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Abstract A stand-alone down-flow hanging sponge (DHS)
systemwith a two-stage configurationwas operated for 700 days
to treat synthetic soft drink wastewater at 3000 mg/L chemical
oxygen demand (COD). Throughout the operation, >90%
COD and total organic carbon (TOC) removal efficiency
was obtained by the first stage, and a final effluent of COD
<60 mg/L (TOC <20 mg/L) was consistently maintained with
the second stage. Lower organic removal efficiency was ob-
served to closely correlate with lower pH, higher volatile fatty
acid (VFA) concentration, and higher suspended solid (SS) in
the effluent. Occasionally, biomass sloughing was observed as
a cause to unstable reactor performance in the first stage. The
microbial community of the retained biomass on the sponges
differed significantly based on spatial locations of sponges,
sampling time points, and loading shocks. In general,
Proteobacteriawere found to be more abundant in the reactor
at an organic removal efficiency >80% than that at <50%.
Specifically, operational taxonomic units closely related to
Tolumonas auensis and Rivicola pingtungensis were identi-
fied as important populations that were responsible for
degrading the major substrate in the soft drink wastewater
toward to the end of the reactor operation. In addition, high
abundance ofBacteroidetes in the reactor was speculated to be

responsible for the VFA accumulation in the effluent. This
study demonstrated that stand-alone DHS reactor could be
used in treating high-strength wastewater efficiently.

Keywords Down-flow hanging sponge (DHS) . Soft drink
wastewater . Microbial diversity . 16S rRNAgene

Introduction

On average, each American consumed approximately 41 gals
of soft drinks in 2014 (Statista 2015). Accompanied with the
soft drink consumption, wastewater with soluble and easily
biodegradable carbohydrates as the main component is pro-
duced at a concentration ranging from 1200 to 8000 mg/L as
chemical oxygen demand (COD) (Ait Hsine et al. 2005; Chen
et al. 2005). Based on the CleanWater Act (Purdue University
2007), high-organic-strength soft drink wastewater needs to
be treated to meet the regulation requirement before being
discharged to the receiving water bodies. To do so, it is often
discharged directly to a local sewage system and the food
companies need to pay the treatment cost based on volume
and organic loading to the local wastewater treatment facili-
ties. Alternatively, the wastewater can be treated on-site prior
to discharge to a local sewage system. For on-site treatments,
aerobic processes, which are less favorable (Chen et al. 2005),
can remove approximately 65% organic chemicals (Tebai and
Hadjivassilis 1992). By contrast, anaerobic processes have
beenwidely applied to treat high-organic-strength wastewater,
primarily because of their characteristics including low oper-
ation cost, high organic loading tolerance, low excessive
sludge yield, and reasonable treatment efficiency (around
80% COD removal) (Kalyuzhnyi et al. 1997). Among all the
anaerobic treatment processes, the upper-flow anaerobic
sludge blanket (UASB) process is the most favorable one to

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-017-8326-1) contains supplementary material,
which is available to authorized users.

* Wen-Tso Liu
wtliu@illinois.edu

1 Department of Civil and Environmental Engineering, University of
Illinois at Urbana-Champaign, 205 North Mathews Ave,
Urbana, IL 61801, USA

2 PepsiCo Global R&D, 3 Skyline Dr., Hawthorne, NY 10532, USA

Appl Microbiol Biotechnol (2017) 101:5925–5936
DOI 10.1007/s00253-017-8326-1

http://dx.doi.org/10.1007/s00253-017-8326-1
mailto:wtliu@illinois.edu
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-017-8326-1&domain=pdf


treat high-organic-strengthwastewater (4–12 kgCOD/daym3)
compared to the other types like anaerobic contactor, anaero-
bic filter, and anaerobic fluidized bed reactor (Liu and Liptak
1999). However, the treated effluent from anaerobic pro-
cesses still cannot be discharged directly into a natural
water body. To further polish the effluent quality, aero-
bic activated sludge processes and membrane biological
reactors have been used as post-treatment processes
(Chen et al. 2005). Due to the high cost associated with
these post-treatments, simple technology like trickling
filter has been explored but with limited treatment effi-
ciency (Chen et al. 2005).

In 1997, a post-treatment process or so-called down-
flow hanging sponge (DHS) reactor was developed
(Agrawal et al. 1997). This technology has the similar
working principle as the trickling filter, but instead of
stone, polymeric sponges are used as the supporting ma-
terial (Agrawal et al. 1997; Machdar et al. 1997). The
sponges are in direct contact with air (Tandukar et al.
2006; Tandukar et al. 2005) and can create an oxygen
gradient along the sponge depth. This setting further al-
lows the coexistence of aerobe and anaerobe growth in-
side the sponge as biofilms (Chuang et al. 2007). With
its porous structure, the amount of biomass grown inside
a sponge can be maximized. This further increases the
solid retention time (SRT) and reduces sludge yield
(Mahmoud et al. 2009). In comparison to traditional
activated sludge process, the operation and maintenance
cost for DHS is relatively low (Tandukar et al. 2005).
In general, the combination of anaerobic processes and
DHS reactors was reported to achieve at least 90% of
organic removal in most studies (El-Kamah et al. 2011;
Takahashi et al. 2011; Tawfik 2012; Wichitsathian and
Racho 2010). So far, only limited studies have
attempted to use DHS reactor as a standalone process
to treat low-strength (<1000 mg/L COD) wastewater
(Fleifle et al. 2013a; Fleifle et al. 2013b; Uemura
et al. 2010).

In this study, DHS reactor was further explored to
determine whether it can be effectively used to directly
treat high-organic-strength wastewater such as soft drink
wastewater. The performance was monitored based on
parameters including pH, COD and total organic carbon
(TOC) removal efficiencies, nitrogen species concentra-
tion, suspended solid (SS), and retained biomass con-
centration. Meanwhile, the biomass samples were taken
at different heights of the DHS system at different time
points, and the microbial community structures in those
samples were analyzed using the next-generation se-
quencing technology targeting the 16S ribosomal RNA
(rRNA) gene. The microbial community analyses re-
vealed the dynamic through the operation and helped
to identify the important microbes.

Materials and methods

Synthetic soft drink wastewater

The composition of the synthetic wastewater was prepared ac-
cording to the composition measured in real wastewater
discharged from the soft drink plant (Narihiro et al. 2015).
Fructose, glucose, and polyethylene glycol (PEG) were the
three main organic substrates (Table S1). The COD and TOC
concentrations were approximately 3000 and 1000 mg/L, re-
spectively. Ammonium bicarbonate and potassium phosphate
dibasic were added to the synthetic wastewater to provide suf-
ficient nutrient for microbial growth. Before the substrate was
fed to the system, the media were autoclaved at 121 °C and
20 psi for 60 min. The pH of the influent substrate was adjusted
to approximately 7 from day 0 and to 8.5–9 via the addition of
sodium hydroxide from day 150. To prevent media deteriora-
tion during the feeding, it was submerged in an ice bath to keep
the media bottle around 4 °C during the feeding.

Experimental setup and reactor operation

Figure 1 shows the configuration of DHS reactor used. The first
stage treatment contained two identical DHS reactors, reactor A
and reactor B, in parallel under the same condition. Each reac-
tor was 2.2 L based on sponge volume. Thirty identical poly-
urethane rectangle sponge units (35 mm × 35 mm × 30 mm)
were connected in series and placed inside a Plexiglass column
(internal diameter 14 cm; height 145 cm) with two 4-cm gaps
for air floatation. Both reactors A and B were fed with the same
substrate from the top under the same flow rate during the entire
experiment. In the second stage treatment, another DHS reactor
(reactor 2) was used and the volume of the reactor was 4.4 L
based on sponge volume. The reactor column contained two
chains of 30 sponges connected in series and received effluent
from reactors A and B. The organic loading rate (OLR) and
hydraulic retention time (HRT) were calculated based on the
sponge volume. Before the sponges were placed in the reactors
A and B, they were briefly soaked with the activated sludge
taken from a local wastewater treatment plant (Champaign, IL)
as inoculum.

The systemwas operated for 700 days under three different
phases. During the start-up phase (day 0–day 138), the HRT
was gradually decreased from 24 to 16.5 h. After the organic
removal efficiency was stabilized, the system was evaluated
with two different OLRs for 100 days by reducing HRT
(phase I). At phase II starting at day 285, both reactors A
and B were operated at an HRT of 15.3 h (4.9 kg COD/m3

sponge volume/day as OLR) for 350 days. Reactor 2 was set
up using sponges without seed sludge on day 156, and since
we mainly focused on the performance of the first stage reac-
tors, the HRTwas set at 24 h on reactor 2 throughout the entire
operation. No external aeration was provided during the

5926 Appl Microbiol Biotechnol (2017) 101:5925–5936



operation, and all reactors were covered by a black curtain to
prevent algal growth from the light explosion. Detailed oper-
ation conditions are shown in Table 1.

Chemical and physical analytical methods

Effluent water samples from all three reactors were collected
twice a week for analyses. Each water sample was filtered
through a 0.22-μm filter before recording pH value and

performing chemical measurements. COD was measured by
using the Hach® COD digestion vial, and TOCwas measured
by using Shimadzu® TOC-V Analyzer. Volatile fatty acid
(VFA) components were quantified by using the Shimadzu®
HPLC LC-20AT equipped with Hi-Plex H column from
Agilent Technologies®. Inorganic nitrogen species compo-
nents were tested once a week. Ammonia, nitrate, and nitrite
concentrations were measured by using Hach® DR 4000
Method 8155, 8171, and 8507, respectively.

Fig. 1 The schematic diagram of the DHS reactors with plots of TOC
removal efficiency recorded in each reactor. a The configuration of the
reactors. b The sponges and meshes used in the reactors. TOC removal

efficiency and pH in c effluent from reactor A, d effluent from reactor B,
and e effluent from reactor 2

Table 1 The overall operation conditions, organic removal performance, and pH value

Phase Start
day

End
day

HRT
(h)

OLR (kg
COD/m3-
sponge/day)

Average
influent TOC
(mg/L)

Organic
removal
reactor A (%)

pH
reactor A

Organic
removal
reactor B (%)

pH
reactor B

Organic
removal
reactor 2 (%)

pH
reactor 2

Start-up – 1 138 24–16.5 3.1–4.5 973 – – – – – –
Phase I i 139 184 16.5 4.5 900 82 ± 13 7.7 ± 0.7 83 ± 14 7.6 ± 1.0 96 ± 2 8.5 ± 0.7

ii 185 240 13.5 5.5 960 81 ± 16 7.9 ± 0.9 72 ± 19 7.6 ± 0.9 87 ± 14 8.8 ± 0.2
Phase II i 285 350 16.5 4.5 987 68 ± 21 7.3 ± 0.7 48 ± 16 6.9 ± 0.4 91 ± 12 8.6 ± 0.4

ii 351 700 15.3 4.9 1024 85 ± 11 7.7 ± 0.7 82 ± 13 7.5 ± 0.7 98 ± 0.6 8.9 ± 0.3

The HRT and OLR were according to the first stage reactors (reactors A and B)
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The SS and volatile suspended solid (VSS) concentrations
in the effluent of reactors A and B and in individual sponges
collected at different height were measured using standard
methods (APHA 1915). To collect the biomass in individual
sponges, the biomass was first collected by scrambling the
surface biomass and thoroughly squeezing and washing bio-
mass in the sponge out using distilled water (Onodera et al.
2013). Then, biomass obtained in the distilled water was col-
lected by centrifugation (8500 rpm, 10 min).

Biomass sampling, DNA extraction, PCR, and 16S rRNA
sequencing analysis

Biomass in sponges was sampled at different heights along the
reactor on days 476 and 666. In reactors A and B, the biomass
was taken at three different heights (sponge nos. 5, 15, and 25
from the top). For reactor 2, no. 5 and no. 10 were sampled.
On day 571, after a major sloughing happened in reactor A,
the biomass was sampled again from sponge nos. 5, 15, and
25. Detailed sampling positions of sponges are shown in
Fig. 1. After sampling, the biomass was mixed with 1×
phosphate-buffered saline (PBS) before being centrifuged
(10,000 rpm, 4 min); then, it was stored at −80 °C for further
analysis.

The genomic DNA extraction and PCR amplification were
performed as described in the previous protocol (Mei et al.
2016) with U515F forward and U909R reverse primer set
(Wang and Qian 2009). The sequencing was performed using
Illumina MiSeq Bulk 2 × 300 nt paired-end system. For se-
quencing analysis, the Mothur pipeline was first used to as-
semble the sequence to a length of approximately 394 bp and
screen and trim the raw sequences by setting 20 as the quality
score (Schloss et al. 2009). The sequences were further ana-
lyzed using QIIME 1.8.0 (Caporaso et al. 2010b) to pick op-
erational taxonomic unit (OTU) by de novo strategy at 97%
identity cutoff against the Greengenes database by using
UCLUST algorithm (Edgar 2010). Most abundant sequences
were used to represent each OTU and were aligned by using
PyNAST (Caporaso et al. 2010a). The chimeric sequences
were removed by ChimeraSlayer (Haas et al. 2011). After
assigning taxonomy to each OTU by BLAST, the relative
abundance of each OTU, alpha diversity (Chao1, observed
OTUs, and good coverage indexes) and beta diversity
(weighted Unifrac), was calculated by QIIME. The phyloge-
netic tree was constructed on ARB with neighbor-joining
method (Ludwig et al. 2004). The sequence data obtained in
this study were deposited at DDBJ under accession no.
DRA005549.

Statistical methods

Shapiro-Wilk, Kruskal-Wallis, and Spearman correlation tests
were performed in R (Kruskal and Wallis 1952; Shapiro and

Wilk 1965; Spearman 1904). Permutational multivariate anal-
ysis of variance (PERMANOVA) was used to test the signif-
icances of the differences between community structures
based on Bray-Curtis dissimilarity with 1000 permutation
(Anderson 2005).

Results

Reactor operation and performance

Figure 1 shows the organic removal efficiency of all three
reactors throughout the operation. During the start-up phase,
the HRT for reactors A and B was gradually decreased from
24 to 16.5 h, and the TOC removal efficiency gradually in-
creased to >90% at day 100. At phase I, the HRT was set at
16.5 h for 45 days and reduced to 13.5 h with the OLR in-
creased from 4.5 to 5.3 kg COD/sponge-m3. This change led
to a drop in the TOC removal efficiency from >90 to <50%
and back to >90% after 50 days. In phase II, the system was
re-started after a short holiday break, and the system perfor-
mance was evaluated with an HRT and an OLR of 15.3 h and
4.9 kg COD/sponge-m3, respectively. The average TOC re-
moval efficiencies for reactors A and B during this phase were
85 ± 11 and 83 ± 13%, respectively. Based on the Shapiro-
Wilk tests, the distribution of TOC removal efficiency of both
reactors during the entire operation did not follow a normal
distribution and theWilcoxon and Kruskal-Wallis tests further
verified that these two efficiency data sets could be considered
as nearly identical to each other.

Occasionally, poor TOC removal performance with reac-
tors A and B was observed at different time points due to
primarily biomass sloughing. On day 410, the TOC removal
efficiency in reactor A dropped to <70% after a small amount
of biomass sloughed from the sponges to the bottom of the
reactor. Twenty days after the sloughing, the removal efficien-
cy recovered to >80%. Biomass sloughing was also observed
on day 525 in reactor A and day 400 in reactor B. In both
cases, the efficiency recovered to >80% in 2 weeks after the
sloughing. A major sloughing was observed in reactor A on
day 571. Almost all the biomass on the surface of sponges no.
1 to no. 8 fell to the bottom of the reactor (pictures for the
sponges covered with biomass at different conditions shows in
Fig. S1), and the TOC removal efficiency decreased to <60%.
It took 30 days for the removal efficiency recovered back to
80%. At around day 600, a sudden drop in TOC removal
efficiency was observed with both reactors, and this was
caused by forgetting to add inorganic components (ammoni-
um and phosphorus) in the synthetic feed during preparation.
The color of the biomass on the sponges became black from
brown, and the efficiency dropped significantly to <50%.
After correcting the mistake, it took 40 days for the efficiency
recovered back to >80% for reactor A and even longer time
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for reactor B. Despite the efficiency fluctuation in reactors A
and B, reactor 2 could consistently achieve an overall efficien-
cy at 98% from day 300 and guaranteed the TOC of the efflu-
ent from reactor 2 consistently at <20 mg/L.

Correlations between TOC removal efficiency and related
parameters

Spearman correlation test was used to correlate key operation
parameters with the TOC removal efficiency. A positive corre-
lation was observed between the effluent pH and the organic
removal efficiency in both reactors A and B (Fig. 2a, b). Both
TOC removal efficiencies and pH had negative correlations with
VFA concentrations (p value <0.05). It was observed that VFA
in the effluent from reactors A andBmainly consisted of acetate,
propionate, and butyrate. When the effluent pH was >7.5, the
VFA concentration was mostly <4 mM and the TOC removal
efficiency was mostly >80%. The effluent SS concentrations
were also measured at different TOC removal efficiencies from
reactors A and B. The Spearman correlation test (p value <0.5
rho −0.65) indicated that a high effluent SS concentration cor-
related with a low TOC removal efficiency (Fig. 2e).

Nitrogen species removal

To determine the fate of ammonia added in the influent, am-
monia, nitrate, and nitrite in the influent and effluent from
reactors A, B, and 2 were measured once a week from phase
II (Fig. S2). At the beginning of phase II, the influent ammonia
concentration fluctuated as well as the effluent ammonia con-
centration, which was later identified due to biological activity
taking place in the feed bottle, and this issue was corrected by
maintaining the feed bottle at 4 °C. Table 2 shows that more
than 80% of ammonia was consumed in reactors A and B,
with an average effluent ammonia at 6.4 and 7.5 mg-N/L,
respectively. The nitrate concentrations in the effluent in both
reactors were consistently below 1 mg-N/L, and the nitrite
concentration was below detection limit. In reactor 2, all the
residual ammonia from reactors A and B was almost con-
sumed with an effluent ammonia at 0.3 mg-N/L. The effluent
nitrate was also below the detection limit. The effluent nitro-
gen species removal efficiency in reactors in A and B did not
correlate with the TOC removal efficiency.

Vertical profiles of reactor performance in the DHS
reactors

Changes of TOC, nitrogen species, and TSS/VSS along the
reactor height were only determined on day 666 when reactor
A became stable and reactor B just suffered from sloughing
(Fig. 3). To avoid any negative impact on the reactor perfor-
mance, five out 30 sponges (nos. 5, 10, 15, 20, and 25) were
taken from reactor A and reactor B. The vertical profiles of

Fig. 2 Spearman correlation between a TOC removal efficiency and
effluent pH in reactor A, b TOC removal efficiency and effluent pH in
reactor B, c effluent pH and VFA concentration, d TOC removal
efficiency and VFA concentration, and e TOC removal efficiency and
effluent SS concentrations
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TOC, ammonia, and retained biomass concentrations shared
similar trend along the reactors in both reactors. More than
50% of TOC in the influent was rapidly consumed by the first
five sponges, and the TOC removal rate was largely reduced
for the rest of the 25 sponges. More than 50% of ammonia in
influent was also consumed at the first five sponges in reactors
A and B, and the ammonia concentration was relatively stable
in the lower parts of the reactors. The nitrite and nitrate con-
centrations were stable at <2 mg-N/L in all samples taken
from different heights of both reactors.

The average VSS content attached on those five sponges
was 1.72 g/sponge for reactor A and 1.07 g/sponge for reactor
B, which corresponded to 47 and 20 mg-VSS/L-sponge, re-
spectively. The retained biomass differences between these
two reactors were also reflected on the TOC removal efficiency
on day 666, at 93.8%with reactor A and only 48.1% for reactor
B. In addition, the sponges at the lower part of reactors had the
lowest amount of retained biomass for both reactors. It reduced

from 2.1 g-VSS/sponge at no. 5 to 1.0 g-VSS/sponge at no. 25
in reactor A and from 1.1 to 0.9 g-VSS/sponge in reactor B.

Microbial population dynamics and composition

Microbial population dynamics of samples collected at differ-
ent locations and different days in the DHS system was char-
acterized using 16S rRNA-based sequencing method. On av-
erage, 468,736 16S rRNA gene sequence reads were generat-
ed in each biomass sample after removing chimeric se-
quences. Based on 97% sequence identity cutoff, these se-
quences were classified into 37,021 operational taxonomic
units (OTUs). Chao1 index indicated that these samples
contained 2.9- to 5.0-fold more OTUs than observed OTUs,
and the high good coverage (average more than 91%) sug-
gested that the obtained OTU data were sufficient to evaluate
the microbial diversity in all samples (Table S2). In reactors A
and B, the samples collected from the lower parts tended to
have higher diversity comparing with that from upper parts on
the same sampling day. The diversity in reactor A decreased
due to the losing of biomass from the reactor after the major
sloughing on day 571. Samples in reactor 2 had a similar level
of diversity to that in the lower parts in reactors A and B. The
microbial community in effluent SS samples was less diverse
than that collected in the reactors.

The principal coordinate analysis (PCoA) plots (Fig. 4)
based on weighted Unifrac were used to visualize the

Table 2 Summary of the concentration of nitrogen species from day
400 to day 700

NH3 (mg-N/L) NO2
− (mg-N/L) NO3

− (mg-N/L)

Influent 40.8 ± 8.1 0.0 ± 0.0 0.9 ± 0.4

Reactor A 6.4 ± 5.4 0.0 ± 0.0 0.8 ± 0.2

Reactor B 7.5 ± 6.6 0.0 ± 0.0 0.8 ± 0.2

Reactor 2 0.3 ± 0.6 0.0 ± 0.1 2.2 ± 1.5

Fig. 3 The vertical profiles of
TOC, retained biomass (VSS),
and nitrogen species
concentration along a reactor A
and b reactor B on day 666
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differences between samples. Table 3 summarizes the results
of PERMANOVA on the heterogeneities of the community
structures between different groups of samples. In general, the
microbial communities of the samples taken on different days
were significantly different from each other. The feeding ac-
cident significantly altered the communities in reactors A and
B, while major sloughing happened on day 571 did not. Even
though the sampling heights could significantly differentiate
samples from different parts of the reactors, a few samples
taken from the upper parts clustered with that from the middle
parts or lower parts in the PCoA plots. The samples collected
from reactor 2 were different from that in reactors A and B.
Moreover, the microbial communities in reactors were distinct

from that in effluent SS samples, and the effluent samples
were separated among each by TOC removal efficiency.

Microbial community dynamics along reactors
during the operation

Bacteroidetes, Proteobacteria, and Firmicutes were the three
major phyla found in all samples from reactors A and B and
represent 80% of all sequences (Fig. 5). The upper parts of
both reactors tended to have more Bacteroidetes than that in
other locations. The relative abundance of Proteobacteria in
the upper parts of reactor Awas the highest, while the middle
parts of reactor B had more Proteobacteria. Generally,
Firmicutes and Spirochaetes increased in both reactors during
the operation, while Acidobacteria and Gemmatimonadetes
decreased in the same period. For samples taken from reactor
2, Chlorobi and Gemmatimonadetes were two major phyla in
addition to the Bacteroidetes and Proteobacteria on day 476,
while the relative abundance of these two phyla on day 666
greatly decreased. In addition to Bacteroidetes and
Pro teobac te r ia , Firmicu te s , Sp i rochae t es , and
Actinobacteria, all increased during the operation.

The differences inmicrobial communities between samples
could also be indicated by dynamics of major OTUs with
relative abundance >3% (Fig. 6). Forty of the 53 major

Fig. 4 PCoA plots based on
weighted Unifrac of all samples
with different classifications

Table 3 Summary of PERMANOVA tests on the differences between
samples defined by different categories

Categories p value

Sampling day 0.02

Sampling heights 0.003

Effluent samples and samples in reactors 0.001

First stage samples and second stages samples 0.001

Before and after sloughing 0.525

Before and after accident 0.02
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OTUs were affiliated to Bacteroidetes and Proteobacteria,
and half of these 40 OTUs decreased during the operation in
reactors A and B. On day 666, OTUs related to
Dysgonomonas and Chryseobacterium decreased, while
OTUs related to Paludibacter and Tolumonas greatly in-
creased. The high abundance of Chlorobi observed on day
476 in reactor 2 was mainly contributed by OTU 78883,
which almost disappeared by day 666. Same finding was ob-
served with OTUs related to Gemmatimonadetes. In terms of
the effluent biomass samples, Bacteroidetes, Proteobacteria,
and Firmicutes took up >95% relative abundance in each
sample. In the samples with >80% TOC removal efficiency,
the relative abundance of Proteobacteria was >80% while in
those with <50% efficiency, this number dropped to <50%
(Fig. S3). Despite seeded with activated sludge, the microbial
communities in DHS were different from typical microbial
communities observed in activated sludge seed (Fig. S4).
Specifically, genera Paludibacter, Dysgonomonas, and
Chryseobacterium are more abundant in DHS reactors than
in activated sludge seed.

The microbial communities in the upper parts of the
reactors were likely responsible for most of the reactor
performance since the top one-sixth part of the reactor
could consume >60% organic content and nutrients in
the feed. On day 666, with the significant efficiency dif-
ferences between reactors A (93.7%) and B (48.1%), the
total abundance of Proteobacteria-related OTUs present
at the upper part of reactor A was 46.6% while it was
only 21.6% in reactor B. Specifically, OTU146451 and
OTU49038 had much higher abundance in reactor A than
samples in reactor B. For the relative abundance of
Bacteroidetes-related OTUs, the percentages in reactors
A and B were 35.7 and 52.1%, respectively, and the rel-
ative abundance of OTU144240 and OTU89277 in the
upper-part sample of reactor B was much higher than that
of the other samples.

We further determined the abundance of microbial popula-
tions involving in nitrogen, including ammonia-oxidizing
bacteria (AOB), nitrate-oxidizing bacteria (NOB), and com-
plete ammonium oxidizer (comammox) in the DHS reactors.
No AOB (Nitrosomonas sp. Nitrosococcus sp.), NOB
(Nitrospira sp.), and comammox (Nitrospira sp.) (Gonzalez-
Martinez et al. 2016) were detected in all samples from reac-
tors A and B. In reactor 2, Nitrosomonas-related OTU was
<0.01% on day 476, and Nitrospira-related OTU was <0.03%
on day 666. The common denitrifiers such as Paracoccus spp.
and Pseudomonas spp. were detected at low abundance
(<0.01%) in all reactors.

Discussion

This study demonstrated the feasibility and efficiency of using
a two-stage DHS reactor in treating high-strength wastewater.
Compared with a previous anaerobic process used to treat the
same synthetic wastewater, the DHS reactor in this study
achieved a compatible organic removal efficiency (> 98%)
at the same HRT (1.5 days) (Narihiro et al. 2015). As more
than 50% of the sponges in the lower part of reactor 2 were not
completely covered with biomass at the end of the experiment,
this observation suggested that more biomass could be devel-
oped in sponges under a higher OLR or a lower HRT. In
addition, the DHS used here did not require extra efforts that
were needed in operating an anaerobic process, such as main-
taining anaerobic conditions and mesophilic operation tem-
perature, providing recirculation, and treating off-gas (Bal
and Dhagat 2001; Bandara et al. 2011).

Being able to perform both anaerobic and aerobic reactions
was the main factor to achieve high organic removal efficien-
cy in the DHS reactor. Despite that the sponges in the reactor
were in contact with air, the redox condition inside of the
sponges was found to be anaerobic due to oxygen

Fig. 5 Phylum distributions of samples collected from day 476 and day 666 in all reactors at different locations. The relative abundance that >10% is
indicated by number (%) in on each bar
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consumption by the microbes on the surface of the sponges
(Kubota et al. 2014; Machdar et al. 2000). Therefore, part of
the substrate was aerobically degraded on the surface of the
sponges, and the remaining fraction was fermented and secret-
ed as VFAs inside the sponges. Our finding suggested that less
VFAs accumulated higher organic removal efficiency and pH
value could be achieved (Fig. 2d). Subsequently, the

fermented by-products could be degraded by both aerobes
and anaerobes attached on the sponges downstream. To
achieve good reactor performance, it would be crucial to
maintain balanced cooperation between aerobic and anaerobic
degradations and prevent the decrease in pH.

The ability of DHS in retaining biomass further enhanced
the overall organic removal efficiency. In this study, the

Fig. 6 Bubble plot indicates the relative abundance of major OTUs that >3% in at least one sample on day 476 and day 666 in all reactors
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amount of retained biomass recorded was 46.8 g-VSS/L-
sponge at an OLR of 4.9 kg COD/m3 per day, and these two
numbers were higher than reported, 12.8 g-VSS/L-sponge and
2.9 COD/m3 per day, respectively, in a DHS reactor that treats
agricultural drainage wastewater (Fleifle et al. 2013b). In ad-
dition, it was observed that the retained biomass in a DHS
reactor treating gray wastewater increased when the OLR
was increased (Tawfik et al. 2011). This study and other stud-
ies all suggested that the upper part of the DHS reactor con-
tains higher retained biomass than the lower part due to higher
OLR (Fleifle et al. 2013a; Kubota et al. 2014; Onodera et al.
2013). Once the retained biomass was developed, DHS reac-
tor could effectively treat high-strength wastewater.

The feasibility of DHS in treating the high-strength waste-
water here was also related to the organic composition of the
wastewater (i.e., glucose, fructose, and PEG), which could be
aerobically and anaerobically degraded by various microbes
(Kawai 2002; Madigan et al. 1997). Different microbial com-
munities were observed in the degradation of those organic
substrates in this study due to differences in reactor operation
time, OLR, and spatial locations. A high relative abundance of
Proteobacteria was observed in the upper part of the reactor
with >90% TOC removal efficiency. OTU49038 related to
Tolumonas auensis (99% identity, NR_074805.1) and
OTU146451 to Rivicola pingtungensis (99% identity,
NR_133846.1) were often observed in samples taken at the
upper part of the DHS system. T. auensiswas reported to have
the ability to catabolize the D-glucose and D-fructose under
both anoxic and aerobic conditions (Fischer-Romero et al.
1996), and R. pingtungensis was reported to assimilate glu-
cose and use various short-chain fatty acids as the carbon
source (Sheu et al. 2014). The relative abundance of
OTU49038 and 146451 was about 20 times higher than in
the effluent SS samples with <50% efficiency. As higher SS
was correlated with lower organic removal efficiency, losing
these populations due to sloughing events from the upper part
of the DHS system could lead to poor organic removal effi-
ciency. For the phylum Bacteroidetes, it contained many an-
aerobes that could be responsible for the VFA production
through fermentation (Uemura et al. 2010). Specifically,
OTU144240, which was observed to dominate under treat-
ment efficiency <50%, was closely related to Paludibacter
spp. (Fig. S5) that could ferment sugars in anaerobic condition
to VFA (Ueki et al. 2006). Other dominant OTUs found dur-
ing the poor performance period such as OTU18891 were
closely related to uncultured Bacterioidetes species found in
anaerobic environments like gut and sludge samples. There,
observations supported the occurrence of anaerobic condi-
tions inside the sponge (Fig. S5).

Nevertheless, the DHS operation has faced biomass
sloughing issue that could reduce reactor performance.
While never reported in DHS reactors, the occurrence of bio-
mass sloughing was commonly reported in biofilm-based

membrane reactors (Le-Clech et al. 2006; Lesjean et al.
2005). In these membrane reactors, extracellular polymeric
substance (EPS) could be produced when oxygen concentra-
tion gradient was developed across biofilm together with en-
dogenous decay (Le-Clech et al. 2006), and excessive produc-
tion of EPS could weaken the physical structure of biofilms,
leading to the occurrence of sloughing (Garny et al. 2009). In
this study, the relatively thick layer of retained biomass creat-
ed by the high organic loading fed to the top of the DHS
reactor facilitated the EPS accumulation and thus could in-
crease the possibility of sloughing. By changing the reactor
configuration from having sponges connected in series to ran-
dom packing, the organic load of retained biomass per sponge
could be reduced. As the result, excessive EPS production
could be prevented as well as biomass sloughing. However,
further investigations are required to understand the exact
mechanism of sloughing in a DHS system treating high-
strength wastewater. Last, due to high OLR and lowN/C ratio,
we did not observe that much nitrification and denitrification
occurred in the DHS system. However, both nitrification and
denitrification were reported as important pathways for nitro-
gen species in other DHS reactors (El-Kamah et al. 2011;
Machdar et al. 2000; Tandukar et al. 2006). As the irregular
sloughing could affect the estimate of biomass in the DHS
system during mass balance calculation, further investigations
with a more accurate estimation for the unaccounted nitrogen
will be required.

Overall, this study demonstrated that the stand-alone DHS
system could achieve >90% organic removal in treating high-
strength soft drink wastewater at a concentration of 3000 mg/
L COD and an OLR of 4.9 kg COD/m3 sponge volume/day.
At least 98% removal efficiency could be guaranteed with
two-staged configuration, and parameters like pH, VFA con-
centrations, and SS concentrations could be used to effectively
evaluate the reactor performance. Microbial communities
were significantly different at different sampling days and
sampling positions in the reactors, and the reactor perfor-
mance seems to correlate to the relatively high abundance of
Proteobacteria-related populations including T. auensis and
R. pingtungensis. Even though the sloughing hardly had ef-
fects on the microbial community structures, biomass loss
could lead to unstable reactor performance. The mechanism
behind the sloughing in DHS reactor should be further studied
to develop solutions prior to full-scale applications.
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