standard 0.75 h extraction
period. Thus, CER extraction durations of 24 h were utilized in the present study. Because
there are also other extraction methods available, the present study sought to determine
whether three different sequential extractions could yield additional information about EPS
fractionation and any new correlations to biosorption.

Though it has been observed that larger EPS concentrations in WAS correlate to more
biosorption, it is unknown whether EPSs from different secondary treatment processes
behave similarly. This study seeks to identify key compositional fractions of the EPSs
responsible for biosorption from three different secondary treatment processes in a bench-
scale HRBC.

2. Materials and Methods
2.1. Bench-Scale Biosorption

WW and WAS were collected and transported at ambient temperature and were
utilized in tests within two hours of collection. Samples were taken at three different
wastewater treatment plants (WWTPs) on the island of O‘ahu, HI treating residential
wastewater via different secondary treatment technologies. WWTP A has a trickling fil-
ter/solids contact (TF/SC) process, with a constant flowrate of 13.0 million gallons per
day (MGD), a solids retention time (SRT) of 1.0 day, and an average influent sCOD of
166 mg L−1. WWTP B has a membrane bioreactor (MBR) process, treating an average daily
flow (ADF) of 2.5 MGD, with a SRT of 21 days, and an average influent sCOD of 184 mg L−1.
WWTP C has a conventional activated sludge (CAS) process, treating an ADF of
0.6 MGD, with a SRT of 4.7 days, and an average influent sCOD of 288 mg L−1.

A primary treatment HRBC biosorption contact tank was simulated using a bench-
scale 5 L plastic tank as described previously [6,8,9]. WW and WAS were mixed at a
5% WAS by volume mixing ratio, while being constantly stirred and aerated to maintain
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1.0 mg L−1 dissolved oxygen for a 30 min contact time [6,8,9]. Solid–liquid separation
following biosorption utilized a bench-scale dissolved air flotation (DAF) system, as de-
scribed previously [6,8]. Tap water was pressurized to 413.69 kPa (60 psi) in a pressure
vessel which was vigorously shaken for 2 min to ensure good dissolution. A total of 150 mL
of pressurized tap water was added to 850 mL of biosorption contactor liquid in a one-liter
graduated cylinder, resulting in an air-to-solid (A/S) ratio of 0.01–0.03 kg kg−1, resulting in
the formation of a float and a subnatant. After a 3 min flotation time, the subnatant was
collected and then pressurized to 413.69 kPa. Because DAF processes use pressurized DAF
subnatant instead of tap water, a second batch of 850 mL from the biosorption contactor
was subjected to DAF separation using the pressurized subnatant. The subnatant collected
from the second batch was used for the analysis of biosorption.

WW, WAS, and DAF effluent (subnatant) were analyzed to examine and quantify
biosorption. Total chemical oxygen demand (COD), soluble (1.5 µm filtered) COD (sCOD),
truly soluble COD (both readily biodegradable and un-biodegradable) which is filtered
and flocculated (ffCOD), total suspended solids (TSS), and volatile suspended solids (VSS)
were measured based on Standard Methods [10] and according to previous studies [9].
Normalized removals of the various types of COD were calculated by dividing the removed
COD by the mass of VSS in the WAS added to the biosorption contactor (mg sCOD removed
per g VSS, and mg ffCOD removed per g VSS).

2.2. EPS Extraction and Characterization

Three extraction methods were used to extract EPSs from sludge samples. The primary
extraction method used was the CER method [11], with an extraction time of 24 h. The
typical extraction time used is 0.75 h; however, our prior work showed that extracted
amounts of EPSs increase 3.5 times with an extraction time of 24 h. The CER method
targets calcium- and magnesium-bound EPSs. The base extraction and sulfide extraction
methods described by Park et al. [12] were also utilized because they target EPSs bound
to different cations. CER, base, and sulfide extractions were conducted both in parallel
and in series. Sludge pellets were rinsed and resuspended to original volumes with
deionized water between extractions when conducted in series. The extracted EPS samples
were characterized and measured using colorimetric methods [4,13] for concentrations of
proteins [14], carbohydrates [15], humic acids [11], and uronic acids [16]. The amounts of
EPSs were normalized per gram VSS subjected to extraction.

3. Results and Discussion
3.1. EPS Extraction and Characterization

Table 1 shows the chemical composition of the WAS from the three different WWTPs
in this study using the CER extraction method with a 24 h extraction time. A total of 28–35%
of the organic fraction of the WAS was extracted as EPSs from the CAS facility, 25–30%
from the TF/SC facility, and 14–15% from the MBR facility. CAS systems select for a sludge
that has good settling properties due to large flocs with bacteria, protozoa, cell debris,
and colloids enmeshed together with “sticky” EPSs. TF/SC systems are a combination of
biofilm slough from the TF and AS which also selects for good settleability and is indicated
by a very similar EPS fraction to CAS. Dissimilarly, MBRs employ a membrane for solids
separation and retention and do not select for settleability and thus appear to only have
about 50% as much EPS concentration as CAS and TF/SC. This would agree with the idea
that MBRs operated improperly so as to have high EPS concentrations will experience
foaming and/or fouling [17].
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Table 1. EPS composition of WAS using CER extraction (WWTP A; n = 6, WWTP B; n = 5, WWTP C;
n = 5).

mg g −1 VSS

WWTP Process EPS/VSS (%) Carbohydrate Protein Humic Acid Uronic Acid

A TF/SC 28 ± 1.7 32 ± 2.0 89 ± 11.2 151 ± 11.7 4 ± 0.7
B MBR 14 ± 0.4 27 ± 1.5 57 ± 1.3 53 ± 2.0 6 ± 0.2
C CAS 30 ± 2.9 46 ± 5.6 124 ± 12.3 128 ± 27.2 5 ± 0.8

The absolute amounts of carbohydrates, proteins, humic acids, and uronic acids are
also shown in Table 1. The amounts of uronic acids in the EPSs were very similar for the
different processes. The fraction of the total EPSs that was carbohydrates is quite similar
for the three processes with 12% for the TF/SC, 15% for the CAS, and slightly more for the
MBR with 18%. The fraction of proteins for MBR and CAS was similar at 40% and 41%,
respectively, while it was lower for TF/SC at 32%. However, these percentages appear to
be skewed by the humic acid fraction which is much higher for the TF/SC at 55%. This
could be because the wasted sludge produced by biofilm systems are humus sludges.
Generalizing, it appears that carbohydrates are the smallest fraction of the EPSs (less than
20%) and the amounts of proteins and humic acids are about the same in magnitude and
together make up about 80% of the EPSs (except for TF/SC, which is skewed to humic
acids). Other studies have found that humic acids are either the largest or second largest
fraction of EPS organics [18]. The sources of humic substances in the sludges include dead
microorganisms, animal residues, and plant degradation and polymerization [19].

Figure 1 and Table 2 show the normalized amounts of EPSs extracted using the
three different extraction methods (CER, base, and sulfide) in series. The extractions must
be conducted in series rather than separately in order to avoid extracting the same EPSs
and thus allow the estimation of the “total” extractable EPSs. Because of the nature of the
extractions, CER must be conducted first. The base extraction and the sulfide extraction
can be performed in either sequence. Figure 1 shows the effect of the extraction sequence
with the amount of EPSs extracted, normalized to the volume of WAS. It shows that the
CER–base–sulfide sequence yields about a 20% greater amount of total extractable EPSs.
Table 2 shows that CER yielded the largest amount of EPSs, then the base, followed by
the sulfide extraction method. These findings align with the literature [12]. However, it is
notable that the CER method alone only extracts 51–55% of the total extractable EPSs, and
thus just using CER “misses” nearly half of the EPSs present in the sludge. The results in
Table 2 are also consistent with Table 1 in that the total amounts of EPSs extracted line up
as follows: CAS is slightly greater than TF/SC which is nearly double that of MBR.

Figure 2 shows the fractionation (carbohydrate, protein, humics, and uronics) of
the extracted EPSs from each extraction method (in the series CER–base–sulfide) at each
facility as a fraction of the total EPSs extracted. Figure 2 shows that CER extracts more
carbohydrates than the other two extraction methods, the base method extracts the most
proteins, and the sulfide method extracts the most humics. When looking at the total
fractionization of CER alone (which is what most published research does) versus the
CER–base–sulfide sequence, there are only slight differences. This fractionation tends to
agree with Park et al. [11] that lectin-like proteins linked to polysaccharides were bridged
by calcium and magnesium, targeted by the CER, organic materials were linked with
aluminum, which can be solubilized at high pH with the base extraction, and biopolymers
were bound to iron, which could be removed from the flocs by the formation of FeS in the
sulfide extraction. For the TF/SC and MBR processes, the fractions are nearly identical.
However, for the CAS process, only using the CER extraction would lead one to believe
that the fraction of carbohydrates is larger and the fraction of humics is lower than what
they actually are when using all three extractions in series.
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3.2. Biosorption Correlation to EPSs

Biosorption experiments measured WAS EPSs as well as concentrations of sCOD and
ffCOD in raw wastewater and DAF underflow to calculate removals, which ranged from
30 to 40%. The removed mass of COD was normalized per mass of VSS. Statistical analyses
were conducted to determine whether correlations exist between normalized biosorption
effectiveness and the amount of VSS, EPSs, or EPS components (carbohydrates, proteins,
humics, and uronics) following CER extraction alone. Statistically significant correlations
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were only found for total EPSs and for the protein fractions, as shown in Table 3. Table 3
shows good statistical correlation for both sCOD and ffCOD removals in relation to the
total EPSs and the protein fraction of the EPSs for the TF/SC process WAS (A). For the
MBR process WAS (B), the sCOD and ffCOD removals were statistically correlated to the
protein fraction of the EPSs. However, for the CAS process WAS (C), only total EPSs were
statistically correlated to the sCOD removals. Biosorption removal is not correlated to VSS
concentration for any of the three WAS.

Table 3. Correlation of COD removal with CER-extracted total EPSs and protein EPSs.

WWTP Removal of Correlation With R2 ANOVA
Significance F

A (TF/SC) sCOD Protein EPSs 0.89 <0.01
A (TF/SC) sCOD Total EPSs 0.84 <0.01
A (TF/SC) ffCOD Protein EPSs 0.91 <0.01
A (TF/SC) ffCOD Total EPSs 0.88 <0.01
B (MBR) sCOD Protein EPSs 0.76 <0.1
B (MBR) sCOD Total EPSs 0.46 >0.1
B (MBR) ffCOD Protein EPSs 0.84 <0.05
B (MBR) ffCOD Total EPSs 0.58 >0.1
C (CAS) sCOD Protein EPSs 0.09 >0.1
C (CAS) sCOD Total EPSs 0.68 <0.1
C (CAS) ffCOD Protein EPSs 0.01 >0.1
C (CAS) ffCOD Total EPSs 0.62 >0.1

A, B, C are the treatment plant designations.

Table 4 shows average values of unit mass removal of sCOD and ffCOD per unit
mass of CER-extracted EPSs present in the WAS. It shows that that a greater amount of
sCOD is removed than ffCOD, which is expected since ffCOD is a subset of sCOD. The
data show that each mg of EPSs can remove about 1.4 mg of sCOD (or 1.2 mg of ffCOD).
The unit removal rates are very similar for the EPSs in the three different processes, which
could indicate that EPSs behave in the same way in each process and are responsible for
biosorption. It is noted that such correlations do not exist when considering the VSS in the
WAS used for biosorption. There was a large difference in total VSS in the different WAS
samples (7500–8000 mg L−1 VSS for the MBR plant and about 3000 mg L−1 for the other
two plants). This means that to estimate biosorption effectiveness in an HRBC process, one
must measure the amount of EPSs available. If the total EPSs extracted using the sequence
of three methods (CER–base–sulfide) were to be used to calculate the values in Table 4,
then the unit removal rates would decrease to less than 1.0 because the amount of COD
removed is unchanged, but the amount of EPSs nearly doubles.

Table 4. Mass of soluble and truly soluble COD removed during biosorption per unit mass of total
CER-extracted EPSs (A; n = 6, B; n = 5, C; n = 5).

mg Removed per mg Total EPSs

WWTP Process sCOD ffCOD

A TF/SC 1.41 ± 0.16 1.33 ± 0.15
B MBR 1.39 ± 0.08 1.11 ± 0.08
C CAS 1.50 ± 0.18 1.14 ± 0.21

Average 1.43 ± 0.15 1.20 ± 0.18

Figures 3 and 4 plot the normalized sCOD and ffCOD organic removals versus the
normalized amount of total EPSs extracted via the CER method for the three facilities
evaluated. The data show good correlation coefficients of 0.893 and 0.806 for sCOD and
ffCOD, respectively. The data also show how the amount of EPSs in the WAS from the MBR
process is very consistent (140–150 mg g −1 VSS), while the TF/SC process EPSs vary more
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widely from about 245 to 300 mg g −1 VSS, and the CAS process EPSs vary from about 275
to 345 mg g −1 VSS.
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Figures 5 and 6 plot the normalized sCOD and ffCOD organic removals versus the
normalized amount of each fraction (carbohydrate, protein, humics, and uronics) of the
CER-extracted EPSs for the three facilities evaluated. The data show better correlations
of the EPS fractions with sCOD than ffCOD, with correlation coefficients between about
0.61 and 0.75 for carbohydrates, humics, and proteins. For ffCOD, only humics had a
relatively good correlation coefficient of about 0.81.
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Figure 6. Normalized truly soluble COD removal correlation with the four components of CER-
extracted EPSs in the organic fraction of WAS.

Figures 7 and 8 plot the normalized sCOD and ffCOD organic removals, respectively,
versus the normalized CER-extracted total EPSs and the total EPSs extracted through the
sequence of three extraction methods (CER–base–sulfide). The plots show slightly better
correlations for the sequence of three extractions than the CER extraction alone. The data
also show slightly better correlations for ffCOD than sCOD removal for both base and
sulfide extractions when used in series.
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3.3. COD Removals with Reduced DO Concentration

Biosorption experiments were repeated for WWTP A (TF/SC) with a reduced DO
concentration of 0.5 mg L−1 (instead of 1.0 in all other experiments) in the bench-scale
contactor with a 30 min contact time. However, there was an error during the EPS analyses,
rendering the data unusable. Thus, because good data existed for VSS, the ratio of 28%
EPS/VSS (see Table 1) was used to calculate the amount of total CER-extracted EPSs, and
the values of 1.43 ± 0.15 mg sCOD removed per mg CER EPS and 1.20 ± 0.18 mg ffCOD
removed per mg CER EPS (see Table 4) were used to calculate removals. Three removal
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values (low, medium, and high) were calculated; for example, for sCOD: 1.43–0.15 = 1.28,
1.43, and 1.43 + 0.15 = 1.58. The calculated removals are compared to actual measured
removals of sCOD and ffCOD in Tables 5 and 6. This calculation essentially assumes that
the biosorption removal of COD per unit mass EPS is the same at a DO of 1.0 mg L−1 and
0.5 mg L−1. The calculated sCOD and ffCOD removals were close to the actual measured
sCOD and ffCOD removals. Comparing the average unit removal rate assumption for
sCOD (Table 5) shows that the actual removals were somewhat greater. This could mean
that there is a potential for greater biosorption (carbon diversion) when the contactor DO
is reduced to 0.5 mg L−1. However, the data are less consistent for ffCOD (Table 6), with
calculated values mostly equal to or greater than those measured. More experiments are
needed to determine whether reducing contactor DO from 1.0 to 0.5 mg L−1 is a method to
improve carbon diversion in the HRBC process.

Table 5. Calculated and measured sCOD removal comparison for five replicate experiments.

Calculated

EPS/VSS
%

WAS VSS
mg L−1

Total EPSs
mg L−1

Influent sCOD
mg L−1

Low sCOD
Removed
mg L−1

Avg. sCOD
Removed
mg L−1

High sCOD
Removed
mg L−1

Measured sCOD
Removed

mg L−1 (%)

28 2560 717 207 48 54 60 79 (38)

28 3100 868 197 58 65 72 74 (38)

28 3540 991 196 67 75 82 78 (40)

28 2220 622 179 42 47 52 54 (30)

28 3360 941 186 63 71 78 75 (40)

Table 6. Calculated and measured ffCOD removal comparison for five replicate experiments.

Calculated

EPS/VSS
%

WAS VSS
mg L−1

Total EPSs
mg L−1

Influent
ffCOD
mg L−1

Low ffCOD
Removed
mg L−1

Avg. ffCOD
Removed
mg L−1

High ffCOD
Removed
mg L−1

Measured ffCOD
Removed

mg L−1 (%)

28 2560 717 93 38 45 52 36 (39)

28 3100 868 119 47 55 63 42 (35)

28 3540 991 131 53 63 72 52 (40)

28 2220 622 120 33 39 45 46 (38)

28 3360 941 148 51 59 68 59 (40)

4. Conclusions

Biosorption for primary carbon diversion can be accomplished by employing a short-
retention contactor where WAS is mixed with raw WW and the DO is maintained relatively
low (0.5 to 1.0 mg L−1) to minimize oxidation [6,8,9]. Removal rates of sCOD and ffCOD
between 30 and 40% can be achieved with an equivalent reduction in aeration energy
requirements in downstream secondary treatment. The quantity of biosorption removal
could not be correlated with the amount of VSS in the WAS from any type of AS process
in the present study or prior studies [6,8,9]. However, biosorption can be correlated with
EPSs, and thus the quantification of EPSs in an AS could potentially be used to predict
the potential effectiveness of installing a biosorption process for primary carbon diversion.
This study found statistically significant correlations between the biosorption removal of
sCOD and ffCOD and the protein fraction of EPSs in the VSS (for TF/SC and MBR), the
removal of sCOD and ffCOD and the total amount of EPSs in the VSS (for TF/SC), and the
removal of sCOD and the total amount of EPSs in the VSS (for CAS). The mass of sCOD
and ffCOD removed per mass of EPSs for the three AS processes ranged from 1.39 ± 0.08
to 1.50 ± 0.18 mg sCOD removed per mg CER-extracted EPSs and from 1.11 ± 0.08 to
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1.33 ± 0.15 mg ffCOD removed per mg CER-extracted EPSs, respectively. Because the
normalized removals were quite similar for the three AS, all the values were combined to
obtain overall average removals of 1.43 ± 0.15 (n = 16) mg sCOD and 1.20 ± 0.18 (n = 16)
mg ffCOD per mg CER-extracted EPSs. These values could be used to make predictions
of biosorption effectiveness. For example, if a hypothetical 1.0 MGD CAS facility with an
influent sCOD of 200 mg L−1 (1,668 lb d−1) might produce approximately 454 kg VSS d−1

that is 30% CER-extracted EPSs (thus, 136 kg EPS d−1), then the removal would be pre-
dicted as (136 kg EPSs d−1) × (1.43 kg sCOD per kg EPSs)/(757 kg sCOD d−1) = 0.257
or about 26% removal. This sCOD would be diverted to the solids treatment train and
potentially converted to methane during anaerobic digestion instead of being oxidized in
secondary treatment.

For WWTP A (TF/SC), it appeared that the sCOD and ffCOD removals could be
estimated using the ratio of 28% EPSs/VSS, and 1.43 ± 0.15 mg sCOD removed per mg
CER EPSs and 1.20 ± 0.18 mg ffCOD removed per mg CER EPSs when EPS values were not
available. The key variables in this estimation are the EPSs/VSS ratio and the normalized
removals. Because EPS production in AS is likely dependent on operating conditions
such as SRT, loading rates, DO, and wastewater characteristics, these variables should be
determined for the AS process for which predictions are needed.

The literature estimates that about 50% of the VSS in AS are EPSs, and this study
found that this large fraction was only verifiable when multiple EPS extraction methods
were conducted in series. When using the CER method alone with a 24 h extraction period
(which is much longer than the typically used 45 min), the fraction of EPSs was only 14 to
30%. The amount of extracted EPSs approximately doubled when using CER, followed
by base extraction, followed by sulfide extraction in series. The amounts of EPSs found
in different types of AS were similar for CAS (54%) and TF/SC (51%), but much lower
(24%) for MBR. The smaller amount of EPSs in the MBR is suggested to be due to selective
pressure on CAS and TF/SC to retain a fast-settling sludge morphology, whereas there is
no such selection pressure in an MBR. The composition of the EPSs was found to be about
15–18% carbohydrates, 40% proteins, 40% humics, and 4–5% uronics in CAS and MBR
sludges. The TF/SC EPSs had a greater proportion of humics (55%) and a corresponding
smaller fraction of proteins (35%). Utilizing the three extractions in series, relative to CER
alone, indicated different EPS fractionization for CAS (a smaller fraction of carbohydrates
and a larger fraction of humics). Utilizing multiple extraction methods in series (CER–base–
sulfide) is necessary in order to quantify the total amount of EPSs in AS and to obtain more
accurate estimates of the composition of the EPSs.
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