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ABSTRACT

This study was carried out to evaluate the settleability and dewaterability of mixed micro-
organisms according to the changes in sludge retention time (SRT) after mixing granulated
methane-oxidizing bacteria and activated sludge (AS). The results of increasing SRT of
microorganisms from 15 to 20days showed that the settling rate of microorganisms
increased, while specific resistance to filtration decreased. From the results of analyzing
extracellular polymeric substances (EPS), no significant change was found in the bound
EPS, but total soluble EPS showed a tendency to decrease as the SRT increased from 15 to
20days. The average particle size of the mixed microorganisms was two to three times lar-
ger than that of the general AS, and as the SRT increased, the average particle size also
increased, indicating that there is a close correlation between SRT and granule formation.
The results of analyzing microbial community in SRT 15 and 20days showed the
dominance of Proteobacteria at long SRT.

Keywords: Aerobic granule; Methane-oxidizing bacteria; Settleability; Specific resistance to
filtration; Extracellular polymeric substances

1. Introduction sludge. Settling and dewatering characteristics of
sludge are considered as important in adjusting the
treatment process appropriately. The settling and
dewatering characteristics of activated sludge (AS)
can vary depending on the operating conditions and
characteristics of the sludge. Studies on the granules
have been conducted as an effective method for
improving settleability and dewaterability of AS
[2,3].

In general, biological sewage treatment systems,
a large amount of sludge occurs, and spacious
grounds for various facilities, such as aeration tank
and secondary clarifier, are required [1]. One of the
most important operating factors of a biological
treatment system is the solid-liquid separation of
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Studies on the granular sludge began with the
development of the upflow anaerobic sludge blanket
reactor in the late 1970s, and the formation and
application of aerobic granules were studied until the
late 1990s. Meanwhile, since anaerobic granular
sludge has its shortcomings, such as long-term opera-
tion, relatively higher operating temperature, diffi-
culty in long-term persistence in high concentrations
of organic wastewater, and low efficiency in eliminat-
ing nutrients of nitrogen and phosphorus from the
sewage, an interest in aerobic granules has increased
[4,5]. The first experiment on aerobic granules was
done by using pure oxygen in the continuous aerobic
upflow sludge blanket reactor by Mishima and
Nakamura [6].

The aerobic granular sludge has physical, chemi-
cal, and biological characteristics, and each character-
istic shows the difference in typical sewage treatment
microorganisms, such as AS. The physical characteris-
tics of aerobic granular sludge include less than
sludge volume index (SVI) 80mL/g of sludge settlea-
bility and maintenance of physical granule stability
caused by the higher specific gravity compared with
flocculent sludge due to the high density of microor-
ganisms and compact structure [7]. The chemical char-
acteristics of aerobic granules can be explained by the
increase in the hydrophobicity of cells leading to the
increase in Gibbs energy, when self-aggregates
between cells are formed to create granules [7,8].
In addition, extracellular polymeric substances
(EPS), which formed due to the metabolism of micro-
organisms, contain protein, polysaccharide, humic
acids, nucleic acids, and lipids as their major compo-
nents, whose concentration appears higher in aerobic
granules than flocculent sludge [9,10]. As biological
characteristics, aerobic granules form a microbial com-
munity with a variety of substrates (glucose, acetate,
ethanol, phenol, etc.), while granule characteristics
and forms vary [11,12].

As a Gram-negative aerobic bacteria using methane
as a carbon source, methane-oxidizing bacteria (MOB)
can be seen in multiple environments in which methane
is generated, such as swamps, rivers, mud, fallen leav-
ens, sewage sludge, etc. [13,14]. The previous researches
on MOB have focused on the removal of nutrients,
contaminants, and nonbiodegradable pollutants such as
trichloroethylene [15,16], and there was no studies on
the settling and dewatering using the MOB.

This study was designed to identify the charac-
teristics of settling and dewaterability according to
the changes in sludge retention time (SRT) of mixed
microorganisms by mixing granulated MOB with AS
in terms of their physicochemical and biological
properties.
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2. Materials and methods

2.1. Cultivation and granule formation of methane-
oxidizing bacteria

For the cultivation of MOB, the top soil from land-
fill whose adulterants were removed through a series
of sieves 50 was mixed with a 200mL modified
nitrate-minimal salt (NMS) medium prepared accord-
ing to Best and Higgins [17] and then put in a 350 mL
Erlenmeyer flask. The opening of the flask was cov-
ered with a silicon stopper, and then methane gas
was injected into the flask with 20% of the head space
using a syringe, which was agitated in the shaking
incubator after sealing. A supernatant (100mL) was
then injected into a new NMS medium after incuba-
tion for one day under the culture conditions of 30°C
incubation temperature and 150rpm agitation speed,
which was repeated several times for the cultivate
MOB. The MOBs were transferred to the mixed reac-
tor shown in Fig. 1, and the reactor was operated for
30days to facilitate formation of granules. After gran-
ule formation, granular methane-oxidizing bacteria
(GMOB) was maintained at the SRT 20 days.

2.2. Mixing of GMOB and AS

The AS process used in the experiments as an
anaerobic oxic (A/O) process, it was composed of an
anaerobic tank, an aeration tank, and a clarifier, and
the effective capacity was 3.5, 6, and 2.5L, respec-
tively, while hydraulic retention time was 8h based
on the aeration tank. An experiment was conducted
by seeding the aeration tank sludge of the sewage
treatment plant, and the influent was operated at
COD,, 150-200mg/L, NH;-N 30-50mg/L, PO -P
10mg/L, and alkalinity 300mg/L (as CaCOj3). The AS
process was operated at the SRT 20days, and the
experiment was done at 20°C.

Fig. 1 shows a reactor in which the aeration tank
AS of the A/O process is mixed in GMOB of equal pro-
portions of 1:1. In the mixed (GMOB and AS) reactor,
methane and oxygen were injected into the gas dissolu-
tion tank at 10mL/min, respectively, along with the
influent, and the dissolved methane and oxygen were
introduced into the mixed reactor through the bottom
of the reactor, which was then stirred up by the agita-
tor for granulation of the mixed AS and methane-
oxidizing bacteria. The dissolved oxygen concentration
in the gas dissolution tank was maintained at 1.3—-
1.7mg/L and that of granulation tank at 0.2-0.7 mg/L.
The capacity of the gas dissolution tank and the mixed
reactor was 1.2 and 4.5L, respectively, while residence
time was 1.6 and 6 h, respectively. The pH of the influ-
ent was 6.9-7.4, and the temperature of the reactor was
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Fig. 1. Schematic diagram of mixed microorganisms reactor.

Table 1
Major constituents in the influent of the mixed reactor

Constituents Typical range Chemicals used
NH;-N (mg/L) 50-100 NH,Cl1
NO;-N (mg/L) 10-20 KNO;
PO; -P (mg/L) 10 KH,PO,, K,HPO,
Trace elements (mg/L) 2 MgSO,-7H,0

5 CaCl,-2H,0

0.6 FeSO,7H,O

1 MnSO,-5H,O

1 CuSO4-5H,0

maintained at 20°C. The influent characteristics of the
mixed reactor are shown in Table 1.

2.3. Experimental methods

2.3.1. Filterability and specific resistance to filtration
test

Filterability and Specific resistance to filtration
(SRF) experiments were conducted to evaluate
dewaterablity, in which microorganisms were taken at
SRT 15day, 17 day, and 20day from the mixed reac-
tor, and the amount of filtrate dehydrated depending
on the elapsed time was measured at 2,000 and
4,000mg/L. The SRF was calculated by using What-
man No. 1 at 51kPa [18].

In the settleability and sludge settling velocity
experiments, mixed microorganisms of GMOB and AS

B : Gas dissolution tank
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were injected into a mass cylinder with a 300mL
capacity. Settling velocity were obtained by measuring
sludge blanket, depending on the time elapsed. For
the SVI, mixed microorganisms were injected into a
100-mL mass cylinder at SRT 15 day, 17 day, and 20
day, respectively, and the settled sludge volume was
measured in 30min. The SRF was calculated as
follows: the modulus of volume change in sludge
filtration is

dv PA? 1
dt  u(rCV + RnA) M
where P is the pressure of filtration (N/m?), A is the
area of the filter paper (m?), u is the viscosity of the
filtrate (N-s/m?), r is the SRF (m/ kg), C is the weight
of the dry solids per volume of filtrate (kg/m?), V is
the volume of the filtrate (m®), and R,, is the resis-
tance on the medium (1/m). (R, was ignored as it
had a very small value compared with the resistance
on the sludge cake.)

dt w’CV n UR

dV = PA?" " PA @)
where dt/dV is a linear equation on the Y-axis, and V
on the X-axis. If r is calculated from a slope, b, on the
plot of dt/dV versus V, Eq. (3) can be used for
calculating 7, and C can be also calculated as shown
in Eq. (4).
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where C. is the cake suspended solid
concentration and Cg is the slurry suspended solid
concentration.

2.3.2. EPS analysis

In general, EPS is divided into bound EPS and solu-
ble EPS [19]. In the case of soluble EPS, effluent of
mixed reactor was centrifuged at 4,000g at 4°C for
20min to analyze EPS, while the EPS of mixed organ-
isms according to SRT was extracted, respectively, in
bound EPS. To extract EPS, a supernatant was removed
through centrifugation at 4,000 g at 4°C for 20 min, and
residual microorganisms were extracted by using the
Comte et al. method [20]. A total of four components of
EPS, such as protein, polysaccharide, humic substance,
and uronic acid, were analyzed. In the case of protein,
absorbance was measured at 750 nm using the Lowry
method that uses bovin serum albumin as a standard
protein [21]. Polysaccharide was analyzed by means of
the phenol/sulfuric acid method used by Dubois et al.
[22] that uses glucose as a standard, which was mea-
sured at 490nm [22,23]. Humic substance was mea-
sured at 630 nm by using the modified Lowry method
in which humic acid is used as a standard [24]. Uronic
acid was measured at 520nm by using the m-hydrox-
ydiphenyl sulfuric acid method of Blumenkrantz and
Asboe-Hansen et al. [25]. Total EPS was obtained from
the sum of the four components, and protein/polysac-
charide (PN/PS) ratio was calculated by dividing
polysaccharide into protein.

2.3.3. Particle size analysis

The particle size analysis of mixed microorganisms
taken from SRT 15 day, 17 day, and 20 day was
performed by using Malvern Mastersizer 2000
(Malvern Instruments Ltd. UK), and all samples were
measured by repeating them 10 times to indicate the
mean value.

2.3.4. Comparison of microbial communities

To observe microbial community in SRT 15 day and
20day of mixed microorganisms, genomic DNA was
extracted from collected samples using the FastDNA
SPIN kit for Soil (MP Biomedicals, CA, USA). Bacterial
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16S rRNA genes (ranged from V1 to V3) were ampli-
fied from genomic DNA of samples using fusion prim-
ers followed by previous descriptions [26] with a 454
GS FLX Junior Sequencing system (Roche, Branford,
CT, USA). Any reads containing two or more ambigu-
ous nucleotides, average quality score <25, or short
reads (<300 bp) were filtered from raw pyrosequencing
reads. Chimera check was conducted after filtering
process, and taxonomic assignments of reads were per-
formed using the extended EzTaxon database (http://
eztaxon-e.ezbiocloud.net/) [27]. To compare samples
with different reads, the numbers of reads were nor-
malized by random subtraction. After normalized
reads, the statistical analyses of microbial communities
were conducted using the Mothur program [28].

3. Results and discussion
3.1. Filterability

Fig. 2 shows the filtration volume of mixed micro-
organisms in specific times (mixed liquor suspended
solids [MLSS] 2,000mg/L, 4,000mg/L) of SRT 15day,
17 day, and 20day. The filtration volume was small at
SRT 15days, but it increased at SRT 20 days.

The filtration volume filtrated at MLSS 2,000 mg/L
for Tmin was 13.8, 25, and 59mL at mixed microor-
ganism of SRT 15, 17, and 20days, respectively, and
that one filtered at MLSS 4,000mg/L was 7, 25, and
64mL at 15, 17, and 20days, respectively, which
shows that, as SRT increases, the filtration volume
also increases for 1min. In the case of mixing GMOB
with AS, dehydration volume decreased in the initial
stage, but it decreased by degrees.

3.2. Settling velocity and SVI

Fig. 3 shows the settling velocity of mixed microor-
ganisms according to the SRT changes. The settling
velocity showed a tendency to increase after 5min,
but it decreased sharply after 5min. The initial settling
velocity at 15-day SRT was lower compared with the
20-day SRT, and as SRT increased, settling velocity
gradually became faster. As SRT increased, settleabili-
ty improved gradually, when SVI turned out to be
122, 75, and 62mL/g at SRT 15, 17, and 20days,
respectively, which indicates that as SRT increases,
SVI decreases.

3.3. Specific resistance to filtration

Fig. 4 shows the results of the comparison of the
SRF of the mixed microorganisms. The SRF turned
out to be 8.87 x 10'>-5.20 x 10"> at MLSS 2,000mg/L,
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Fig. 2. Filtrate volume of the mixed microorganisms with respect to time elapsed at the MLSS concentrations of (a)

2,000mg/L and (b) 4,000mg/L.
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Fig. 3. Settling velocity of the mixed microorganisms with
respect to time elapsed.

and the SRF at MLSS 4,000mg/L was 5.03 x 10'2-
442 x 10", which indicates that as SRT increases, SRF
decreases. This phenomenon led to more difficulty in
the dehydration of mixed microorganisms at SRT
15days compared with that of the GMOB. In addition,
the increase in SRT resulted in improved flocculation
and sedimentation of sludge, which indicates that
there is a correlation between SRT and dewaterability
in GMOB as well [29].

The SRF used in evaluating the dewaterability of
sludge is closely related to flocculation and sedimenta-
tion characteristics of microorganisms, and it varies
depending on operating conditions and the analytical
method of the AS. In this study, the SRF of mixed
microorganisms was 5.0 x 10'2-5.2 x 10 m/kg, and it

showed a somewhat lower range of SRF 2.5 x 10"~
210 x 10" m/kg [30] in wastewater treatment plants.

In the measurement of specific resistance coeffi-
cient, as sludge concentration increases from 2,000 to
4,000mg/L, the specific resistance coefficient tends to
decrease generally. In dewaterability and settleability
test, the C. of Eq. (4) represents the remaining amount
of sludge cake after filtration, and it shows similar
values in MLSS 2,000 and 4,000mg/L in this study. In
addition, in the concentration of C, the initial slurry
volume increases from 2,000 to 4,000mg/L, C
increases, and r, the SRF, decreases.

3.4. EPS analyses

The amount and characteristics of EPS due to
changes in the SRT of mixed microorganisms of
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Fig. 4. The comparison of the resistance to filtration (SRF)
of the mixed microorganisms.
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microorganisms: (a) bound EPS of microorganisms; (b)
soluble EPS of microorganisms.

GMOB and AS are shown in Fig. 5. No significant
change was found in the total bound EPS (225.3-
245.8mg/g-VSS) despite SRT changes from 15 to
20days. The total soluble EPS of mixed microorgan-
ism was 15.7-24.5mg/L, which indicates that as SRT
increases, the concentration of soluble EPS decreases.
The concentration of soluble EPS turned out to be
high at short SRT after GMOB is mixed with AS, and
as SRT became longer, the concentration of soluble
EPS decreased, thereby improving dewaterability. It is

Table 2
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Fig. 6. Particle size distributions mixed microorganisms
according to SRT changes.

known that the dewaterability of the microbial treat-
ment process is closely related to soluble EPS, and it
is the cause of degradation in filtration performance
[31].

The composition ratio of EPS in general AS varies,
depending on extraction methods, analytical methods,
and sludge operating conditions, but the proportion of
protein and polysaccharide is higher compared with
other components in general [20,32]. In this study, the
proportion of protein and polysaccharide turned out
to be higher compared with the humic substance and
uronic acid in bound EPS, and a consistent tendency
was not found in soluble EPS. However, it was found
that the concentration of the total EPS tends to
decrease as SRT increases.

PN/PS ratios appeared similar both in bound EPS
and in soluble EPS, since they were 2.7-3.0 in bound
EPS of mixed microorganisms and 0.1-0.4 in soluble
EPS. The PN/PS ratios of AS varied depending on
operating conditions, and they were found to have a
wide range of 0.5-2.12 [20,33]. In comparison with the
results from previous studies, PN/PS ratios showed
similar ranges in bound EPS, and lower ranges of
1.6-1.9 were found in previous studies in the case of
soluble EPS [20].

Particle size distribution of the mixed microorganisms: 10, 50, and 90 percentiles

Particle diameter AS GMOB + AS 15 day
Mean particle size (um) 107 249
D50 (um)* 79 162
Dgg (pm)* 202 605

GMOB+AS 17 day ~ GMOB+AS20 day ~ GMOB 20 day
314 340 402

100 116 81

274 305 385

598 623 738

*D10, Dsp and Dgg values indicate the 10, 50, 90% of the particles measured were less than or equal to the size stated.
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Table 3
Summary of statistical analysis was obtained from pyrosequencing reads using Mothur program
Sample Analyzed Normalized Observed Estimated OTUs Shannon Good'’s
reads® reads” OTUs® (Chaol) diversity coverage
SRT 15 day 5,667 5,600 987 5,459 4.22 0.86
SRT 20 day 11,668 5,600 352 1,617 1.64 0.95

?Analyzed reads were obtained through quality filter process.
PNormalized reads were obtained using random subsampling from analyzed reads to compare between samples that have different read

numbers.

“Operational taxonomic units (OTUs) were obtained by clustering sequence reads using 97% similarity cutoff value.

SRT 15d

SRT 20d

Genus

Pseudomonas
Methylomonas
Methylophilus
Lysobacter
Methylotenera
Xanthomonadaceae_uc
Azospira

Rhodobacter
Methylophilaceae_uc
Acidovorax
Janthinobacterium
Rhodobacterales_uc_g
Methylococcaceae_uc
Pseudomonadaceae_uc
Xanthomonadales_uc_g
Methylophilales_uc_g
Proteobacteria_uc_g
Methylococcales_uc_g
Rhodocyclaceae_uc
FJ184353 g
Microvirgula
Pseudomonadales_uc_g
Alphaproteobacteria_uc_g
Rhodobacteraceae_uc
Afipla_g1

EF516180_g
Curvibacter
Methylocystis
Gammaproteobacteria_uc_g

Phylum

Proteobacteria
Bactercidetes
Actinobacteria
Verrucomicrobia
T™ME

Firmicutes
Chlorophyta
Chlorobi
Planctomycetes

H B EEEER

N EAETNEEEEN FECEEE =N

Legionella
Oxalobacteraceae_uc
Betaprotecbacteria_uc_g
Burkholderiales_uc_g
Comamonadaceae_uc
Legionellales_uc_g
Rhodocyclales_uc_g
Pseudoxanthomonas
Sphingomonas
EU409850_g
Reyranella
Rhizobiales_uc_g
Polaromonas

Bosea
Bradyrhizobiaceae_uc
Dechloromonas
Coxiellaceae_uc
Rhodospirillaceae_uc
Caulobacterales_uc_g
Methylobacillus
Bradyrhizobium
Undibacterium
Sphingomonadales_uc_g
Thiobacillus_o_uc_g
Nowvosphingoblum
EF173344_g
Propionivibrio
Legionellaceae_uc
Porphyrobacter
Nitrosospira

FR EN EEEEEEECE N EEEC

Afipia B celulomonas
Methylocystaceae_uc I Mycobacteriaceae_uc
Nitrobacter © Actinobacteria_c_uc_g
Caulobacteraceae_uc B Micrococcales_uc_g
DQO09366_o_uc_g I Cellulomonadaceae_uc
Rhodospirillales_uc_g @ Corynebacteriales_uc_g
Asticcacaulis I Actinobacteria_uc_g
Phenylobacterium I Cellulosimicrobium
Flavobacterium B Cryobacterium
Cytophagaceae_uc . Nocardia
EU104210_g Prosthecobacter
Cytophagales_uc_g ETC

Chitinophagaceae_uc
Flavobacteriaceae_uc
Lacibacter
Flavobacteriales_uc_g
Cytophagia_uc_g
Sphingobacteriales_uc_g
Flavobacteria_uc_g
Sediminibacterium
AYBE7012 g
Prolixibacter_f_uc
Terrimonas
EF516475_g

EUS79114 g
Sphingobacteria_uc_g
Bacteroidales_uc_g
AB240270_g
Prevotella
Mycobacterium

Fig. 7. Double pie charts of bacterial communities in SRT 15 and 20days were compared. Inner circle indicates phylum
composition of community and outer circle indicates genus composition of samples. The differences of communities in

SRT 15 day and 20 day were observed.



6208

3.5. Particle size distribution

Fig. 6 and Table 2 show the particle size distribu-
tion of mixed microorganisms according to SRT
changes. The average particle size distribution was
249, 314, and 340 pm at SRT 15 day, 17 day, and 20
day, respectively, which indicates that as SRT
increases, the average particle size also increases due
to the improvement of the granules. Based on the
results of the comparison between the AS and
the mixed microorganisms, the average particle size of
the mixed microorganisms was found to be 2 to 3
times larger than that of the AS, and the settleability
and the dewaterability of the particles appeared to be
high, as the granulation status of the microorganisms
improved due to the increase in SRT. The average
particle size of aerobic granules varies from 0.2 to
16 mm, depending on the kinds of substrate and oper-
ating conditions [34,35], and aerobic granules of less
than 0.5 mm were suggested as the optimum [34,36].

3.6. Comparison of microbial community

A total of 17,335 reads were obtained from two
samples and their reads sizes were normalized as
5,600 reads for the comparison of statistical values.
The necessity of normalized reads for the comparison
of samples were described previous studies [37,38].
The  microbial communities  originate  from
SRT 15days was more diverse than those from SRT
20days sample (Table 3). Estimated values of SRT
15days were higher than those of SRT 20days
samples.

The compositions of bacterial communities were
compared between two samples (Fig. 7). Phylum of
Proteobacterin was the most abundant group (81.1%
of total reads) in SRT 20days and followed by
Bacteroidetes (16.4%), while Proteobacteria (52%) and
Bacteroidetes (43.1%) were abundant groups in SRT
15days. Actinobacterian was more abundant in SRT
15days sample (4.6%) than SRT 20days (2.4%).
Pseudomonas was the most dominant genus (72% of
total reads) within Proteobacteria phylum of SRT
20day, while the proportion of Pseudomonas was
decreased in SRT 15days (4.8%). The aerobic gran-
ules by the GMOB showed the dominance of Pro-
teobacteria at long SRT. Three kinds of microbial
species were mostly found: Proteobacteria, Bacteroide-
tes, and Actinobacteria. Proteobacteria significantly
increased with the increase in SRT. Proteobacteria
are known as a dominant type of microorganism
at the time of the formation of aerobic granules
[5,39].
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4. Conclusions

Experiments were carried out by mixing GMOB
and AS and increasing SRT. Based on the results, the
following conclusions were obtained.

(1) The results of the filterability and settleabilty tests
found that filterability and settleability improved
according to changes in the SRT of the mixed
microorganisms, and  dewaterability  also
improved as SRT decreased.

(2) From the results of analyzing EPS according to
SRT changes, no significant change was found in
the bound EPS, but total soluble EPS showed a
tendency to decrease due to changes in the SRT
of mixed microorganisms, showing low concen-
tration of the soluble EPS at long SRT.

(3) The particle size distribution results showed that
the average particle size of the mixed microorgan-
isms was 2 to 3 times larger than that of the gen-
eral AS, and as SRT increased, the average particle
size also increased, indicating that there is a close
correlation between SRT and granule formation.

(4) The results of analyzing microbial community
showed that three kinds of microbial species were
mostly found: Proteobacteria, Bacteroidetes, and
Actinobacteria. Proteobacteria significantly increased
with the increase in SRT.
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