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ABSTRACT

A granule-based simultaneous nitrification, anammox, and denitrification process in a membrane
bioreactor (SNAD-MBR) was performed to investigate the influence of in-situ NaClO backwash-
ing on biological performance and membrane fouling. First, the limit of the NaClO concentration
for the SNAD granules was determined (20 mg/g-SS) in a short-term batch test. Then, three in-situ
NaClO backwashing strategies (NaClO concentrations of 5-15 mg/g-SS with backwashing frequen-
cies of 1/10-1/30 min) were implemented during long-term SNAD-MBR process. The results showed
that the removal efficiencies of total nitrogen (TN) and chemical oxygen demand decreased from
92.69% and 94.19% to 81.82% and 85.39%, respectively, with an increase in the NaClO concentration
in spite of a reduction in backwashing frequency. The deterioration of the biological performance
could be explained by the inhibitory activities of the functional bacteria after long-term exposure
to NaClO. Nevertheless, the stable contributions of autotrophic and heterotrophic processes to
TN removal (E___  of 91.23%, E, . caion ©f 8:77%) indicated a negligible impact of NaClO back-
washing on the balance of the nitrogen removal pathways. Furthermore, membrane fouling was
significantly suppressed when in-situ NaClO backwashing was performed with a relatively high
frequency (1/1-10/20min) and a low concentration (5-10 mg/g-SS). However, a higher NaClO con-
centration (15 mg/g-SS) exacerbated membrane fouling, although the backwashing frequency was
low. Meanwhile, the high fouling potential of the SNAD granules resulted from the high produc-
tion of soluble microbial products (especially tryptophan protein-like substances) under NaClO
stress. The possible underlying mechanism was the trade-off between the membrane scrubbing
effect by NaClO and the variable physico-chemical properties of the SNAD granules. The optimal
in-situ NaClO backwashing strategy that considered the process performance, membrane fouling,
and permeate production was a NaClO concentration of 15 mg/g-SS and a backwashing frequency
of 1/20 min. The results provide guidance for in-situ NaClO backwashing of the SNAD-MBR
process.
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1. Introduction

Excessive nitrogen discharge can trigger the eutrophica-
tion of water bodies, posing a serious threat to water safety
and human health. Several biological nitrogen removal pro-
cesses have been developed to achieve high-efficiency nitro-
gen removal. Anaerobic ammonia oxidation (anammox) is
considered the most cost-effective and sustainable biological
process. In this process, a class of Planctomycetes converts
the ammonia nitrogen and nitrite substrates into dinitrogen
under anaerobic conditions, resulting in a total nitrogen (TN)
removal efficiency of 90% with a relatively low sludge yield
rate. Sewage (e.g., urban wastewater) contains ammonia and
organic matter as the main contaminants. Therefore, nitrita-
tion is essential to provide substrates (NO;-N) for anaerobic
ammonia oxidation. Moreover, denitrification is required
to reduce the inhibitory activities of anaerobic ammoni-
um-oxidizing bacteria (AnAOB) and remove nitrate from
the anammox process to improve the TN removal efficiency.
Therefore, the simultaneous nitrification, anammox and
denitrification (SNAD) process was developed and has been
used for urban sewage treatment [1].

Anammox is the core reaction in the SNAD process,
and the effective retention of AnAOB is critical to ensure
the efficient operation of the SNAD process. A membrane
bioreactor (MBR) is frequently employed as a valid alter-
native to enhance AnAOB retention and has stable bio-
logical nitrogen removal efficacy. Li et al. [2] reported that
the high retention efficiency of AnAOB enabled a stable
N removal efficiency of 98.35% in an anammox process in
an MBR. Zhao et al. [3] demonstrated the excellent perfor-
mance of an MBR for rapid start-up and stable biological
performance of the SNAD process. However, membrane
fouling remains a problem in the SNAD-MBR process, lim-
iting its application scope.

In-situ maintenance cleaning is an effective strategy for
suppressing membrane fouling and achieving the sustainable
operation of the MBR process. In-situ maintenance cleaning
can be categorized into hydraulic and chemical backwash-
ing. Hydraulic backwashing removes membrane foulants
(i.e., part of the cake layer) caused by physical interactions
with the membranes. Chemical backwashing is a supplement
to hydraulic backwashing and removes foulants by chemical
interactions (i.e., membrane pore blocking), restoring perme-
ability and permeate production. NaClO is a commonly used
chemical reagent, and the concentration and backwashing
frequency of NaClO are critical for the sustainable operation
of the MBR process [4]. Scholars have reported the effects of
different NaClO concentrations on microbial activities and
sludge fouling potential using sequencing batch tests [5-7].
Han et al. [5,6] investigated the stress effect of microorgan-
isms in an aerobic MBR in the presence of NaClO in static
experiments. The results showed that NaClO at concentra-
tions higher than 1 mg/g-SS disrupted the integrity of micro-
bial cells, inhibited cell metabolic activities, and promoted
polysaccharide oxidation, amino acid deformation, and the
destruction of protein secondary structures in extracellular
polymeric substances (EPS). These effects could reduce the
treatment efficacy and exacerbate membrane fouling of the
MBR process. Cai and Liu [7] evaluated the effect of NaClO
on membrane fouling using sequential batch cross-flow

filtration tests and aerobic sludge. The results suggested the
membrane fouling rate was significantly increased when
the NaClO concentration was 20 mg/L. This result was
attributed to the increased EPS production by accelerated
bacterial dissolution, causing the residual bacteria to adhere
to the membrane surface under higher NaClO stress.

In addition, studies have been conducted on maintain-
ing membrane permeability by periodic NaClO backwash-
ing. Yue et al. [8] investigated the influence of the NaClO
concentration during chemical backwashing on the perfor-
mance of a continuous-flow anaerobic ceramic MBR pro-
cess. A NaClO concentration of 1 mg/L prevented membrane
fouling and provided the optimum process performance of
the system. Wang et al. [9] proposed a maintenance cleaning
strategy of reducing the NaClO concentration and increas-
ing the backwashing frequency. This approach significantly
suppressed membrane fouling and extended the operating
cycle of the MBR process. Jiang et al. [10] investigated the
effect of NaClO on membrane fouling of a continuous-flow
anammox process in a MBR process. The results indicated
that NaClO could oxidize the carbohydrate-like components
in the membrane pores. The optimum cleaning strategy
consisted of a NaClO concentration of 298 mg/L and a back-
washing duration of 15 min.

These studies indicate that an appropriate in-situ NaClO
backwashing strategy can inhibit membrane fouling and
maintain membrane permeability. However, unlike in an
aerobic process, the functional microflora is diverse, and the
sludge properties are variable in the SNAD process. Hence,
the influence mechanisms of online chemical backwashing
on the SNAD-MBR process remain unclear. The optimization
of in-situ NaClO backwashing strategies is required to extend
the operating cycle of the system and minimize adverse
impacts on the activities of functional microorganisms.

Accordingly, the tolerance limits of different functional
bacteria to the NaClO concentration were determined by
sequencing batch tests. The effects of periodic NaClO back-
washing with different concentrations and frequencies
on the nitrogen and carbon removal efficacies and mem-
brane fouling in the SNAD-MBR process were investigated.
Moreover, the effect of NaClO on the system was analyzed
by investigating changes in the activities of functional bac-
teria and the physico-chemical/biochemical properties of the
SNAD granules during a long-term operation. The in-situ
NaClO backwashing strategy was optimized, providing the-
oretical guidance and support for the sustainable operation
of the SNAD-MBR process.

2. Materials and methods
2.1. Experimental set-up and operation

The up-flow microaerobic sludge blanket (UMSB) reac-
tor consisted of a sleeve-shaped plexiglass material with an
effective volume of 4.5 L (Fig. 1). The outside of the reactor
was covered with black material to preserve heat and block
the light. A circulating water bath with two heating rods
submerged in the circulation tank was used to ensure that
the temperature of the main reactor was constant. The reac-
tor was equipped with an external reflux pump, and the
velocity was controlled by adjusting the speed of the reflux



Z.Z. Wang et al. / Desalination and Water Treatment 312 (2023) 1-13
Pressure
gauge
********** B!
( |
| Water tank |
L& ‘
|
WTW Multi3630 LS
|
v
II:‘\. n’IT'III
Reflux Effluent
pump pump
Effluent/
Backwashin
i
-]

/1

Chemical

)

Bl

backwashing
tank

/!

Influent
pump

Fig. 1. Schematic diagram of the UMSB-MBR reactor.

pump. The synthetic wastewater and the reflux flow entered
the bottom of the reactor, and the effluent was pumped
out through the membrane module to the water tank.

A hollow fiber membrane module (pore size, 0.3 um,
surface area, 0.075 m?, consisting of polyvinylidene fluoride
and obtained from Hangzhou Mina Membrane Technology
Corporation, China) was operated at a constant flux (~6.7 L/
(m?h)) with intermittent suction (9.0-min suction and 1.0 min
rest) in phase 1. Chemical backwashing was employed in
phase 1I, with a cleaning cycle of 10 min, including 8 min
for water production, 1 min for hydraulic backwashing,
and 1 min for chemical backwashing. The cleaning cycle of
phase III was 20 min; the first 10 min was the same as that
of phase I, and the subsequent 10 min was the same as that
of phase II. The cleaning cycle in phase IV lasted 30 min; the
first 20 min was the same as that of phase I, and the subse-
quent 10 min was the same as that of phase II. At the end
of each phase, the fouled membrane module was removed
from the reactor for foulant extraction, and a new membrane
module was installed for the subsequent operational phase.

The transmembrane pressure (TMP) was monitored by
a pressure gauge. A microporous aeration disc was installed
at the bottom of the reactor and was connected to an air
compressor to supply dissolved oxygen (DO) to the reactor.
A pH-DO sensor (Multi 340i, WTW Corporation, Germany)
was used to monitor the DO and pH levels in the reactor.
A circulating water bath system was used to maintain the
temperature at 30°C + 2.0°C.

Aeration Backwashing
pump pump

2.2. Inoculated sludge and synthetic wastewater
2.2.1. Inoculated sludge and process performance

The inoculated sludge (SNAD granules) was obtained
from a pilot-scale UMSB-MBR used for the treatment of
low C/N ratio synthetic wastewater. Synthetic sewage was
used as the substrate for the pilot-scale UMSB-MBR, and
the nitrate and organic matter originated from NH,Cl and
sodium acetate, respectively. The average concentrations
of NH;-N and chemical oxygen demand (COD) in the feed
were maintained at 50 and 50 mg/L, with removal efficiencies
of 97.5% and 92.3%, respectively.

2.2.2. Synthetic wastewater

Synthetic wastewater was used as the substrate in this
study; the ammonia and organic matter originated from
NH,Cl and sodium acetate, respectively. The concentrations
of nitrogen and organic matter differed for different exper-
imental groups (Table 1). The C/N ratio was maintained
at approximately 1.0, which referred to the optimal influ-
ent parameter for the SNAD-MBR in our previous study.
The other components and trace elements in the synthetic
wastewater were as follows: 500 mg/L. NaHCO,; 27.2 mg/L
KH,PO,; 180 mg/L CaCl,-2H,0O; 300 mg/L. MgSO,-7H,0. Trace
elements I and II were supplied at 1 mL/L. The composition
of trace element I was 1.25 g/L. KHCO,, 0.025 g/L. KH,PO,,
0.3 g/L CaCl,2H,O, 0.2 g/L MgSO,7H,O, and 0.00625 g/L
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Table 1

Operational conditions and substrates of the SNAD-MBR process

Phase Operation NH;-N Chemical oxygen = Backwashing  Backwashing frequency =~ NaClO concentration
time (d) (mg/L) demand (mg/L) flux (LMH) (min/min) (mg-NaClO/g-MLSS)
I 1-14 51.67 +0.90 50.34 +0.28 20.1 0/0 0
II 1544 51.59 +0.49 52.08 +1.61 20.1 1/10 5
111 45-74 51.06 +0.92 52.61+1.94 20.1 1/20 10
v 75-105 51.51+1.20 52.67 +1.19 20.1 1/30 15
FeSO, and that of trace element Il was 15 g/L EDTA, 0.43 g/l Table 2
ZnSO,7H,O, 0.24 g/L. CoClL,-6H,0, 0.99 g/L MnCl-4H,O, Substrates of the sequencing batch tests
0.25 g/L CuSO,5H,0, 0.22 g/L NaMoO,2H0O, 0.19 g/L
NiCl,-6H,O, 0.21 g/L NaSeO,-10H,0, 0.014 g/L H,BO,, and Functional NH;-N NO,-N NO;-N Chemical oxygen
0.05 g/L Na,WO,-2H,0. bacteria (mg/L) (mg/L) (mg/L) demand (mg/L)
AerAOB 50 0 0 0
2.3. Sample analyses and methods AnAOB 25 33 0 0
The contents of COD, NH;-N, NO;-N, NO;-N, mixed DNB, 0 30 0 50
liquor suspended solids (MLSS), and mixed liquor volatile DNB, 0 0 20 50

suspended solids (MLVSS) were measured according to
standard methods [11], and the TN concentration was the
sum of the NH;-N, NO;-N, and NO,-N concentrations.
The particle size distribution of the granular sludge was
determined by wet-sieving using stainless steel sieves with
aperture diameters of 3.0, 2.5, 2.0, 1.5, and 1.0 mm.

The concentration of EPS was determined by measuring
the amount of protein and carbohydrates using a heating
extraction method [12]. The protein fraction of EPS (EPSP)
and the carbohydrate fraction of EPS (EPS) were deter-
mined using the modified Bradford method with bovine
serum albumin as the standard and the anthrone-sulfuric
acid colorimetric method with glucose as the standard [13],
respectively.

The three-dimensional excitation-emission matrix (3D-
EEM) spectra of the EPS and soluble microbial products
(SMP) were obtained using a fluorescence spectrometer
(Hitachi F-7100, Tokyo, Japan). The excitation and emission
slits were maintained at 10 nm, and the scanning speed was
60,000 nm/min. The EEM spectra were collected at exci-
tation wavelengths from 200 to 550 nm at 10 nm increments.
The data were processed and analyzed using Origin 8.5
Software (OriginLab Northampton, MA, USA).

2.4. Analysis of the activities of the functional bacteria

Sequencing batch tests were parallelly conducted with
250 mL serum flasks for 7 h. The granular sludge was
obtained from the bottom of the SNAD-MBR at the end of
each operational phase and was cleaned with distilled water
three times to remove the remaining matrix on the sludge
surface. About 12 g of wet granular sludge was added to
the serum bottles containing the substrates, as shown in
Table 2. The NH;-N, NO-N, and NO;-N concentrations in
the supernatants of the serum flasks were determined once
in an hour. The activities of aerobic ammonium-oxidizing
bacteria (AerAOB), anaerobic ammonium-oxidizing bacte-
ria (AnAOB), and denitrifying bacteria (DNB, and DNB,)
were characterized by evaluating the NH;-N, TN, NO,-N,

and NO;-N specific degradation rates (mg-N/mg-MLVSS-d),
respectively.

The inhibition degree of the microbial activity is
denoted as R in Eq. (1).

R= % x100% 1)

0

where R is the inhibition degree, (%); S, is the decrease
in the microbial activity under NaClO stress (mg-N/
mg-MLVSS-d), and S, is the initial microbial activity
without NaClO stress (mg:N/mg-MLVSS-d).

2.5. Evaluation of membrane fouling behavior
2.5.1. Calculation of membrane fouling rate

The TMP (kPa) data were corrected using the standard
temperature (T, 20°C) [14], as defined in Eq. (2):

TMP = TMPGEU‘OZS(GQO) @)
The membrane fouling rate was determined with Eq. (3):

F= ATAI\;[P x100% 3)

where F, is the membrane fouling rate (Pa/h), TMP is the
transmembrane pressure (kPa), and ¢ is the running time (h).

2.5.2. Membrane foulant extraction

At the end of each phase, the filter cake layer on the sur-
face of the contaminated membrane was gently wiped with
a sponge, and the fouled membrane module was immersed
in a NaOH solution with a pH of 12 and placed at 30°C for
24 h. Approximately 100 mL of the solution was filtered
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through a 045 pm membrane and placed in a dryer at
105°C for 24 h to obtain the dry foulants.

2.5.3. Fourier-transform infrared spectroscopy and protein
secondary structure analysis

The dry foulants were mixed with KBr in an agate grinder
at the ratio of 1:100. The mixture was compressed, and the
main functional groups in the membrane foulants were ana-
lyzed by Fourier-transform infrared spectroscopy (FI-IR)
(IRAffinity-1, Japan) at 4,000-400 cm™. Self-deconvolution
was used in the amide I region of 1,700-1,600 cm™ [15].
The PeakFit software (version 4.12) was used to calcu-
late the second-derivative spectrum and fitting curve to
analyze the protein secondary structure.

2.6. Redundancy analysis

Canoco 5 (v.5.15, Microcomputer power, USA) soft-
ware was used for redundancy analysis of the experimental
data. The cosine of the angle between the arrows represents
the degree of correlation between the variables. The larger
the cosine value, the greater the correlation; the arrow
direction represents positive (same direction) or negative
(different directions) correlations. A vertical arrow indicates
no correlation.

3. Results and discussion

3.1. Influence of NaClO on biological performance of the
SNAD-MBR process

3.1.1. Short-term influence of NaClO on the activities
of functional bacteria

The SNAD granules formed during the start-up period
of the SNAD process (this period is not shown). Granular
sludge typically has larger biomass than activated flocs,
resulting in higher activities of the degrading substrates
[16]. The SNAD granules achieve advanced nitrogen
removal due to the synergy of multiple types of functional
bacteria (AerAOB, AnAOB, and DNB) that utilize autotro-
phic and heterotrophic pathways [17]. The activities of the
functional bacteria under different levels of NaClO stresses
(040 mg/g-MLSS) were investigated by batch tests to deter-
mine the limit of the NaClO concentration. AerAOB prefer to
remain on the surface of SNAD granules due to the oxygen
demand, whereas AnAOB prefer anaerobic conditions and
are found in the interior of the granules to achieve ammonia
and nitrite removal. The distribution of DNB is more com-
plex; they exist on the surface or the interior of the granules
because some favor an anoxic environment.

Fig. 2 shows that the activities of AerAOB, AnAOB,
DNB,, and DNB, were 0.4305, 0.477, 0.35, and 0.224 mg-N/
(mg-VSS-d) without NaClO stress, respectively. In com-
parison, a previous study presented lower activities of
AerAOB, AnAOB, DNB,, and DNB, for 0.216, 0.323, 0.072,
and 0.196 mg-N/(mg-VSS-d), respectively, in a SNAD sys-
tem treating synthetic municipal wastewater [1]. The dis-
crepancies were possibly attributed to the different influent
C/N ratio, which could exhibit significant impacts on abun-
dance of functional bacteria. The activities of the functional

bacteria at NaClO concentrations of 10 and 20 mg/g-MLSS
showed no significant differences (ANOVA, p < 0.05), which
were slightly inhibited with R values of 96.40, 97.48, 96.57,
and 95.98 and 92.92, 93.29, 93.71, and 91.52 for AerAOB,
AnAOB, DNB,, and DNB,, respectively, indicating similar
inhibition degrees for all functional bacteria.

Nevertheless, significant inhibitions of the activities of
functional bacteria were observed at higher NaClO concen-
trations of 30 and 40 mg/L, with R values of 74.33, 78.62, 77.14,
75.89, and 58.07, 64.99, 62.86, 62.50 for AerAOB, AnAOB,
DNB,, and DNB,, respectively. The relatively higher R val-
ues for AnAOB and DNB than for AerAOB were attributed
to the granular structure, which provided a protective bar-
rier for the cells due to the high microbe density, the EPS
matrix, and inorganic salts. Thus, the bacteria exhibited high
resistance to toxic compounds [18]. Notably, the granular
sludge readily disintegrated when exposed to high stress.
Therefore, it is critical to obtain the limit of the NaClO con-
centration to implement periodic backwashing during the
long-term operation of the SNAD-MBR process.

The results indicated that the limit of the NaClO con-
centration was 20 mg/g-MLSS for the SNAD granules. Three
NaClO concentrations (not exceeding 20 mg/g-MLSS) and
different backwashing frequencies were tested to inves-
tigate the long-term influence of NaClO on the process
performance.

3.1.2. Long-term influence of NaClO on biological
performance

The nitrogen and organic contaminant removal perfor-
mances of the SNAD-MBR process with periodic NaClO
backwashing are shown in Fig. 3a and b. In phase I, high
nitrogen and organic contaminant removal efficiencies were
achieved by coupling anammox and denitrification with
an ammonia removal efficiency (ARE) of 97.34%, nitro-
gen removal efficiency (NRE) of 93.31%, and COD removal
efficiency (CRE) of 93.17%. The favorable performance was
closely related to the high activities of the functional bacteria.
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Fig. 2. Activities of functional bacteria at different NaClO
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Table 3

Activities of functional bacteria during different operational phases
Phase AerAOB (mg-N/ AnAOB (mg-N/ DNB, (mg-N/ DNB, (mg-N/

(mg-MLVSS-d)) (mg-MLVSS-d)) (mg-MLVSS-d)) (mg-MLVSS-d))

I 0.4305 + 0.042 0.477 £0.023 0.35 +0.024 0.224 +0.021
II 0.41+0.031 0.455 +0.032 0.33+0.012 0.213 £0.014
11 0.38 +0.025 0.425 +0.027 0.305+0.22 0.198 £ 0.018
v 0.28 +0.018 0.315+0.015 0.22+0.021 0.15+0.017

As shown in Table 3, the activities of AerAOB, AnAOB,
DNB,, and DNB, were 0.4305, 0.477, 0.35, and 0.224 mg-N/
(mg-MLSS-d), respectively. Periodic NaClO backwashing
had a negligible impact on the biological performance, with
ARE and NRE of 96.81% and 92.69%, respectively, a NaClO
concentration of 5 mg/g-SS, and a backwashing frequency
of 1/10 min. Minor reductions in the activities of functional
bacteria (0.41, 0.455, 0.33, and 0.213 for AerAOB, AnAOB,
DNB,, and DNB,) were also observed, explaining the per-
formance variation. As the NaClO concentration increased,
the nitrogen and organic contaminant removal efficiencies
increased, although the backwashing frequency was lower.

Similar trends were discovered in the activities of AerAOB,
AnAOB, and DNB. The ARE, NRE, and CRE decreased to
86.56%, 81.82%, and 85.39%, and the activities of AerAOB,
AnAOB, DNB,, and DNB, remained low at 0.28, 0.315, 0.22,
and 0.15 mg/g-MLSS, respectively. The NaClO concentra-
tion used during periodic backwashing was below the limit
derived from the sequencing batch tests. However, detri-
mental influences on the biological performance due to the
NaClO concentration were observed due to the periodic
shock during the long-term operation. The higher production
of intracellular reactive oxygen species (ROS) under higher
NaClO stress could damage the cell structure, inhibit key
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biodegradation enzymes, and reduce the metabolic activ-
ities of microorganisms [5]. These results demonstrate that
a periodic NaClO shock with a high concentration and low
frequency resulted in greater inhibitory microbial activities,
whereas NaClO backwashing with low concentrations and
a high frequency was more beneficial for biological nitrogen
and carbon removals, although the total same amount of
NaClO entered the SNAD-MBR system in one day (0.36 g/d).

In addition, the inhibition degrees of the activities of
different functional bacteria were similar under periodic
NaClO shock. In the sequencing batch test, the inhibition
degree of AerAOB was higher under NaClO stress, whereas
AnAOB and DNB were more adaptable to unfavorable
environments because they prefer anaerobic conditions
inside of the SNAD granules. However, the SNAD granu-
lar structure exhibited little resistance to the NaClO shock
during the long-term operation. This finding was attributed
to the coupling relationships of the three functional bacte-
ria for synergistic nitrogen and carbon removal. After the
AerAOB (on the outside of the SNAD granules) were inhib-
ited by NaClO, the AnAOB (on the inside of the granules)
were suppressed due to the shortage of substrates produced
by the AerAOB (e.g,, NO;-N) during the long-term opera-
tion. The DNB were also inhibited due to the reduction in
NO;-N, which was attributed to the coupling relationship
of AerAOB and AnAOB in the completely autotrophic nitro-
gen removal over nitrite (CANON) process. Moreover, peri-
odic NaClO shocks with higher concentrations caused the
disintegration of granular sludge, leading to a reduction
in the resistance to unfavorable environments [19].

Therefore, the inhibition degrees of the three types of
functional bacteria were likely similar. Anammox was the
dominant pathway (91.13%-91.46%), and denitrification was
a supplementary pathway during nitrogen removal during
different operational phases (8.87%-8.54%). Moreover,
the NO;-N/NH;-N ratio was always higher than the theo-
retical value of 0.11 in the CANON process, indicating a
coupling relationship between the three functional bacte-
ria, although the nitrogen and carbon removal efficiencies
were lower under NaClO stress.

3.2. Influence of NaClO on membrane fouling in the SNAD-MBR
process

3.2.1. Influence of NaClO on membrane fouling rate and
permeate production

The membrane fouling rate and permeate production
during different operational phases are shown in Fig. 4.
The SNAD-MBR process was operated at a constant flux
(6.6-6.9 LMH), and the TMP increased with the operational
time, regardless of the chemical backwashing. The mem-
brane fouling rate was attributed to two factors: dislodging
of the membrane foulants and the change in the properties
of the mixed liquor [4].

The fouling rate in the SNAD-MBR process was rela-
tively higher (3.89 Pa/h) in phase I without physical or
chemical backwashing. The permeate production remained
close to 10.7 L/d. In contrast, membrane fouling was sig-
nificantly suppressed in phase II, with a lower fouling rate
of 0.97 Pa/h. The physical cleaning (permeate backwashing)

could restore membrane permeability by dislodging the
easily detached foulants on the membrane surface (e.g.,
part of the cake layer). However, only chemical backwash-
ing could remove membrane foulants that caused deep
pore blocking. Thus, it was inferred that the scrubbing
of NaClO backwashing was the most effective at a low
NaClO concentration of 5 mg/g-SS. However, the perme-
ate production decreased to 9.69 L/d due to the high back-
washing frequency of 1/10 min.

The fouling rate was 2.66 Pa/h in phase III, lower than
that of phase I but higher than that of phase II. A higher
NaClO concentration with a lower frequency (10 mg/g-SS,
1/20 min) substantially suppressed membrane fouling,
although the fouling potential of the SNAD granules was
enhanced. The permeate production was improved (aver-
age 10.36 L/d) due to the lower backwashing frequency.
In contrast, a higher fouling rate (7.58 Pa/h) was observed in
phase IV. These results demonstrated that periodic chemical
cleaning for permeability maintenance with a higher NaClO
concentration (15 g/g-SS) and a lower frequency (1/30 min)
was unsuitable. The possible reason was the deteriorated
filterability of the SNAD granules due to the variability in
the sludge properties (e.g., particle size, SMP, and EPS). The
high permeate production (10.52 L/d) did not compensate
for this shortcoming because a long-term sustainable opera-
tion was impossible for this cleaning protocol.

In summary, the NaClO backwashing protocol substan-
tially affected membrane fouling and permeate produc-
tion. A lower NaClO concentration and a higher frequency
proved optimal for the permeability maintenance in the
SNAD-MBR process due to sufficient cleaning performance
by NaClO based on the fouling potential of the SNAD
granules caused by its physico-chemical properties.

3.2.2. Influence of NaClO on membrane foulants

The foulants on the membrane surface and in the mem-
brane pores resulted from the accumulation of the mixed
liquor after the detachment of foulants by NaClO back-
washing. Notably, the cake layer was negligible in the

o TMP —— Flux [_] Permeate production
12 T T I 8 15
% [Phase Jj Phase Il | PhaseIIl | PhaselV
et e s e L e B
0 [ I [ &l <)
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9 W - =
= | | | o =]y 2
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5 s P 1% | , &
1 | |
T I I [
" L, L . L. o 1o
20 40 60 80 100

Time (d)

Fig. 4. Changes of membrane fouling behavior and permeate
production during different operational phases.
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MBR process, whereas deep pore blocking was dominant
[20]. Thus, SMPs were primarily responsible for mem-
brane fouling. The types and relative contents of the func-
tional groups of the membrane foulants were analyzed by
FT-IR spectroscopy (Fig. 5). Similar spectral profiles were

Phase I
|

Phase IT

Phase 111 Phase IV

I
I
g - S
R N - L
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave length (em™)

Fig. 5. Infrared spectrum of membrane foulants during different
operational phases.

Phase [

1600 1620 1640 1660 1680 1700
Wave length (cm™)

Phase 111

1600 1620 1640 1660 1680 1700
Wave length (cm™)

observed for the membrane foulants, suggesting that the
compositions of the membrane foulants did not significantly
differ during different operational phases. The mechanisms
of NaClO scrubbing with different NaClO concentrations
and frequencies and the accumulation of SMP in the mem-
brane pores exhibited negligible differences. The proteins
and carbohydrates were oxidized, and soluble organic mat-
ter originated from the SNAD granules under NaClO stress
[10]. The broad adsorption peak at 3,430 cm™ was assigned
to the O-H stretching vibrations in the hydroxyl functional
groups, and a slight peak at 2,930 cm™ was attributed to the
C-H expansion vibrations in alkane organic matter [21].
The peaks near 1,654 cm™ were attributed to the stretching
vibrations of C=O and N-H and the deformation vibra-
tions of C-H (amide I vibration of the protein-like sub-
stances), respectively [22]. The small adsorption peak at
1,087 cm™ originated from the C-O-C stretching vibrations
of carbohydrate-like substances [23].

The soluble protein fraction was closely related to the
degree of membrane pore blocking [24]. The protein sec-
ondary structures of the membrane foulants indicated the
inherent interactions between the soluble protein and the
membrane. Hence, the amide I region of the infrared spec-
trum (1,600-1,700 cm™) of the membrane foulants during
different operational phases was analyzed. The differences
in the protein secondary structures were determined by
second derivative analysis and curve fitting. The fitting
results are shown in Fig. 6a-d, and the relative concentra-
tions of the aggregated strands (1,610-1,625 cm™), a-helices

Phase 11

1600 1620 1640 1660 1680 1700
Wave length (cm™)

Phase IV

1600 1620 1640 1660 1680 1700
Wave length (cm™)

Fig. 6. Infrared spectrum and second-order derivatives of amide I region (1,600~1,700 cm™) resolution enhancement and curve
fitting of membrane foulants substances during different operational phases.
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(1,648-1,657 cm™), B-sheets (1,630-1,640 cm™), and random
coils (1,640-1,645 cm™) are listed in Table 4. The a-helix frac-
tion (24.48%-27.23%) was higher than the other two fractions
(B-sheets: 12.80%-13.69%; random coils: 13.60%-15.26%),
indicating that o-helices were dominant in the protein sec-
ondary structure. The a-helices/(B-sheets + random coils)
ratio indicates the compactness of the protein structure. A
low ratio indicates a loose structure and relatively strong
hydrophobicity of the protein [25].

The ratio of a-helices/(B-sheets + random coils) decreased
from 0.95 to 0.918, suggesting a reduction in the compact-
ness and an increase in the hydrophobicity of the protein
in the membrane foulants from phase I to IV. This finding
implied that NaClO backwashing with a higher concentra-
tion increased the production of hydrophobic soluble pro-
teins, which exhibited stronger interaction forces with the
membrane, resulting in irreversible fouling. Thus, these
results could explain the higher membrane fouling rate
in the SNAD-MBR process in phase III.

3.2.3. Influence of NaClO on sludge properties of SNAD
granules

3.2.3.1. Particle size distribution

The particle size distribution affects membrane foul-
ing [26]. A larger particle size results in a lower membrane
fouling rate due to the relatively higher settling velocity
and the lower probability of particle collisions and attach-
ment to the membrane surface. The particle size distribu-
tion of the SNAD granule during different operational
phases is shown in Fig. 7. In phase I, particles with a size
range of 1.5-2.0 mm accounted for the highest proportion
(25%). Particles larger than 2.0 mm and smaller than 1.0 mm
accounted for 51% and 10% of all particles, respectively. The
particle size had a normal distribution. The average particle
size increased with the NaClO concentration in phases II
and III, and particles larger than 2.0 mm accounted for 55%
and 60%, respectively. These results can be attributed to the
increased EPS production that enhanced the SNAD gran-
ulation, protecting microorganisms under NaClO stress.
Larger SNAD granules typically have better filterability
and are more suitable for long-term operations. Thus, the
SNAD granule properties contributed to low membrane
fouling rates in phases I and II.

However, the average particle size of the SNAD gran-
ules decreased as the proportion of particles below 2.5 mm
increased. These particles accounted for 48% of all particles in

Table 4

phase IV. The disintegration of the SNAD granules occurred
due to bacterial lysis under higher NaClO stress. It should
be noted that the SNAD granular structure was signifi-
cantly affected by the high-concentration NaClO shock
in one backwashing cycle, although the backwashing fre-
quency was the lowest (1/30 min), causing prolonged stress
of the microorganisms.

3.2.3.2. SMP and EPS

The concentrations of SMP and EPS in the mixed liquor
are typically used as membrane fouling indicators [27].
Unlike activated flocs, the SMP in the granular sludge are
associated with a decline in the membrane permeability,
whereas EPS are related to sludge granulation [28]. The con-
tents and compositions of the SMP and EPS in the SNAD
granules in different operational phases were investigated.
As shown in Fig. 8a, the SMP_and SMP | contents increased
from 35.63 and 56.45 mg/L to 45.89 and 80.72 mg/L from
phase I to IV, respectively. These results indicated that solu-
ble organic matter was released by the microorganisms under
increased NaClO stress. The SMP /SMP_ ratio increased
from 1.58 to 1.76, suggesting the SMP_ was the main com-
ponent contributing to the resistance of deep pore blocking.
The secondary structure of the protein in the membrane fou-
lants (discussed in Section 3.2.2) suggested that an increase
in the NaClO concentration caused the hydrophobicity of
the SMP , exacerbating membrane fouling and reducing
membrane permeability.

In contrast, the EPS trend differed from the SMP trend
(Fig. 8b). The EPS_ and EPS contents increased from 32.47
and 98.67 mg/g: S5 to 39.22 and 127.44 mg/g-SS from phase
I to III and then decreased to 38.65 and 120.67 mg/g-SS in
phase 1V, respectively. The EPS /EPS_ratio showed a similar
trend as the EPS contents, with the highest value of 3.25 in
phase III. The EPS /EPS_ ratio is an indicator of the hydro-
phobicity and stab111ty of granular sludge [29]. The incre-
ments in the EPS contents and EPS /EPS_ ratio under NaClO
stress indicated suitable sludge granulation and high stabil-
ity, resulting in high membrane permeability. A decrease in
the EPS contents and EPS /EPS ratio in the later phases was
attributed to damage to the bacterial structure under higher
NaClO stress, resulting in the disintegration of the SNAD
granules and a higher fouling rate.

The components and structures of the SMP and EPS in
the SNAD granules were characterized by 3D-EEM fluo-
rescence. As shown in Fig. 9, one fluorescent peak (peak A)
was observed at excitation/emission (Ex/Em) wavelengths
of 270-280/330-350 nm in phase I. This peak was associated

Relative abundance of secondary structures of proteins in membrane foulants during different operational phases

Period  Aggregated strands  a-helix B-sheet Random coil o-helix/
(1,610~1,625 cm™)/%  (1,648~1,657 cm™)/%  (1,630~1,640 cm™)/%  (1,640~1,645 cm™)/%  (B-sheet + random coil)
I 11.78 25.08 12.80 13.60 0.950
II 8.80 27.23 13.69 15.26 0.940
11 9.21 25.00 13.17 13.75 0.929
v 7.36 24.48 13.16 13.51 0.918




10

Percentage (%)

>3.0 2.5-3.0 2.0-2.5 1.5-2.0

Partical size (mm)

1.0-1.5 <1.0

I Phase 11T

25F

- N
73 S
T

Percentage (%)

—
S

>3.0 2.5-3.0 2.0-2.5 1.5-2.0 1.0-15

Partical size (mm)

<1.0

Z.Z. Wang et al. / Desalination and Water Treatment 312 (2023) 1-13

(b)

[ Phase 1

30

25

Y
=

Percentage (%)

>3.0 2.53.0 2.0-25 1520 1.0-1.5 <1.0
(d) Partical size (mm)
30
I Phase IV

25

[
S

Percentage (%)

>3.0 2.5-30 2.0-2.5 15-2.0

Partical size (mm)

1.0-1.5 <1.0

Fig. 7. Change of particle size distribution of SNAD granules during different operational phases.
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with tryptophan protein-like substances. Another peak (peak
B) occurred at Ex/Em wavelengths of 350-360/430-440 nm in
phase II-1V; it was attributed to humic acid-like substances.
This finding suggested the formation of different compo-
nents of the protein fraction of SMP after the SNAD gran-
ules were exposed to NaClO. In contrast, only one fluores-
cent peak (peak A) was identified in the EPS fluorescence
spectra throughout the test. The fluorescence parameters

of SMP and EPS in the SNAD granules, including the peak
location, maximum fluorescence intensity, and peak inten-
sity ratios, are summarized in Table 5. The intensities of
peaks A and B in the SMP fluorescence spectra increased
from phase I to IV, in agreement with the SMP  contents.
Moreover, tryptophan protein-like substances were of criti-
cal importance in membrane fouling. However, the intensity
of peak A in the EPS fluorescence spectra increased from
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Fig. 9. Three-dimensional fluorescence spectra of (a) SMP and (b) EPS of SNAD granules during different operational phases.

Table 5

Fluorescence spectra parameters of (a) SMP and (b) EPS of the SNAD granules during different operational phases

Sample Peak A Peak B Peak intensity ratio
Ex/Em Intensity Ex/Em Intensity A/B
1 SMP 270/330 441.4 - - -
EPS 280/350 5,215 - - -
I SMP 280/350 567.2 350/430 384.9 1.474
EPS 280/350 5,284 - - -
I SMP 270/350 777.6 360/440 472.2 1.647
EPS 280/350 5,443 - - -
v SMP 270/350 1,166.4 360/440 560.9 2.080
EPS 280/350 5,338 - - -
phase I to phase III and then decreased to phase IV, indicat- s = o
ing the vital role of tryptophan protein-like substances in ™ EPS/EPSe EPSc
maintaining the stability of the SNAD granules.
The NaClO backwashing significantly influenced the
metabolic products of the SNAD granules. The SMP and 5 ]
EPS affected the fouling potential of the SNAD granules & ... E—
. c. AerAOB AnAOB SMPp
and membrane fouling. =) i — — e 4
5| Effluent TN
§ Eﬁ‘I{em Effluent COD
3.3. Results of redundancy analysis a M
Phase IV
The relationship between the NaClO concentration/ Biraiiine
backwashing frequency and the process performance, activ- 'Ph.
. N ase 11
ities of functional bacteria, and physico-chemical proper- =
ties of the SNAD granules was assessed using redundancy 0
analysis (Fig. 10). The red arrows represent the NaClO con- -1.5 RDA1 99.98% 1.5

centration/backwashing frequency, and the green arrows
represent the other parameters. An angle between the two
arrows smaller than 90° indicates a positive correlation,
and an angle greater than 90° indicates a negative correla-
tion [30]. The NaClO concentration had a positive impact
on the SMP production but negatively affected the activi-
ties of the functional bacteria and the process performance.
However, the backwashing frequency exhibited the oppo-
site relationship with these parameters. The reason is the

Fig. 10. Redundancy analysis of NaClO backwashing, process
performance, activities of functional bacteria and physico-
chemical properties of SNAD granules.

contrary trends of the NaClO concentration and the back-
washing frequency in one chemical cleaning cycle. NaClO
backwashing significantly impacted the biological perfor-
mance and the fouling potential of the SNAD granules.
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An appropriate strategy of periodic NaClO backwashing
should be selected to maintain high biological efficacy and
membrane permeability in the SNAD-MBR process.

4. Conclusion

This study provided new insights into the influence of
in-situ NaClO backwashing on the biological performance
and membrane fouling behavior in the SNAD-MBR. The
biological performance depended on the NaClO concentra-
tion and backwashing frequency due to the inhibitory activ-
ities of functional bacteria. However, the contribution ratio
of the autotrophic and heterotrophic pathways for nitrogen
removal remained constant, and the anammox process was
dominant throughout the operation. The double-side effects
of in-situ NaClO backwashing on membrane fouling were
elucidated. A lower concentration with a higher frequency
provided superior membrane cleaning efficiency, whereas
a higher concentration with a lower frequency exacerbated
membrane fouling owing to the excessive production of
soluble tryptophan protein-like substances. The optimal
in-situ NaClO backwashing strategy was a NaClO con-
centration of 10 mg/g-MLSS and a frequency of 1/20 min.
This approach can be implemented to broaden the applica-
tion of the SNAD-MBR process.
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