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r treatment using a hybrid biofilm
reactor: nutrient removal performance and
functional microorganisms on filler biofilm and
suspended sludge†

Zhenjun Tian, ab Ying Xiong,c Guowen Li,b Xiaoxin Cao,d Xin Li,d Caili Dub

and Lieyu Zhang*ab

In this study, a laboratory-scale hybrid biofilm reactor (HBR) was constructed to treat food wastewater

(FWW) before it is discharged into the sewer. The chemical oxygen demand (COD) of 29 860 mg L−1 in

FWW was degraded to 200–350 mg L−1 using the HBR under the operating parameters of COD load

1.68 kg m−3 d−1, hydraulic retention time (HRT) of 426.63 h, dissolved oxygen (DO) of 8–9 mg L−1, and

temperature of 22–23 °C. The biomass of biofilm on the surface of filler was 2.64 g L−1 for column A and

0.91 g L−1 for column O. Microbial analysis revealed richer and more diverse microorganisms in filler

biofilms compared to those in suspended sludge. The hybrid filler was conducive to the development of

functional microbial species, including phyla Firmicutes, Actinobacteriota, and Chloroflexi, and genus

level norank_f_JG30-KF-CM45, which will improve FWW treatment efficiency. Moreover, the

microorganisms on the filler biofilm had more connections and relationships than those in the suspended

sludge. The combination of an up-flow anaerobic sludge bed (UASB) and HBR was demonstrated to be

an economical strategy for practical applications as a shorter HRT of 118.34 h could be obtained. Overall,

this study provides reliable data and a theoretical basis for the application of HBR and FWW treatments.
1. Introduction

Food wastewater (FWW) is ubiquitous during the washing,
compression, storage, and disposal of food waste.1 Organic
matter in the FWW can be recycled via anaerobic digestion to
produce biogas.2 However, owing to the complex anaerobic
digestion process and the low price of natural gas, biogas
production from FWW is not economically favorable.3 Hence,
many factories discharge generated FWW into sewers. However,
certain countries impose restrictions on the discharge concen-
tration of chemical oxygen demand (COD) in FWW. For
example, the maximum discharge concentration of COD regu-
lated by the integrated wastewater discharge standard in China
is 500 mg L−1. Reducing the COD concentration in FWW before
it is discharged into the sewer is necessary.

FWW contains high levels of organic matter, nitrogen, and
phosphorus, although there are few refractory substances.4
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Therefore, FWW has good biodegradability and is suitable for
biological treatment. Biological treatment technologies include
activated sludge and biolm processes. The conventional activated
sludge process is not suitable for decentralized FWW treatment
because of its complex process conditions and large surface area.5

Biolm systems feature a small area and short process ow.
However, challenges include low load impact resistance, unstable
treatment effect, difficulty in control, and high operation cost.6,7

Hybrid biolm reactors (HBR) integrate activated sludge and
biolm processes by adding biological llers to the activated
sludge reaction tank. The two processes work together to
remove pollutants from wastewater.8–10 On the one hand, HBR
has the characteristics of an activated sludge process with
sufficient solid–liquid contact, high removal efficiency of
organic pollutants, and stable quality of effluent.11 On the other
hand, the introduction of lightweight large porosity suspended
llers results in several advantages. Firstly, the high ll rate of
llers (60% to 90%) to form a xed bed allows the system to
cope with a high load inuent, which signicantly shortens the
hydraulic retention time (HRT) and thus reduces the size and
footprint of the reactor and construction costs.9 Secondly, the
xed bed llers can retain a large amount of suspended solids,
without the need to include sedimentation tanks. The retained
pollutants and excess biolm can be discharged from the
reactor through the aeration backwash.12 The large porosity of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the llers provides sufficient space for biolm growth, thus
increasing the biomass, improving the pollutant removal
capacity, fully meeting the needs of nitrifying bacteria, and
reducing the high correlation between nitrogen removal effi-
ciency and sludge age. These attributes improve the efficacy of
the system in denitrifying and removing phosphorus.10,13,14

Once again, the xed bed allows the formation of a higher
pollutant concentration gradient within the reactor and, at the
same time, a longer oxygen traveling path, high oxygen utili-
zation, and low energy consumption, as no packing uidization
is required.14,15 Therefore, the HBR process offers the advan-
tages of both suspended sludge and biolm processes.
However, to the best of our knowledge, few studies have re-
ported on the treatment of FWW using HBR technology.

In this study, a laboratory-scale HBR was constructed.
Removal of nutrients and the microbial response of the HBR
under different inuent loads were investigated through
continuous long-term experiments. The ndings provide reli-
able data support and a theoretical basis for the application of
HBR and the treatment of FWW.
2. Materials and methods
2.1. Experimental materials

The food waste treatment machine that was used was fed 30 kg
of restaurant food waste every day and generated 500 L of FWW.
The FWW characteristics and discharge standards (regulated by
the integrated wastewater discharge standard of China, GB
8978-1996) are shown in Table S1.†
2.2. Experimental setup and operations

As shown in Fig. 1, the HBR consisted of an anoxic (A) column
and an aerobic (O) column. Both columns had an internal
diameter of 0.1 m. The effective height was 0.5 m for column A
and 1.0 m for column O. Column O was continuously aerated;
Fig. 1 Hybrid biofilm reactor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
as a result, its dissolved oxygen (DO) did not fall below 4.
Aeration backushing was performed once a day for 5 min in
column A. Columns A and O was lled with a lightweight type
C4 ller with a lling ratio of 70%. In the procedure, FWW rst
enters the bottom of column A via a peristaltic pump and then
ows by gravity from the top of column A to the bottom of
column O (the level of column A is approximately 0.5 m above
column O). The reux ratio from column O to column A is
200%. The effluent is discharged into the municipal sewer from
the top of column O.

The experimental phases and operating parameters are lis-
ted in Table 1. In start-up I, FWW diluted by 3 times is fed into
the HBR systems to start the reactor and allow the formation of
biolms on the surface of the llers. Subsequently, in start-up
II, the inow of diluted FWW is increased from 0.7344 to
1.8000 L d−1 to domesticate the microorganisms. In phase I,
undiluted FWW was pumped into the reactor to investigate the
treatment effects. In phase II, the inow was decreased and two-
thirds of the mixture in the reactor was replaced with tap water
to quickly reduce the load of the HBR system and investigate
suitable operating conditions for FWW treatment.

2.3. Determination of microbial activity

The nitrication and denitrication activities of suspended
sludge and biolms on llers in phase II were measured using
the jar test. Specically, a 500 mLmixture with a ller lling rate
of 70% was collected from the HBR system and separated. The
llers were separated from the sludge mixture, and the residual
impurities were cleaned. For suspended sludge, the sludge
mixture was centrifuged, suspended in deionized water, and
centrifuged again. This was repeated three times to remove
residual pollutants from the suspended sludge. A 500 mL
Erlenmeyer ask was used as the reaction vessel. When testing
the nitrication activity, the initial concentration of ammonia
nitrogen was 20 mg L−1, and 40 mg L−1 of sodium bicarbonate
was added to provide alkalinity. The reaction mixture was
continuously aerated to maintain the DO concentration of
approximately 8 mg L−1. When the denitrication activity was
tested, the initial concentration of nitrate nitrogen (NO3

−–N)
was 40 mg L−1 and the initial COD concentration was
240 mg L−1. Before the reaction, the reaction solution was
aerated with argon to remove DO. During the reaction, the ask
was sealed to maintain an anaerobic environment. Samples
were collected every 10 min to determine the COD, NH4

+–N,
NO3

−–N, and nitrite nitrogen (NO2
−–N) concentrations until

they no longer changed.

2.4. DNA extraction and high-throughput sequencing

Suspended sludge and biolm samples on the ller at the end
of phase I (day 74) and phase II (day 120) were collected for
microbial sequencing analysis. Three parallel acquisitions of
each sample were tested in triplicate to reduce testing errors.
Biolm samples were collected by the ultrasonication of llers
at 4 °C for 15 min. The suspended sludge and peeled biolm
samples were washed thrice with sterile water, centrifuged, and
freeze-dried for DNA extraction. DNA extraction, PCR
RSC Adv., 2024, 14, 22470–22479 | 22471
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Table 1 Experimental phase and operating parameters

Experimental phase Inuent
Inow quantity
(L d−1)

COD concentration
(mg L−1)

COD load
(kg COD per m3 per d) HRT (h)

Start-up I FWW diluted 3 times 0.7344 9953 � 116 0.62 384.80
Start-up II FWW diluted 3 times 1.8000 9953 � 116 1.52 157.00
Phase I FWW 1.0512 29 860 � 276 2.67 268.84
Phase II FWW 0.6624 29 860 � 276 1.68 426.63
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amplication and sequencing, quality control of raw data, and
operational taxonomic unit (OTU) analysis were based on our
previous study.4

2.5. Analytical methods

The parameters of water quality including COD, NH4
+–N, NO3

−–
N, NO2

−–N, and TN were measured according to standard
method.16 The conventional indexes including DO and
temperature were tested using a multifunctional water-quality
device (Multi 3620 IDS, WTW, Germany). The determination
of suspended sludge concentration and biolm mass is carried
out using the weighing method, the peeling of biolm on the
llers is achieved through the combined action of hot alkali and
ultrasound as detailed in Methods S1.†

2.6. Statistical analyses

The experimental data were processed and visualized using
Origin 2020 and the R language tool (version 4.2.2). The alpha
diversity differences in the microbial community structure were
compared using Welch's t-test and Wilcoxon rank-sum test for
data that did not satisfy normality and homogeneity. Principal
component analysis (PCA) at the OTU level was performed using
the analysis of similarities (ANOSIM) inter group difference test
method. Permutational multivariate analysis of variance (PER-
MANOVA) was performed to test the signicance of the PCA
results. Differences in phylum and genus-level microbial
community composition were analyzed using the Wilcoxon
rank-sum test with a condence level of 95%.Microbial network
analysis was performed using molecular ecological networks
based on the random matrix theory method.17 Signicant
correlations among the OTUs (R > 0.7 or #0.7, P < 0.01) were
dened based on Spearman's correlation coefficients. The
networks were visualized using Gephi soware (version 0.9.7)
and the topological parameters of the networks were calculated
using the R package igraph.

3. Results
3.1. Removal of nutrients of FWW by HBR

3.1.1. Nutrients removal. As shown in Fig. 2, the HBR was
fed with 3 times diluted FWW at a low ow rate during the start-
up I (day 1–13). Aer 13 days of operation, the COD concen-
tration of the HBR effluent was stable below 200 mg L−1

(Fig. 2c), and the concentration of TN in the effluent was
approximately 50 mg L−1 (Fig. 2d). The HBR had a signicant
pollutant removal effect, which indicated a successful start-up.
22472 | RSC Adv., 2024, 14, 22470–22479
In start-up II (day 14–26), the inow quantity was increased to
1.8 L d−1, aiming to cultivate and domesticate the microor-
ganisms in the HBR system. Aer 13 days of domestication, the
system showed signicant degradation of FWW and the effluent
COD concentration was below 500 mg L−1 (Fig. 2c), which is
below the limit of effluent discharge standard. Therefore, the
HBR was considered successfully started during the start-up
phase.

In phase I (day 26–74), undiluted FWW was pumped into the
HBR at a loading of 2.66 kg COD per m3 per d to test the
performance of the HBR in treating high concentrations FWW.
Aer a long period of continuous operation, it was found that
the effluent COD concentration was 900–1400 mg L−1 at DO
concentrations of 4–6 mg L−1 (Fig. 2c), which was higher than
the effluent discharge standard limit of 500 mg L−1 for COD.
The effluent NH4

+–N concentration was 14.21–148.42 mg L−1 at
a load of 0.12 kg m−3 d−1 (Fig. 2e). Unexpectedly, the effluent
NO3

−–N concentration was very low, less than 2mg L−1 for most
of the time, and it was only when the aeration disc was clogged
resulting in low DO that the effluent NO3

−–N concentration was
high, with a maximum of 29.23 mg L−1 (Fig. 2f). Thus, it is
evident that the O column of HBR undergoes simultaneous
nitrication and denitrication in phase I. It has been reported
that due to the structural characteristics of the biolm in HBR
and the limitation of oxygen diffusion, the biolm on the
surface of the llers can form aerobic–anoxic–anaerobic zone
from outside to inside. In addition, the detachment of biolm
can allow some microorganisms in the anaerobic zone to enter
the aerobic environment of suspended activated sludge, and the
attachment of biolm can also allow some microorganisms in
the aerobic environment to enter the anoxic/anaerobic
environment.18–20 Therefore, HBR has the advantages of both
microbial suspension and attached growth, providing a suitable
environment for various microorganisms associated with
nitrogen removal.

In phase II (day 75–120), the inow quantity was decreased
with a COD load of 1.68 kg m−3 d−1 to examine the suitable
working conditions of the HBR for FWW treatment (Fig. 2a). As
the HRT increased (426.63 h) due to the lower FWW intake, two-
thirds of the reaction solution of the HBR was replaced with
dechlorinated tap water to enable a rapid reduction of the
reaction solution concentration (COD concentration of the O-
column was diluted to 623 mg L−1), and thus the treatment
capacity of the HBR for FWW at lower loads was examined as
soon as possible. During the continuous operation of phase II,
the effluent COD concentration was basically in the range of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) COD load and HRT at different experimental phases, (b) temporal trends in DO and temperature; nutrient-removal profiles of (c) COD,
(d) TN, (e) NH4

+–N, (f) NO3
−–N and NO2

−–N. (The cylindrical bar represents the effluent concentration, and the hollow circle represents the
removal rate.)
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200–350 mg L−1 (Fig. 2c), and stably lower than 500 mg L−1. The
higher than 500 mg L−1 on days 85–91 was due to the clogging
of the tube from column A to column O on day 84, resulting in
the accumulation of solution at the top of column A. Aer
dredging, the accumulated solution entered into the column O
at one time, resulting in the increase of the effluent COD
concentration. Inconsistently with phase I, the effluent NH4

+–N
in phase II was approximately 12–20 mg L−1 (Fig. 2e), the
effluent NO2

−–N concentration was stable below 1 mg L−1

(Fig. 2f), and the effluent NO3
−–N concentration was increasing

and gradually stabilized around 200 mg L−1 (Fig. 2f), which
© 2024 The Author(s). Published by the Royal Society of Chemistry
indicated that the nitrication of the column O in phase II was
signicant, and the simultaneous nitrication and denitrica-
tion were weakened. The possible reason for this phenomenon
is that the DO concentration was unstable in phase I due to the
increased viscosity of the reaction solution caused by long
HRT,21 which promoted the occurrence of simultaneous nitri-
cation and denitrication;22,23 while in phase II, aer diluting
the reaction solution and reducing the FWW intake, the aera-
tion effect was good, and the DO concentration was stably
maintained at 8–9 mg L−1, this ensures excellent nitrication
effect.
RSC Adv., 2024, 14, 22470–22479 | 22473

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01631a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 8
:4

6:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.1.2. Fillers biolm. The status of the llers at each phase
of HBR is shown in Fig. S1.† llers in column A showed black
colour due to anoxia, while that in column O showed earthy
yellow colour. At the end of phase II, the biomass of biolm on
the surface of llers was measured: 37.73 mg g−1 (2.64 g L−1) for
column A and 12.96 mg g−1 (0.91 g L−1) for column O. The
biomass of biolm in column A was almost three times higher
than that in column O. This is due to the fact that the llers in
column A was in a xed-bed state without aeration, which is
favourable for the growth of themicroorganisms attached to the
llers. The llers in column O is continuously under aeration,
the ow of the reaction solution and the mutual collision
between the llers were not conducive to the attachment and
growth of microorganisms on the surface of the llers.

3.1.3. Activity of llers biolms and suspended sludge. As
shown in Fig. S2a,† the denitrication effect of the biolms that
formed on the llers in column A was poor; the NO3

−–N
concentration showed a regular decreasing trend in the rst
30 min and then no longer decreased, indicating that the
contribution of the llers biolm in column A to the removal of
NO3

−–N in the HBR was limited. The denitrication effect of the
suspended sludge in column A was evident and 40 mg L−1 of
NO3

−–N was completely removed within 150 min. The nding
indicates that the removal of NO3

−–N (approximately
220 mg L−1) from the O-column reux solution by column A of
the HBR was mainly performed using the suspended sludge in
phase II. Because aerobic denitrication simultaneously
occurred in column O in phase III, the denitrication activities
of ller biolms and suspended sludge in column O were
examined. These denitrication effects were poor in phase II
(Fig. S2b†).

The nitrication activities of the ller biolms and sus-
pended sludge are shown in Fig. S2c.† Biolm microorganisms
on the llers degraded 20 mg L−1 of NH4

+–N to 10.35 mg L−1 in
90 min, representing a removal rate of 48.25%. The suspended
sludge could only degrade to 16.05 mg L−1 in 90 min, repre-
senting a removal rate of 24.75%. Both the biolms of the
suspended sludge participated in the removal of NH4

+–N; the
removal by biolm microorganisms was approximately twice
that of the suspended sludge. The oxygen consumption rates of
column O biolms and suspended sludge were determined; the
oxygen consumption rate of biolms and suspended sludge was
comparable (0.00196 versus 0.00194 mg O2 per L per s, respec-
tively; Fig. S2d†).
3.2. Microbial analysis of the HBR system

3.2.1. Microbial community structure. 16S rRNA high-
throughput sequencing was performed to explore the micro-
bial community structure and diversity of ller biolms and
suspended sludge in the HBR system. The effective sequences
were divided into 3412 OTUs with 97% similarity. A Venn
diagram was drawn to show the number of shared and unique
OTUs in different samples (Fig. 3a). The species number of OTU
levels in the ller biolm were higher than those in the sus-
pended sludge. In addition, ller biolms displayed greater
diversity and richness (Table S2†) than suspended sludge in
22474 | RSC Adv., 2024, 14, 22470–22479
columns A and O (Fig. 3b and c). These results indicate that the
hybrid biolm is benecial for microbial colonization, which
can enrich the species number and diversity of microorganisms
in the HBR system, which is consistent with previous research
results.10,24,25 PCA and PERMANOVA further indicated a signi-
cant difference (P < 0.01) in the microbial community between
the ller biolm and suspended sludge (Fig. 3d).

The composition of the microbial community at the phylum
level is shown in Fig. 3e. The main phyla were Proteobacteria,
Bacteroidetes, Firmicutes, Actinobacteria, and Chloroexi.
These phyla are commonly detected in wastewater treatment
reactors.10 The ller biolms and suspended sludge harbored
similar microbial phyla; however, the relative abundances of the
phyla differed signicantly between biolms and suspended
sludge, and between columns A and O (Fig. 3e). Firmicutes and
Synergistota were more abundant in ller biolms than in
suspended sludge in column A. The opposite was observed in
column O. The abundances of Proteobacteria and Bacteroidetes
in the suspended sludge were higher than those in the ller
biolms. The abundance of Actinobacteria and Chloroexi
increased in phase II and was more pronounced in the ller
biolms. In addition, at the genus level, microbial communities
in ller biolms and suspended sludge differed signicantly (P
< 0.05) in columns A (Fig. 3f) and O (Fig. 3g) in the two phases.
The main genera identied were OLB12, norank_f__JG30-KF-
CM45, Leucobacter, Thauera, unclassied_f__Rhizobiaceae, Gor-
donia, Ferruginibacter, Hyphomonas, Azoarcus, and uncultured_-
f__Reptococcaceae. OLB12 was the dominant genus in the
suspended sludge samples, whereas norank_f__JG30-KF-CM45
and Gordonia were the dominant genera in ller biolms of
column O samples. Uncultured_f__Reptococcaceae were preva-
lent in the llers of column A during phase I.

3.2.2. Microbial degradation pathways of nutrients in
FWW. PICRUSt2 prediction was used to analyze the microbial
metabolism pathways and gene functions.26 Fig. 4a shows the
abundance of microbial metabolism pathways in level 2 based
on PICRUSt2 prediction. It can be seen that the metabolism is
the main pathways in level 2, followed by the environmental
information processing, genetic information processing, and
cellular processes. Most of the metabolism pathways were
enhanced in the llers of column O in both phase I and phase
II, such as cellular community – prokaryotes, membrane
transport, metabolism of terpenoids and polyketides, metabo-
lism of other amino acids, xenobiotics biodegradation and
metabolism, lipid metabolism, metabolism of cofactors and
vitamins, energy metabolism, amino acid metabolism, carbo-
hydrate metabolism, global and overview maps. This result
indicates that the llers in column O undertakes greater roles in
various metabolic pathways, which is due to hybrid llers is
benecial to microbial colonization.10 The abundance heatmap
of carbohydrate metabolic pathways is shown in Fig. 4b, the
abundance of carbohydrate metabolism genes is provided in
Table S3.† Pyruvate metabolism, glyoxylate and dicarboxylate
metabolism, glycolysis/gluconeogenesis, and propanoate
metabolism are the main carbohydrate metabolic pathways.27

The abundance of carbohydrate metabolism genes in column O
is higher than that in column A. In column A, the abundance of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Microbial community composition and diversity: (a) Venn diagram shows the number of OTUs shared and unique in different samples;
alpha diversity (Shannon index) of column A (b) and column O (c); PCA analysis (d); microbial community composition on phylum level (e), and
difference analysis of species on genus level of column A (f) and column O (g). (*P < 0.05, **P < 0.01, ***P < 0.001).
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carbohydrate metabolism genes in the sludge is higher than
that in the llers, while in column O, the abundance of carbo-
hydrate metabolism genes in the sludge is higher than that in
the llers. On the whole, the llers in column O expressed more
carbohydrate metabolism genes in two phases, this result is
consistent with the result of oxygen consumption rate
(Fig. S2d†), which indicates that the llers in column O have
a higher metabolic activity, thus promotes the degradation of
organic compounds in FWW (Fig. S3c†). The nitrogen metabo-
lism process is depicted in Fig. 4c, the abundance of nitrogen
metabolism genes in the HBR system is exhibited in Table S4.†
The abundance of nitrication genes in the llers is higher that
in the sludge, especially in the llers of column O, this is
because the llers provide a better environment for colonization
of nitrifying bacteria.10 For denitrication genes, the abundance
in column O is higher than column A, especially in the llers of
column O, such as narG, narZ, nxrA (Table S4†). Therefore, the
simultaneous nitrication and denitrication effect in column
O was mainly conducted by the llers in the HBR system.23

These results indicates that the microorganisms on the llers
biolm plays a crucial role in the degradation of nutrients from
FWW.

3.2.3. Microbial network structure in HBR system. In order
to reect the interactions between species, the microbial
© 2024 The Author(s). Published by the Royal Society of Chemistry
network structure was analyzed based on the correlation
between top 100 genera (Fig. 5). It was observed that most of the
nodes in column A belonging to Firmicutes, and Proteobacteria
occupies a dominant position in column O, this is consistent
with the phylum level community composition (Fig. 3e). The
network analysis topology features between different groups are
summarized in Table S5.† The number of nodes and edges in
the llers is greater than that in the sludge, this indicates that
llers cause more associations between microbial species.
Previous studies have also conrmed that bacteria on the llers
biolm interact more than those on the suspended sludge.10 In
addition, the positive links in the llers is greater than that in
the sludge. Positive links are generally associated with the cross-
feeding, co-colonization, or niche overlap.28 Therefore, the
involvement of hybrid llers in activated sludge process might
have stimulated cross-feeding or co-colonization between
species in the microbial networks. The modularity index for
llers samples is also greater than that of the sludge samples,
suggesting that the networks of llers microorganisms have
better modular structures. On the whole, the microorganisms
on the llers biolm have more connections and relationships
between them than those on the suspended sludge. Therefore,
the HBR process has advantages in nutrients removal from
FWW compared to single activated sludge process.
RSC Adv., 2024, 14, 22470–22479 | 22475
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Fig. 4 (a) The abundance of microbial metabolism pathways in level 2 based on PICRUSt2 analysis, (b) the abundance heatmap of carbohydrate
metabolism genes in HBR system, and (c) nitrogen metabolism process in HBR system.
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4. Discussion
4.1. Performance of HBR on COD degradation in FWW

The COD removal performance of the HBR under different
operating conditions is summarized in Table 2. A comparison
of the COD removal in the FWW between the HBR and other
biological treatment processes is represented in Table S6.† In
condition 3, the COD concentration in FWW was reduced from
19 860 to <1400 mg L−1, with a removal rate of 96.7–97.3%.
22476 | RSC Adv., 2024, 14, 22470–22479
Compared to the results of Xiao et al.,29 the HBR is economical
because it achieves similar effluent concentrations and removal
rates at lower temperatures (Table S6†). In terms of the
performance of various processes, HBR displays higher COD
removal at higher inuent COD concentrations than MBR,30

anaerobic membrane reactors,21 and anaerobic dynamic
membrane reactors.31 Under condition 4, the effluent COD
concentration was as low as 194–458 mg L−1 although the HRT
was 426.63 h (discussed later).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Microbial networks in HBR system. The size of each node is proportional to their abundance in themicrobial community, the color of each
node is determined by the phylum they belong to. Red edges indicate positive relationships between two individual nodes, while green edges
indicate negative relationships.

Table 2 The treatment effect of HBR on COD removal in FWW under different operating conditions

Conditions

Inlet
concentration
(mg L−1)

Inow
(L d−1)

COD load
(kg m−3 d−1)

HRT
(h)

DO
(mg L−1)

Temperature
(°C)

Effluent concentration
(mg L−1) Removal rate (%)

1 9953 � 116 0.7344 0.62 384.80 4–7 19–21 150–200 98.5–99.4
2 9953 � 116 1.800 1.52 157.00 2.5–7 17.5–18.5 480–800 92.5–95.3
3 29 860 � 276 1.0512 2.67 268.84 4–6 22–23 900–1400 96.7–97.3
4 29 860 � 276 0.6624 1.68 426.63 8–9 22–23 194–458 96.6–98.2
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4.2. Roles of columns A and O in the HBR system

In phase I, the concentration of NO3
−–N in the inuent of column

A (effluent of column O) was 0.55 to 5.92 mg L−1 (Fig. 2f). The
limited NO3

−–N was removed by column A; that is, the amount of
COD degraded by denitrication was limited. However, column A
contributed 12.2% of the total COD removal as calculated from the
percentage contribution of the two columns to the total COD
removal (Table S7†). Therefore, the role of columnA in phase Imay
be to degrade the COD through anaerobic digestion.32 During
phase II, the NO3

−–N concentration in the inuent of column A
(the effluent of column O) continuously increased to 220 mg L−1

(Fig. 2f). However, the NO3
−–N concentration in the effluent of

column A was lower than 2 mg L−1 (Fig. S3e†); therefore, signi-
cant denitrication occurred in column A, as conrmed by the
previous study,14 which consumed a portion of COD in FWW. In
summary, at higher COD loads (phase I), column A facilitates the
© 2024 The Author(s). Published by the Royal Society of Chemistry
removal of part of the COD by anaerobic digestion. If there is
a demand for TN removal from FWW, the HBR can be operated at
a lower COD load, such as the conditions in phase II.

The operational status of column O is shown in Fig. S3.† The
main role of column O was to degrade COD in the FWW.
Column O contributed 87.8% of the total COD removal during
phase I. In phase II, approximately 12 000 mg L−1 of COD in the
inuent (effluent of column A) was reduced to approximately
350 mg L−1 at a volumetric loading of 2.52 kg COD per m3 per d,
and HRT of 284.42 h, with a removal rate of approximately 97%
(Fig. S3c†). In phase I, the TN in the inuent was degraded to
<50 mg L−1 by simultaneous nitrication and denitrication,
with a removal rate of approximately 90% (Fig. 2d). In phase II,
simultaneous denitrication was weakened due to the increase
in DO (Fig. 2b),22,23 and approximately 850 mg L−1 of NH4

+–N in
the inuent was converted to approximately 220 mg L−1 of
RSC Adv., 2024, 14, 22470–22479 | 22477
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NO3
−–N by nitrication, which was removed from the HBR

system by denitrication aer reuxing to column A. The
ndings demonstrate the crucial role of column O in the
removal of COD and TN from FWW.

4.3. Functional microorganisms in ller biolms and
suspended sludge

Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria
were the predominant phyla in the HBR system (Fig. 3e). It is
generally agreed that Proteobacteria and Firmicutes play crucial
roles in carbonmetabolism and nitrogen cycle,33 Bacteroidota is
active in nitrogen mineralization.34 Actinobacteria are usually
associated with reduced NO3

−–N levels.33 At the genus level, the
dominant genus detected in the sludge included OLB12 and
Thauera. OLB12 is simultaneously capable of nitrication-
denitrication and phosphorus removal.35,36 Thauera is an
aerobic denitrier.37 These facts explain the simultaneous
nitrication and denitrication in column O of the HBR in
phase I. OLB12 was less abundant in the ller biolms than in
suspended sludge, which differs from the results of the aerobic
moving bed biolm reactor system.38 The dominant genera in
the llers of column O, norank_f_JG30-KF-CM45, are associated
with COD degradation39 and denitrication.40 In the current
study, the functional microorganisms in the ller biolms of
column O played greater roles in various metabolic pathways,
especially carbohydrate and nitrogenmetabolism. Hybrid llers
may form a micro-ecological environment that contributes to
the development of different microbial species, thus improving
FWW treatment efficiency.41 Therefore, the signicant reduc-
tion in organic matter and nitrogen in the FWW by the HBR
system is mainly due to the involvement of hybrid llers, which
are benecial for microbial colonization.10 Overall, HBR
provides a more efficient and economical solution for treatment
of highly concentrated FWW than conventional biological
treatment technologies such as membrane bioreactors.21

4.4. Prospects for practical applications

In this study, the HRT of the HBR was 296.14 h in phase I and
426.63 h in phase II. A long HRT is required for extensive COD
removal fromwastewater.42,43 However, a shorter HRT is expected
because it is related to the footprint of the device. An anaerobic
reactor is economical and effective for COD removal.44 Hence, an
anaerobic reactor can be combined with HBR considering that
column A contributed approximately 12% of COD removal at the
anaerobic condition in phase I (Table S7†). The up-ow anaer-
obic sludge blanket (UASB) is the most commonly used tech-
nology for the anaerobic treatment of organic wastewater (Table
S8†).45 The UASB reactor can be set up before the HBR to remove
a portion of the COD in the FWW through anaerobic digestion.
As shown in Table S9,† the organic volumetric loading rate of the
UASB can be up to 2.5–13.6 kg COD per m3 per d at 25 °C, which
is much higher than that of the activated sludge or biolm
processes. The combination of UASB and HBR is an economical
strategy for industrial applications.

A owchart of the UASB-HBR process and the envisioned
performance of the combined UASB and HBR process for
22478 | RSC Adv., 2024, 14, 22470–22479
treating FWW are shown in Fig. S4.† The determined COD
concentration of FWW aer degreasing was 30 000 mg L−1, the
COD removal rate of UASB was 85%, and the volumetric load of
COD removal was 10 kg COD per m3 per d. Hence the HRT of
UASB was approximately 61.2 h, and the concentration of COD
in the effluent was approximately 4500 mg L−1. The effluent
from the UASB entered the HBR; therefore, the COD removal
efficiency could be calculated according to condition 4 in Table
2. The calculated volumetric load of COD removal was 1.68 kg
COD per m3 per d, COD removal rate was 97%, HRT was 57.14 h,
and the effluent COD concentration was <500 mg L−1. There-
fore, a high concentration of FWW can be degraded to meet the
discharge standard in 118.34 h by the combined UASB-HBR
process.
5. Conclusion

An HBR was constructed for the treatment of highly concen-
trated FWW. The FWW COD of 29 860 mg L−1 was degraded to
200–350 mg L−1 by HBR under the operating parameters of the
COD load of 1.68 kg m−3 d−1, HRT 426.63 h, DO 8–9 mg L−1,
and temperature 22–23 °C. Column A of the HBR system
removed 12.2% of the COD by anaerobic digestion and deni-
trication, and simultaneous nitrication-denitrication was
observed in column O. The microorganism population of ller
biolms was richer and more diverse than the population of
suspended sludge because the hybrid llers were conducive to
the development of functional microbial species, phyla Firmi-
cutes, Actinobacteria, and Chloroexi, and genus nor-
ank_f_JG30-KF-CM45, thus improving the treatment efficiency
of FWW. Moreover, the microorganisms on the ller biolms
were more interconnected and interrelated than those in sus-
pended sludge. The study ndings provide reliable data and
a theoretical basis for the application of HBR in the treatment of
FWW.
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