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Alginate like extracellular polymers (ALE) recovered from excess sludge have been evaluated as an eco-friendly,
cost effective and sustainable alternative to highly valued materials. However, the ALE extraction from flocculent
sludge ranges normally from 90 to 190 mg/g VSS, which is only equivalent to the lowest edge of the ALE
production from aerobic granular sludge (AGS). But flocculent sludge is much higher in production than AGS and

Substrate . c . . . . .
Solid retention times thus a further investigation was expected on key factors and associated mechanisms controlling ALE formation of
Temperature flocculent sludge. The investigation was conducted by lab-scale sequencing batch bioreactors. The experiments

revealed that flocculent sludge with starch used as an influent substrate contained the highest ALE production
(220.3 + 8.0 mg/g VSS). Low temperature was favorable to enriching ALE, up to 303.3 + 21.5 mg/g VSS at
12 °C. Moreover, ALE reached up to 137.8 & 13.2 mg/g VSS at C:N = 5:1 and slightly declined with increased or
decreased the C/N ratio. The specific ALE yield was 63.7 mg ALE/(g BODs) at a low organic load, which was
twice as high as that with high organic loads. However, SRT had a minor effect on ALE formation. Obviously,
such scenarios as starch-rich and low temperature could promote the ALE production. Furthermore, the char-
acteristic analysis including alginate equivalent, different fractions and hydrogel forming property among
different ALE, confirmed that the ALE extracted from flocculent sludge had a potential in substituting for
commercial alginates. However, different working conditions would exert a significant influence on the
composition and chemical properties of ALE, which implies that the controlling some parameters could be an
approach to directionally cultivating ALE for their unique structures and potential applications.

1. Introduction

As a complex high-molecular-weight mixture of biopolymers in ag-
gregates in biological wastewater treatment systems, such biopolymers
as alginate like extracellular polymers (ALE) and sulfated poly-
saccharides have been identified as highly valuable raw biomaterials
[1-5]. For examples, many researches [6-8] reported the potential
applicability of the biopolymers as bio-sorbents for heavy metal and
toxic organic compounds removal. In addition, the combination of the
biopolymers with Fe5(SO4)s is promising to be applied in raw drinking
water treatment [9]. For the reason, the biopolymers are being consid-
ered as a potential alternative to conventional chemical polymers
because of their biodegradability, non-toxicity and high efficiency.

The evaluation of ALE properties and structures in the previous
studies indicated that ALE could be applied in the industries of food,
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paper, textile, medical, construction and even in agriculture and horti-
culture [1-5]. Lin et al. [1] and Kim et al. [5] concluded that ALE
extracted from aerobic granular sludge (AGS) was suitable as a substi-
tute for the biomaterials for non-flammable surface coating. Much
attention to recovering the biopolymers has focussed on ALE from AGS.
Biopolymers extraction from AGS has been scaled-up to a
demonstration-scale plant in Zutphen, the Netherlands [10]. The recent
study [10] also revealed that there was a similarity of the biopolymers
extracted from flocculent sludge, up to 60% with respect to chemical
structures compared to the commercial alginate; the alginate equivalent
of the extracted ALE was also over 400 mg/g ALE (40%-60% of the
mannuronic acid (M) and guluronic acid (G) units); moreover, ALE had a
good capacity of the ionic hydrogel formation. These results implies that
the ALE extracted from flocculent sludge was also promising as a po-
tential substitute for commercial alginates [10]. However, a lower ALE

Received 23 December 2021; Received in revised form 5 March 2022; Accepted 11 March 2022

Available online 14 March 2022
1385-8947/© 2022 Elsevier B.V. All rights reserved.


mailto:xdhao@hotmail.com
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2022.135792
https://doi.org/10.1016/j.cej.2022.135792
https://doi.org/10.1016/j.cej.2022.135792
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.135792&domain=pdf

J. Lietal

level was normally associated with flocculent sludge (ranging from 90 to
190 mg/g VSS) [10], which is only at the lowest edge of ALE from AGS
(200 to 350 mg/g VSS [11-14]). In practice, there are a larger amount of
excess flocculent sludge produced in wastewater treatment plants
(WWTPs) comparing with AGS. There were relatively few studies on
recovering extracellular biopolymers from CAS and moreover the
existing studies on EPS from CAS mostly focused on identifying and
evaluating their roles in biological nutrient removal and sludge disposal
processes. The economic value of EPS from CAS seems largely ignored.

Under the circumstance, improving the ALE formation in flocculent
sludge for recovering the biopolymers is significant and expected for a
highly valuable biomaterials application. Among them, the bio-
polymers/ALE are usually associated with the substrate concentration
and operational conditions, such as influent substrate, organic load,
dissolved oxygen (DO), temperature, pH, sludge retention time (SRT),
etc., which governs the substrate utilization rate and accordingly the
formation rate of the biopolymers in aggregates [1,15-21]. For example,
a high DO concentration could promoted microbial metabolisms and
thus result in the high production of the biopolymers [19,20]. Also,
temperature and pH directly affected the metabolic process and thus
changed the production and compositions of the biopolymers [18,22].
Furthermore, the biopolymers would be consumed or converted by the
hydrolysis and fermentation processes as a result of the disintegration of
sludge flocs under limited oxygen or depletion conditions [19]. Finally,
the changes of dominant microbials in the system under different SRTs
would also affect the biopolymers formation [18,20]. Based on the
findings in our pervious study [10], increasing soluble organics (SCOD)
content and lowering nutrient content (C/N and C/P ratios) in the
influent could be favorable to the ALE formation [10]. And different
bacteria in biological nutrient removal (BNR) processes had either a
positive or a negative effect on the ALE formation [10]. However, it is
still unknown that the deeply associated mechanisms and the optimum
working conditions for the ALE formation in flocculent sludge. For the
purpose of recovering highly valued biomaterials, further ascertaining
the associated mechanisms and the key factors controlling the ALE
formation in flocculent sludge should be necessarily effective to improve
the potentials of biomaterials’ recovery.

For the above reason, flocculent sludge in the study was cultured in
the lab-scale sequencing batch bioreactors (SBRs) with different work-
ing conditions, including different carbon sources, organic load, sub-
strate (C/N), temperature and solid retention times (SRTs). The study
focused on the nature, production and recovery of ALE associated with
their characteristics and properties. The involved mechanisms of
different parameters affecting the ALE formation were at a top priority.
Principal component analyses (PCA) were also applied to evaluate and
figure out the significant variables controlling ALE formation of floc-
culent sludge. Thus, the effective measurement and/or optimization for
the ALE improvement were finally summarized for the sustainable
operation of WWTPs.

2. Materials and methods
2.1. Cultivation and collection of flocculent sludge

Flocculent sludge was cultured in lab-scale aerobic/anoxic
sequencing batch reactors (SBRs) with a working volume = 5.0 L. The
bioreactors were conducted daily at three consecutive cycles. As shown
in the supplementary materials (Fig. S1), each anaerobic/aerobic cycle
comprised of an 8.0 h period including 4.5 h aerobic, 2.5 h aerobic, and
1.0 h settling. After settling, one-thirds of the supernatant liquid was
discharged (about 10 min) and fed with fresh influent (about 8 min in
aerobic phase). Finally, five minutes prior to the end of the aerobic
phase, the designed volume of mixed liquor was withdrawn to maintain
a SRT of approximately 15 days. DO was kept at 3.0-4.0 mg/L in the
aerobic phase. Stirring speed was at 150 rpm/min in the aerobic and
anoxic phase.
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2.2. Experimental set-up

As shown in Table 1, five groups (I-V) were conducted with different
influent parameters and operational conditions for flocculent sludge
cultivation. Each group was controlled with carbon sources (glucose,
starch and sodium acetate), organic load (L = 0.20, 0.36 and 0.50 kg
BODs/kg MLSS-d), influent substrate (C/N = 3.0, 5.0 and 7.0), tem-
perature (T = 12, 18 and 24 °C) and solid retention time (SRT = 10, 15
and 20 d), respectively, to figure out the key factors on ALE formation.
The other designed substrates of the latter group were followed with the
results from the former group as shown in Table 1. Other substrate and
trace elements are shown in Table S2. Moreover, two parallel bio-
reactors were set up for each different operational parameter.

In the study, the performance COD, nitrogen and phosphate removal
for different SBRs were measured and the results were listed in Table S3.
The average removal efficiency of COD, TN, NH4"-N, TP and PO43‘-P
were stable at the high levels of around 88.6%-93.8%, 70.4%-84.4%,
96.0%-99.8%, 79.2%-83.2% and 93.4%-97.6%, respectively. After
lasting for at least 15 days with stable nutrient removal, sludge samples
were collected from the different SBRs every day and concentrated by a
0.15-mm filter, and then stored in a refrigerator (4 °C) for ALE
extraction.

2.3. ALE extraction protocols

ALE was extracted by the method of heating + NayCOs, as described
in Felz et al. [12,22]. The mixture contained dry sludge (g), deminer-
alized water (mL) and NapCO3 (g) with the ratio of 1:50:0.25 and then
was heated at 80 °C for 35 min in the water bath. Hence, ALE was thus
released from sludge aggerates and then dissolved in the supernatant. By
adjusting pH of the supernatant to 2.2, the biopolymers could gel for
ALE further purification. Other detailed procedures are described in the
supplementary materials (Text S4). Extraction of ALE from every
different flocculent sludge were conducted in duplicate.

2.4. Analytical methods of characterizations

Colorimetric assays were chosen to provide the relevant insights
about the composition contents of ALE. Polysaccharide (PS) and protein
(PN) analyses were detected by a phenol-sulfuric acid assay with D-
glucose and the Lorry assay with bovine serum albumin respectively,
based on the conceptual framework proposed by Dubois et al. [23] and
Lowry et al. [24]. A commercial alginate (extracted from brown-algae,
viscosity 4-12 cP, 1% in Hy0) was chosen as the standard with the
phenol-sulfuric acid assay to evaluate the amount of alginate equiva-
lents, which represents the alginate purity of the ALE extraction
[10,22,25].

The chemical functional groups of the biopolymers were analyzed by
a Thermo Fisher Fourier transform infrared spectrometer (FT-IR). The
FT-IR spectra in KBr pellets (98 mg KBr + 2 mg sample) were recorded at
the wavenumber of 4000-400 cm ™. The spectra of commercial sodium
alginate was also recorded as the standard to estimate of the similarity of
different ALE from the commercial alginate by the FT-IR software [26].
Moreover, three-dimensional excitation—emission matrix (3D-EEM)
fluorescence spectroscopy was also applied to identify fluorescent
compounds contained in biopolymers [21]. 3D-EEM spectra were
collected with subsequent scanning emission (Em) spectra from 220 to
550 nm at 1 nm increment by varying the excitation (Ex) wavelength
from 200 to 500 nm at 5 nm increments [10]. UV-visible absorbance
measurements were also used for detecting other characterizations such
as the humification and aromaticity degree of the biopolymers from 800
to 200 nm using an Agilent Cary 5000 UV-Vis-NIR spectrophotometer
(resolution 1.0 nm) [10,27].

The fractions of mannuronic acid (M) and guluronic acid (G) poly-
units in the biopolymers were tested to analyze the gel-forming capac-
ity of the biopolymers [12,28]. These were detected by the methods of
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Table 1
Influent parameters and operational conditions in different bioreactors for cultivating flocculent sludge.
Groups COD (mg/L) g:;(;\; Y i(:gzi?z) Carbon source Organic load * Cc/N°® ';,C) . f;TL,
Glucose
I 500 25 5.0 Starch 0.36 20 24 15
Sodium acetate
400 20 4.0 0.20
I 700 35 7.0 Sodium acetate 0.36 20 24 15
1000 50 10 0.50
150 3.0
I 250 50 5.0 Sodium acetate 0.36 5.0 24 15
350 7.0
12
v 500 25 5.0 Sodium acetate 0.36 20 18 15
24
10
v 500 25 5.0 Sodium acetate 0.36 20 24 15
20

@ Organic load (L), kg BODs/(kg MLSS-d).
b ¢/N, BODs/TN.

¢ T, temperature.

d SRT, solid retention time.

partial acid hydrolysis, as described in supplementary materials Text S5
[28]. The fraction of G or M were the sum of the half of GM blocks and
the total of GG blocks or MM blocks, respectively. the monomer ratios of
G:M was the ratio of the average fraction of G to M, which directly re-
flected the capacity of forming hydrogel. Ionic hydrogel formation was
also tested with 2.5% (w/v) CaCly solution to evaluate the ionic
hydrogel properties of ALE according to the procedures described by Lin
et al. [28] and Felz et al. [22]. The ALE was cross-linked in the CaCl,
solution at room temperature for about 16-18 h.

The other parameters including COD, BODs, TN, NH4-N, TP, PO,
P, mixed liquor suspended solids (MLSS), mixed liquor volatile sus-
pended solids (MLVSS) and pH were detected according to the standard
methods [29].

2.5. Statistical analysis

In the Group II with different organic load, it is more meaningful to
evaluate the specific ALE yield as calculated by Eq. (1).
EALE

Y, = 1
ALE/BODs BODs,,; — BODs 1. (@)

Where, Yarg/ops, the specific ALE yields, which means the ALE pro-
duction with per gram organics (BODs) consumption; Eqrg, the ALE
extraction; BODs pr. and BODs g, the BODs concentration in influent
and effluent, respectively.

Analysis of variance (ANOVA) was also used to discuss the difference
of ALE extracted from flocculent sludge with different working condi-
tions based on the data obtained from the duplicated bioreactors. For
each solution and for each method, samples were taken in duplicate to
ensure the accuracy of experimental data. Furthermore, PCA could
reduce the dimensionality of the data-set and thus transform the results
into useful knowledge that could be easily interpreted. Therefore, it was
applied to evaluate the cause-effect relationship correlations between
ALE production and operational factors and thus to identify the decisive
factors affecting ALE formation. In this study, relationships were
observed by retaining the first two principal components (PC1 and PC2)
and plotting in two dimensions where the cases and loading were set in
the biplot.

3. DecimalComplex, results and discussion
3.1. ALE extraction

The amount of ALE extracted from different flocculent sludge are
shown in Fig. 1. As shown in Fig. 1, the estimated extractions were at the
range of 120-300 mg/g VSS, which were comparable to those ALE
extracted from practical flocculent sludge (90-190 mg/g VSS) [10] and
were also similar to those results reported in the previous studies
[30,31]. To an extent, therefore, flocculent sludge cultured by synthetic
wastewater under different operational conditions in lab-scale SBRs was
presentative of excess sludge from practical WWTPs. Moreover, Fig. 1
also indicated that some factors significantly affected the ALE formation
in flocculent sludge (p < 0.05). Among others, the ALE production in the
sludge with starch being a carbon source reached to 220.3 + 7.9 mg/g
VSS, which was much higher than those fed with glucose and sodium
acetate. Also, low temperature (12 °C) could be favorable to the ALE
formation, up to 303.3 £+ 12.5 mg/g VSS. By contrast, different organic
load and SRT had minor effects on the ALE production (p > 0.05).

3.2. Alginate equivalent

ALE are the main structural components in extracellular bio-
polymers, and has been identified as the promising substitute for com-
mercial alginates [1,5]. The alginate equivalent is the important
parameter for evaluating the purity of alginate, which represents the
highly valuable products in the biopolymers [10,25] and as depicted in
Fig. 2. It indicates that the average alginate equivalent of different ALE
was as high as 550 mg/g ALE. Moreover, with starch as carbon source, or
at C/N = 5.0, or temperature > 18 °C, the alginate equivalent of ALE
considerably reached to the highest level, up to 650 mg/g ALE.

3.3. Composition content

Different compositions were measured to analyze the constitutes in
ALE and the results are shown in Fig. 3. As shown in Fig. 3, PN and PS
were the major constituents in ALE and the corresponding amounts
ranged of 300-470 mg/g ALE and 100-230 mg/g ALE, respectively. PN
were significantly enriched in the biopolymers, characterized by the
high PN/PS ratios of 2.2-4.1 except for the flocculent sludge fed with
starch as carbon source (PN/PS = 1.5) and temperature at 24 °C (PN/PS
= 1.8). Moreover, the DNA content was at the similar range of 10-23
mg/g ALE in different ALE, which indicated that the release of intra-
cellular DNA from the cell lysis and extracellular DNA from extracellular
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Fig. 1. Alginate like extracellular polymers (ALE) extracted from flocculent sludge cultured with different operational parameters.
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Fig. 2. Alginate equivalents in the alginate like extracellular polymers (ALE).

biopolymers could be at the same level.

3.4. Gel-forming capacity

The fractions of the isolated biopolymers including a family of co-
polymers comprising of mannuronic acid (M) and guluronic acid (G)
units were in an irregular block pattern of varying proportions of GG,
MG and MM blocks. Their proportion, distribution and length deter-
mined the chemical and physical properties of alginate molecules [28].
The fractions of mannuronic acid (M) and guluronic acid (G) poly-units
in the biopolymers were applied to evaluate the gel-forming capacity of
the biopolymers [22,28]. As shown in Fig. 4, the recovery yields of
different blocks were at 40%-65%, with about 20%-35% GG blocks and
12%-28% MG blocks in the chemical structure of all the biopolymers.
Moreover, the monomer ratios of G:M of the biopolymers from different
flocculent sludge was at the range of 2.0-3.0. The GG-rich ALE flocs
benefited the flocculent sludge that formed a compact gel structure due
to its higher affinity towards divalent cations than the other two blocks
[28,32]. These results were consistent with the above analysis of algi-
nate equivalent and also demonstrated that ALE was the important

structure in the flocculent sludge biopolymers.

According to Lee and Mooney [33] and Hay et al. [34], furthermore,
the ionic hydrogel properties of ALE were also tested by dripping in Ca®*
solution to evaluate the capacity of forming hydrogel. The results
revealed that Ca®t-ALE beads (cross-linked through Ca®" ions) dis-
played the great ionic hydrogel forming property among different ALE,
which demonstrated that there was a hydrogel being stabilized by
divalent ions and represented the similar gel formation to commercial
alginate.

In summary, the above experimental results indicated that the
compositions and characteristics of ALE were reformed by different
operational parameters, but the high purity and the special physical and
chemical properties indicated that ALE in flocculent sludge were the
promising substitutes to commercial alginate. On the other hands, the
ALE yield was relatively low in flocculent sludge, but the results
demonstrated that adjusting or optimizing some parameters in biolog-
ical systems might be favorable to the ALE formation. Therefore, the
associated mechanisms of different factors involving in the ALE forma-
tion were analyzed in the following sections to conclude the optimal
strategies for the high production of ALE.
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4. Controlling factors and involved mechanisms
4.1. Carbon sources

As shown in Fig. 1, the ALE extraction revealed that the influent with
starch as carbon source had a noticeable effect on forming ALE in floc-
culent sludge and the production reached up to the highest level of 220.3
+ 8.0 mg/g VSS, followed by sodium acetate (156.4 + 1.2 mg/g VSS)
and glucose (125.7 + 4.3 mg/g VSS). Similarly, Gonzalez-Garcia et al.
[35] also found that starch as carbon source contributed to bio-
synthesizing more extracellular polymers than glucose, galactose and
xylose for the marine bacterium. Moreover, Wang et al. [36] demon-
strated that the biopolymers were slightly higher in sludge samples
cultivated with starch than that of glucose.

These results indicated that large molecule organic (such as starch)
was more favorable for biopolymers/ALE synthesis than small molecules
organics (like glucose and sodium acetate). It might be due to that starch
could not only serve as a carbon source but also play a key role in
adsorption bridging for bacterial proliferation [37]. According to the

extended derjaguin-laudau-verwey-overbeek theory (XDLVO), an ag-
gregation matrix forms when the distance between bacteria is shortened
enough to overcome the maximum repulsive force [38]. Macromolec-
ular organic matters could directly shorten the energy potential barrier
and rapidly form stable sludge flocs [38], which was proved by better
sludge flocculation performance of starch-rich sludge than glucose and
sodium acetate in the culturation process. Moreover, the UV-Visible
spectra are depicted in Fig. S6 and the evaluated parameters are listed in
Table 2. The E5/E3, SUVA 354 and E5/E4 value of the starch-rich ALE were
the lowest, at 4.30, 2.75 and 5.00, respectively, which means the low
content of aromaticity and aliphatic compounds. Also, E4/E¢ of starch-
rich ALE was the highest, at 2.38, which indicated that it was at the
low degree of humification and aromaticity. In all, the starch-rich ALE
performed the higher adsorption bridging capacities and had more large
molecular organics in the extracellular biopolymers than others ALE
[27,39,40].

As for small molecular organics such as sodium acetate and glucose,
the sludge fed with sodium acetate was more favorable than glucose for
the formation of biopolymers [16]. More easily biodegradable organics
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Table 2
Results of UV-Visible spectra [27,39,40].
Parameters  Glucose  Starch  Sodium Functions
acetate
Ez/E3* 5.05 4.30 5.12 Molecular weight of dissolved
organic materials (DOM)
SUVApss " 4.73 2.75 3.34 Unsaturated structural
components
Ey/E4 ¢ 5.89 5.00 5.27 Condensation degree of humic
substances
E4/Eq 2.25 2.38 2.32 Humification and aromaticity
degree

@ E,/E3, the UV-Visible absorbance ratio at 250 and 365 nm, which reflects
the molecular weight of dissolved organic materials (DOM) contained in ALE
extraction.

b SUVA 254, the value of the UV-Vis absorbance at 254 nm normalized by per
mg TOC of ALE extraction, which indicates that the absorbance of unit TOC (mg/
L) at 254 nm and reflects the unsaturated structural components in ALE
extraction.

¢ E,/Ey4, the ratio of absorbance at wavelengths of 240 and 420 nm, which is
inversely proportional to the condensation degree of humic substances.

4 E,/Eg, the absorbance ratio at 465 and 665 nm, which represents the in-
formation of humification and aromaticity degree.

such as sodium acetate were involved in the electron transfer and energy
metabolism processes and could promote a higher level of extracellular
enzymes in the extracellular matrix [41]. Moreover, readily biode-
gradable organic substrates like sodium acetate could directly cross the
cell membrane and enter cell interior to be easily converted into acetyl
Co-A and thus participate in the tricarboxylic acid (TCA) cycle. How-
ever, complex organic substances (starch, sucrose, etc.) need to be hy-
drolyzed and broken into small molecules by a multi-step bioreactions
[16]. Therefore, a high level of enzymes including extracellular enzymes
were likely involved in the complex organic metabolism [42], which
was also confirmed by the higher proteins content in ALE, as shown in
Fig. 3.

4.2. Organic load (L)

With different organic load (L), ALE production was about 160 mg/g
VSS, which implied that the influent organic load seemed nothing to do
with ALE formation. Indeed, there was also no obvious difference on
biomass produced between different influent organics by measuring the
observed biomass yield (Yops) in Corsino et al. [43]. Moreover, the
specific ALE yields (Yare/Bops) were calculated to evaluated the ALE
production for per gram organics (BODs) consumption and the results
are shown in Table 3. Table 3 showed that Yarr/pops = 63.7 mg ALE/(g
BODs) at L = 0.20 kg BODs/kg VSS-d was twice as high as at L = 0.36

Table 3
Specific alginate like extracellular polymers (ALE) yields (Yarr/sops) and fluo-
rescence spectroscopy analysis [45].

Different regions by three-dimensional

Organic Yare,
load ALE . BoDS excitation-emission matrix (3D-EEM)
(kg extraction mg fluorescence spectroscopy *
(mg/g
BODs/kg ooy ALE/g  Flyl  Flull Flu  FlulV  FluVv
VSS-d) BODs) I
0.20 159.3 + 63.7 0.9% 2.7% 2.4% 55.7% 38.4%
2.4
0.36 158.9 + 36.3 1.1% 3.3% 1.5% 62.8% 31.3%
4.2
0.50 165.5 + 26.5 1.2% 3.5% 2.1% 62.1% 31.1%
3.0

# Flu I and Flu II indicate aromatic protein-like substances (aromatic protein I
and II), respectively. Flu IV represents soluble microbial by-product-like sub-
stances (SMPs) and protein-derived compounds. Flu III and Flu V include fulvic
acid-like and humic acid-like organics.
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and 0.50 kg BODs/(kg VSS-d), 36.3 and 26.5 mg ALE/(g BODs),
respectively. The possible mechanism might be attributed to that a large
part of organic matters would be oxidized and decomposed to carbon
dioxide under a high organic load to provide the energy for cellular
metabolism and microbial proliferation rather than biosynthesize bio-
polymers. On the other hand, the utilized efficiency of organics at low
organic load was higher and promoted extracellular structural bio-
polymers formation [44]. In this study, 3D-EEM fluorescence spectros-
copy results of ALE are shown in Fig. 5. It depicted that the fraction of
soluble microbial products (SMPs) in ALE (Region IV as shown in
Table 3) increased obviously along with the increase of organic load,
which proved the higher organic oxidation rather than the biosynthesis
for the biopolymers formation.

Moreover, the content of PN decreased from approximately 400 mg/
g ALE to 320 mg/g ALE with the increase of organic load, while PS was
almost identical, at about 150 mg/g ALE. It was due to that the micro-
organisms would produce more exoenzymes or exoproteins outside the
cells to maintain the stable metabolism under the conditions of lower
organic deprivation and the chronic starvation. Furthermore, low
organic load could promote the high content of PN in biopolymers
matrix [44]. Also, the alginate equivalent of ALE also increased from
572.4 + 10.3 mg/g ALE to 634.2 + 3.0 mg/g ALE with decreasing
organic load, which implied that more alginate formed under low
organic load.

4.3. Substrate (carbon over nitrogen, C/N)

Fig. 1 showed that the ALE formation in flocculent sludge was also
influenced by the C/N ratio. The ALE extraction reached to a peak of
137.8 + 13.2 mg/g VSS at C/N = 5.0. On the contrary, the production
declined slightly with increasing or decreasing C/N. A profound
emphasis in several reports were given that C/N was associated with
ALE production [15,17,18]. However, there was no a fixed favorable C/
N ratio, for example, an optimum C/N ratio was at 0.5 mentioned by Liu
et al. [15], but it was at 20 suggested by Ye et al. [17]and even at 40
reported by Durmaz and Sanin [46].

The results of PN and PS showed that C/N ratio had significant effects
on the components of ALE. With decreasing C/N, the PN content
increased, whereas the PS content decreased, which resulted in a rise on
the PN/PS ratio. The functional groups of ALE, commercial alginate and
three different polysaccharides (sodium acetate, glucose and starch)
were detected by FT-IR and the results are illustrated in Fig. 6. Fig. 6
illustrates that the functional groups of ALE were significant different
from the completely polysaccharides, but they were much similar to the
commercial alginate, which indicates that ALE extracted from the floc-
culent sludge seem to have the similar characters as compared to the
commercial alginate.

The different corresponding band assignments are also listed in
Table 4. Among them, Amide I region (1700-1600 cm’l) of ALE sug-
gested their PN compositions were markedly different, which indicated
that ALE formation at a low C/N ratio had more protein-like substances.
Moreover, the band near 1136 cm ! (C-O-C stretching vibrations
belonging to carbohydrate) and 1072 cm™' (C-H in-plane bending
belonging to polysaccharides) also represented more polysaccharide
dominated structures in the biopolymers at high ratio of C/N. Moreover,
there are also significant differences in the bands, like C-H stretching at
2930 em™! (CH, groups) and 2960 cm™! (CH3 groups). Increasing ni-
trogen concentration (a low C/N ratio) favored protein synthesis in
sludge matrix and decreased the extracellular polysaccharide accumu-
lation due to that almost all carbon sources would be consumed for
microbial proliferation and metabolism [17,47,48]. Moreover, shortage
of carbon source could result in cellular autolysis and endogenous
respiration and thus promote more exoenzyme protein [20,50]. Also, a
high C/N ratio would be favorable for microbial synthesis of poly-
saccharide due to the increase of ATP content [50].

The quantitative similarity of chemical functional groups between
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Fig. 5. Three-dimensional excitation-emission matrix (3D-EEM) fluorescence spectroscopy of the alginate like extracellular polymers (ALE).
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Fig. 6. Fourier transform infrared (FT-IR) spectra of different alginate like extracellular polymers (ALE), commercial alginate and other three polysaccharides

(sodium acetate, glucose and starch).

Table 4
Different band assignments for the FT-IR spectral features (em™ ) of alginate like
extracellular polymers (ALE) [51-54].

Wavenumber Vibration types Corresponding groups
(em™)
950 0O-P-O stretching Nucleic acids
1072 C-H in-plane bending Polysaccharides
1233 C-N stretching; C-OH Amide III;
stretching Polysaccharides
1393 C-H stretching in —-CHj3 Amines and Lipids
1450 CHj; bending, CH; stretching Methyl, Methylene
1530 C-H stretching, N-H bending Amide II
1655 C = O stretching Amide I
2930 C-H stretching (CH; groups) Carbohydrates and Lipids
2960 C-H stretching (CH3 groups) Carbohydrates and Lipids

ALE in different flocculent sludge and commercial alginate, reached up
to 58.5% for C/N = 3.0 and 63.2% for C/N = 7.0, while it reached to
highest level at 69.2% for C/N = 5.0. Moreover, at C/N = 5.0, the
corresponding alginate equivalent (as shown in Fig. 2) reached to a
maximum of 687.1 + 9.6 mg/g ALE, while it was only at 583.9 + 4.7
mg/g ALE and 598.2 + 6.5 mg/g ALE for C/N = 3.0 and 7.0, respec-
tively. Clearly, the optimal C/N had a noticeably positive effect on
promoting the production of the alginate in extracted ALE.

4.4. Temperature

The previous studies have revealed that the temperature was one of
the most important parameters influencing ALE formation in sludge

[18,21]. The experimental results in this study also showed that there
was a sharp decline of ALE production along with the increasing tem-
perature. At T = 12 °C, ALE extraction was at 303.3 + 21.5 mg/g VSS,
and rapidly decreased to 165.5 & 3.0 mg/g VSS at 18 °C and 132.7 +
1.2 mg/g VSS at 24 °C, respectively. However, Sutherland [49] and
Nichols et al. [55] reported that the decrease of temperature could cause
a decline on growth rate and the synthesis of cell wall polymer, which
made more precursors available for biopolymers synthesis. Similarly,
Gao et al. [56] also supported that the biopolymers in flocs gradually
decreased with increasing temperature, while the soluble biopolymers
in supernatant gradually increased. It might be due to that the trans-
ferring capacities of nutrient and oxygen were significantly low and the
viscosity of sludge also increased at low temperature, which caused the
flocs gathering in clusters tightly and extracellular substances were
wrapped to form a dense colloidal network. Thus, enzymatic activities,
electron transfer capacities as well as substance conversion capacities
would be hindered seriously, resulting in low metabolites including
structural extracellular biopolymers [49]. Meanwhile, 3D-EEM fluores-
cence spectroscopy are depicted in Fig. S7 and the fractions analysis is
described in Fig. 7. It showed the obviously higher fluorescence intensity
of solubility-like microbial metabolites and protein-derived compounds
fractions (Region Flu IV) at 24 °C than that of at 12 °C, while fulvic acid-
like and humic acid-like substances (Region Flu V) were lower at high
temperature. It implies that bacterial metabolism was indeed disrupted
at low temperature, as described above.

However, the alginate equivalent at low temperature (12 °C) was
only at 567.6 + 12.3 mg/g ALE, which was much lower than 677.3 +
20.5mg/g ALE at 24 °C. These results indicated that the increase of ALE
in flocculent sludge matrix at low temperature was other content such as
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Fig. 7. Fractions of the alginate like extracellular polymers (ALE) by three-
dimensional excitation-emission matrix (3D-EEM) fluorescence spectroscopy.

humic substances rather than the structural alginate polymers. This was
also consistent with the G and M fractions, as shown in Fig. 4.

Moreover, 1.0 mL per drop of extracted ALE was also dripped into a
2.5% (w/v) CaCl, solution to evaluate the formation of drop-shaped
Ca’*-ALE beads (cross-linked through cat ions), which demonstrated
the ionic hydrogel forming property [22,28]. The ALE was cross-linked
in the CaCl; solution at room temperature for about 16-18 h and the
average diameter of hydrogel was measured and evaluated. The results
were depicted in Fig. 8, which reveals that Ca?"-ALE beads displayed
different hydrogel forming properties between different ALE at different
temperature. As also shown in Fig. 8, the ionic hydrogel properties of
ALE at 12 °C were also of poor performance (loosely hydrogel at about
24 mm) than ALE at 18 °C (about 13 mm) and 24 °C (about 11 mm),
which implies that the temperature would affect the hydrogel abilities of
ALE, i.e., low temperature was not favorable for the high purification of
alginate (main hydrogel forming structure) of the ALE production. There
were also significant changes of PN and PS content. PN decreased from
468.6 + 1.6 mg/g ALE to 351.0 + 34.1 mg/g ALE with temperature
increased, while PS showed an increase from 114.3 + 6.3 mg/g ALE to
149.3 + 11.0 mg/g ALE. Similar results were also observed by Neyens
et al. [57].

4.5. Solid retention times (SRT)

The results at different SRT showed that ALE extraction was all at the
range of 190-200 mg/g VSS. PN and PS were at the range of 400-420
mg/g ALE and 100-120 mg/g ALE, respectively, which indicated that
SRT had minor effect on ALE formation and their compositions. By
contrast, Duan et al. [58] gave a totally different idea; they concluded
that a short SRT implied a relatively faster and higher active microbial

T=12°C

=== = —

—_—

T=18°C
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metabolism and a shift of dominant bacterial populations, resulting in
more extracellular carbohydrate and protein accumulated in the bio-
polymers. The settleability and compressibility of the sludge with
different SRT were associated with the extracellular biopolymers and
the flocculation performance. A long SRT apparently realized a better
sludge flocculation and a better settling capacity [18,21,59,60]. In this
study, however, there was no difference between sludge flocculation and
the settling capacity at different SRT. Anyway, different SRT still needs
to be further investigated.

5. Further analysis and outlook
5.1. Principal component analyses (PCA)

Since the PCA is based on the correlation matrix, the results can be
interpreted as the correlations of the original correlated environmental/
operational factors with each uncorrelated variables (principal compo-
nents, PCs) and the behaviors of each variable is ascribed to each loading
value [61]. The results of loadings for the different culturation param-
eters in the five PCs are given in Table S8. Moreover, Fig. 9 showed the
biplot of the first 2 PCs to visualize the combined behaviors of significant
parameters that affect ALE formation, which revealed that PCA reduced
the dimensionality into two significant principal components (PCs) that
represented around 80.2% of the total variance (PC1 = 42.7%, PC2 =
37.5%). Based on the highest total variance of 42.7% in PC1, carbon
sources and C/N presented the high negative loading values, which
indicated that PC1 decreased with increasing carbon sources and C/N.
Moreover, temperature had a relatively highly positive loading in PC1
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Fig. 9. Loading biplot for principal component analysis (PCA) for the corre-
lations of operational parameters with the alginate like extracellular polymers
(ALE) formation.

Fig. 8. Ionic hydrogel properties of the alginate like extracellular polymers (ALE).
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(0.60). Therefore, the parameters in PC1 could be effective to describe
the behaviors of carbon/nitrogen sources and temperature performance.
PC2 explained about 37.5% of the total variance, and the effects of
carbon sources on PC2 were diminished since it had very low absolute
loadings (0.31). The PC3 was largely correlated to organic load rate
(0.83) and SRT (0.51) although presenting only 19.5% of the explained
variance.

The PCA results revealed that biopolymers content correlated with
carbon sources, substrate and temperature. Among them, temperature
was a key factor that affected ALE formation, followed by carbon sources
and substrate (C/N). By contrast, organic load had little effect on ALE
production.

5.2. Highly valuable biopolymers recovery

In summary, it is important to figure out the optimal conditions for
the biopolymers/ALE formation for the perspective of highly valuable
biopolymers recovery from flocculent sludge. In practice, it should also
be considered that the environmental/operational conditions are suit-
able for a high efficiency of BNR process. Starch and temperature are
two significant contributory factors to improving ALE production.
However, some scenarios with starch-rich could only enhance the ALE
production. Moreover, low temperature only occurs in the winter but is
not favorable to BNR process. Adjusting the influent characteristics,
including C/N and organic load in the BNR processes without affecting
the effluent quality of WWTPs, would be also some approaches to
maximizing the ALE production. Moreover, the results also imply that it
would be possible to achieve a directional cultivation of the bio-
polymers/ALE with different proportions of polysaccharide or protein
and even with some special chemical/physical properties. Therefore, the
feasible applications or economic benefits for highly valuable bio-
materials recovery could be improved.

On the other hand, all of these parameters are working together on
forming ALE in practice, thus the multi factors instead of independent
variables should be paid more attention for ascertaining the optimal
strategies on ALE formation and characteristics in flocculent sludge in
future study.

6. Conclusions

Alginate like extracellular polymers (ALE) recovered from excess
flocculent sludge has been identified as a kind of highly valuable bio-
materials for potential applications. However, ALE extraction from
flocculent sludge is often limited by the low level of ALE formation in
flocs matrixes. With the study, the key factors and associated mecha-
nisms controlling the ALE formation were experimentally identified for
flocculent sludge to improve the ALE production from flocculent sludge.
Based on the production and recovery of the biopolymers from floccu-
lent sludge, the influences of carbon sources, organic load, substrate (C/
N), temperature and solid retention times (SRT) on alginate like extra-
cellular polymers (ALE) formation were basically identified and evalu-
ated with this study. The experimental results indicate that carbon
sources and temperature had the major effects on the ALE formation.
The ALE production could reach to 220.3 + 8.0 mg/g VSS with starch
being carbon source, which was higher than sodium acetate and glucose.
In addition, low temperature was more favorable to enriching extra-
cellular biopolymers, and the ALE production could reach to 303.3 +
21.5mg/g VSS at 12 °C. Moreover, a higher organic load could decrease
the specific ALE yields (Yarg/Bops). C:N = 5:1 in the influent could
contribute a highest ALE production among different C/N ratios, up to
137.8 £ 13.2 mg/g VSS. Interestingly, SRT had a minor effect on the
ALE production, always ranging from 190 to 200 mg/g VSS under
different SRTs. The PCA analysis confirmed that temperature was a key
factor affecting the ALE formation, followed by carbon sources and
substrate (C/N). On the other hand, there were the noticeable differ-
ences on the fractions and chemical properties of the ALE under different
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working conditions. In summary, adjusting or optimizing operational
parameters could improve the ALE formation in flocculent sludge and
thus promote the highly valuable materials’ recovery from conventional
WWTPs. Moreover, the study also concludes that the directional culti-
vation of the biopolymers/ALE with some special chemical/physical
properties could be an approach to improving the value of recovered
biomaterials and expend the potential applications.
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