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The issue of reverse osmosis concentrate (ROC) has attracted significant attention due to its complex and
toxic constituents under high salinity conditions. In this work, a three-stage membrane-aerated biofilm
reactor (MABR) system was constructed to treat such wastewater without an external carbon source.
The effects of operating conditions including aeration pressure, reflux ratio, temperature and hydraulic
retention time on the removal performance of the integrated system were evaluated and optimized.
Under the optimal operating parameters, the removal efficiencies of COD, NH4*=N, NOs™ =N, and TN
reached 69.36%, 80.95%, 54.55%, and 54.36%, respectively. Three-dimensional fluorescence analysis
indicated that humic acid was mostly removed from raw water. Moreover, microbial diversity analysis
indicated that the microbial community structure of each reactor could be individually modulated to
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Open Access Article. Published on 10 March 2020. Downloaded on 4/2/2026 8:24:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1 Introduction

Reverse osmosis (RO) has become an essential procedure in
various sewage treatments for high-quality reuse due to its lower
energy demands." However, the inevitable reverse osmosis
concentrate (ROC) obtained from the RO process without
proper disposal substantially threatens water environmental
security and unbalances the ecosystem as well.>* Considering
the high concentrations of dissolved salts and refractory
organic matter in ROC, it is essential to explore economical and
practical techniques for ROC treatment.>”

As reported, several physical and chemical methods are
beneficial for removing the organic matter from ROC, including
advanced oxidation processes,®**® adsorption methods,'""
membrane distillation™ and integrated process.® Convention-
ally, the undecomposed pollutant treated by physical tech-
niques is just transferred from the liquid phase to the solid
phase, causing secondary pollution problems.™ High operation
cost and limitation of total nitrogen (TN) removal have further
confined the potential applications of advanced oxidation
processes.*>**
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great feasibility and potential for the advanced treatment of coal chemical ROC.

Biological methods have been widely accepted as highly
effective and low-cost for organic contaminant removal and
have drawn much attention in recent years."” Irrespective of
whether they are used alone or combined with other technolo-
gies, they are a research-oriented direction for simultaneously
reducing the chemical oxygen demand (COD) and total
nitrogen. Xu et al.*® used a biological activated carbon process to
treat reverse osmosis concentrate water in a refinery. Under
optimal process conditions, the reverse osmosis concentrate
water from the refinery with an average influent COD of
100 mg L™ was treated with biological activated carbon and the
resulting COD was less than 60 mg L™". Li et al.® used Donax as
a carbon source and biofilm carriers for ROC treatment and
efficient denitrification performance was obtained: an NO; -N
average removal of 73.2% + 19.5% and NO; -N average volu-
metric removal rate at a stable phase of 8.10 + 3.45 g N per (m?
day). R. M. Huang et al.>* used Fenton oxidation and an aerated
biofilter to treat the ROC from an electroplating wastewater
recovery unit. Fenton oxidation increased the biodegradability
of the wastewater and the removal rate of COD by 30%.

Despite this, it is worth noting that high salinity and
refractory and toxic organic pollutants in ROC affect microbial
growth and proliferation.”>** In general, a biofilm exhibits
higher salt stability than suspended activated sludge, where the
microbial communities are acclimatized and screened by the
adverse conditions.*®>* Although pollutants can inhibit
biodegradation, studies have shown that organisms selected
and domesticated under certain conditions are able to adapt to
the harsh living environment and remove contaminants.*®
Consequently, it is executable to apply suitable environmental
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biotechnology to economically degrade the organic matter in
ROC.

Membrane-aerated biofilm reactors (MABR) are a burgeon-
ing technology for wastewater treatment which integrate the gas
separation and biofilm processes. Characterized by perfect
biological affinity and rough surface structure, the hollow-fiber
membrane acts as the biofilm carrier. Oxygen is transferred
from the gas-permeable hollow-fiber membrane to the biofilm
for sufficient utilization and consumption. Then, distinct redox
stratification forms within the membrane-aerated biofilm
through adaptability to oxygen and nutrient concentration.>”~*°
Further, MABR has the advantage of high nitrogen removal
efficiency®' even at low wastewater COD/N.** The multi-stage
MABR processing system transforms the functional flora of
the biofilm in a single-stage MABR into a single MABR unit. The
units connected in series achieve the purpose of removing
pollutants through division of labor and cooperation. Wei et al.
used MABRs to treat hydrolytic acidified pharmaceutical
wastewater.®® Tian et al. used a two-stage MABR system to treat
high o-aminophenol concentration wastewater.** Mei et al
integrated anaerobic treatment and MABR in a system for
treating p-nitrophenol wastewater.*

In this paper, a lab-scale three-stage MABR system was
designed and constructed to enhance contaminant removal for
coal chemical ROC samples. The effects of critical parameters
on the removal performance of the operational process were
elucidated and optimized. Subsequently, the characteristics of
each stage were illuminated by determining the dissolved
organic matter in the effluent and the microbial community of
the biofilm. This work aimed to provide a fresh attempt and
technical support for ROC treatment with MABR.

2 Materials and methods
2.1 ROC sample

ROC samples, provided by Tianjin MeiTong Metallurgical
Equipment Manufacturing Co. Ltd, were produced from a series
of processes exhibited in Fig. 1. Before entering RO treatment,
the coal chemical wastewater underwent these pretreatment
processes, which caused most of the organic matter in the ROC
to be the metabolites of the microorganisms and refractory
substances. Moreover, the low C/N ratio (about 2) and poor
biodegradability (BODs/COD = 0.23) further inhibit the deni-
trification process, indicating that it is unsuitable for
a conventional biological treatment process (Table 1).
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Fig. 1 Process flow chart of coal chemical wastewater treatment.
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Table 1 Characteristics of ROC

Parameter Unit Value
COD mg L~ 280-320
TN mgL™! 147-165
NH,"-N mg L~" 2.1-2.9
NO; -N mg L " 23.6-32.5
BOD; mg L 69.3
Salinity % 0.67

TP mg L~ 1.18
pH — 7.78
TDS gL 6.11
EC mS cm ! 12.22

2.2 Systematic configuration

The composite hollow-fiber membrane specified for MABR was
obtained from Hydroking Sci. & Tech. Ltd (Tianjin, China). Its
high biocompatibility has been shown, indicating excellent
biofouling resistibility.>* The membrane was verified as suitable
for long-term operation with outstanding oxygen transfer
efficiency.

Considering the content of refractory organics in the waste-
water, a single reactor could not degenerate them effectively. A
three-stage (named MABR #1, MABR #2 and MABR #3) differ-
ential functional reactor system was constructed. In MABR #1,
the macromolecular organic matter was converted into smaller
molecular organic matter to improve the biodegradability of the
wastewater. Then, MABR #2 and MABR #3 in sequence further
degrade the contaminants. In order to improve the removal
efficiency of refractory pollutants, the wastewater of MABR #3
was refluxed into MABR #1.

As shown in Fig. 2, the lab-scale MABR system included the
MABR reactors, air supply system, water supply system and
district heating line system. The reactor was a 6L (30 x 12 x 20
cm) container containing 200 hollow-fiber membranes folded
back five times. Hydrodynamic shear stress across the biofilm
was controlled by the circulating pump whose inlet and outlet
set the water distributor to reduce channelling and dead
stream. The air compressor carried air through the air pipe to
the hollow-fiber membrane. The aeration pressure was
controlled and monitored by the valve and pressure gauge,
respectively. The water overflowed sequentially through MABR
#1, MABR #2 and MABR #3. Then, water from MABR #3 was
refluxed to MABR #1 to improve the removal efficiency of non-
degradable substances. An electrical heater was applied
moderately to maintain the temperature of the reactor due to
the low temperature in the north of China in winter.

2.3 Start-up and operation

The seed activated sludge, derived from the secondary sedi-
mentation tank of Xianyang Road Wastewater Treatment Plant
(Tianjin, China) was inoculated into the MABR. Biofilm with
uniform thickness and high activity was cultured with simu-
lated domestic sewage for three months according to a previous
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Fig. 2 The flow chart of the experimental set-up for the MABR system.

investigation at a temperature range of 23-27 °C and a pH range
of 7.6-8.2.%¢

However, the biofilm structure was not stable or mature
enough to efficiently degrade pollutants and needs a domesti-
cation stage to adapt to the impact of water quality changes. To
further improve the biofilm maturity and stability, ROC was
added as a volume fraction after initial biofilm formation on the
90th day. The proportion of the ROC increased from 0% to
100% in mixed simulated domestic sewage. For each increase in
the percentage of ROC, the microorganisms took 7 days to
adapt. Later, a slow acclimation would form a more complex
and complete biological chain within the biofilm as well as
improve the ability of microbes to adapt to environmental
changes and external disturbances.?”

Formal experiments were carried out when the effluent of the
domesticated reactor stabilized. To illustrate the effects of
operational parameters on contaminant removal and optimize
the process, the aeration pressures in MABR #1 (0, 5, 10 and 15
kPa), MABR #2 (10, 15, 20 and 25 kPa) and MABR #3 (15, 20, 25
and 30 kPa), the temperature (12, 15, 18, 21 and 24 °C), and the
HRT (12, 18, 24 and 30 h) were regulated and controlled in
continuous mode.

2.4 Water quality

Chemical oxygen demand (COD), ammonia (NH,'-N), nitrate
(NO3;™-N) and total nitrogen (TN) were measured by a multipa-
rameter bench photometer for laboratories (DR2800, Hach
Instruments Inc., USA). Dissolved oxygen (DO) was measured by
the DO probe of a multi-parameter water quality analyzer
(HQ30d, Hach Instruments Inc., USA) and pH value was
measured using a pH probe (Five Easy Plus FE28, Mettler
Toledo, USA). Salinity, electrical conductivity (EC), and total
dissolved solids (TDS) were measured by conductivity meter
(DDSJ-308A, INESA Instrument Inc., China). Biochemical
oxygen demand (BOD;s) was monitored by a BOD analyzer (BOD
Trak™, Hach Instruments, Inc., USA).

2.5 Three-dimensional fluorescence

Three-dimensional fluorescence can simultaneously illuminate
the fluorescence intensity information of the excitation
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wavelength and the emission wavelength.*® By obtaining fluo-
rescence intensity information when the excitation and emis-
sion wavelengths are changed simultaneously, the structural
composition of the unknown sample or a chemical group
thereof can be identified. The organic matter in the wastewater
is irradiated with excitation light of a specific wavelength to
generate characteristic wavelength emitted light and the
specific fluorescence information of the dissolved organic
substances in water can be rapidly obtained by using the
specific fluorescence intensity and specific position of the
fluorescence peaks of different fluorescent materials. The
physical and chemical properties of the sample can be obtained
by analysis of the spectrograph.

The water samples were under optimal operating parameters
and filtered through a 0.45 pm filter for 3D fluorescence spec-
trum scanning. The three-dimensional fluorescence spectrum
was obtained by a Cary Eclipse fluorescence spectrophotometer
with excitation wavelengths of 200 nm to 450 nm and emission
wavelengths of 230 nm to 540 nm. The excitation and emission
wavelength changes were both 5 nm and the scanning speed
was 2400 nm min~'. The exported data was drawn by Origin.

2.6 Microbial community analysis

To explore the microbial community composition of the bio-
film, 16s rDNA high-throughput sequencing technology was
applied. R1, R2 and R3 were the biofilms in MABR #1, MABR #2,
MABR #3, respectively, under optimal operating parameters; R4
was the biofilm prepared from artificial domestic sewage;
HLWN was activated sludge. All samples were stored below
—80 °C before analysis. The operating process was based on
previous literature.*

3 Results and discussion
3.1 MABR start-up and acclimation

In the acclimation phase, the temperature was maintained at
20 °C. The reflux ratio and HRT were 1 and 24 h, respectively.
The aeration pressures of the reactors were kept at 5 kPa, 20
kPa, and 20 kPa, respectively.

The removal rate of COD in the domestication process is
shown in Fig. 3(a). With each ROC ratio increase, the effluent

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Variation of COD during the acclimation period. (b) Variation
of TN during the acclimation period.

COD increased significantly and then gradually decreased with
time. Each time the ROC increased in the influent water, the
biofilm needed a period of adaptation to restore its ability to
remove carbon and nitrogen. The adsorption of biofilms played
a large role in this process. When the ROC ratio of the influent
exceeded 80%, the effluent COD reduced slightly with biofilm
sloughing observed, indicating the tolerance limit of biofilm.

As shown in Fig. 3(b), when the ROC ratio of the influent
increased from 40% to 60%, the TN removal rate declined
significantly. The reason for the decrement in denitrification
was an unsuitable carbon to nitrogen ratio and the high salinity
effect.*®** The TN removal rate gradually decreased with the
increase of ROC content, since the functional bacteria for
denitrification have not adapted to ROC. Inadequate damage of
refractory organic structure in MABR #1 might also be an
influencing factor in total nitrogen removal rate.

3.2 Operation parameter analysis

3.2.1 Effects of aeration pressure on contaminant removal.
In this experiment, the effect of aeration pressure on contami-
nant removal was investigated at 20 °C. The reflux ratio and
HRT were 0 and 24 h, respectively.

The effects of aeration pressure for contaminant removal in
the three reactors are presented in Fig. 4. In Fig. 4(a), the COD
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Fig. 4 Effects of aeration pressure on contaminant removal: (a) MABR
#1, (b) MABR #2, and (c) MABR #3.

removal efficiency was brought down from 4.76% to —1.94%
when the aeration pressure increased from 0 kPa to 5 kPa.
When the aeration pressure rose from 5 kPa to 10 kPa, the COD
removal efficiency declined from —1.94% to —3.03%. When the
aeration pressure was 10 kPa, the COD removal efficiency was
3.49%. The accumulation of NH,-N reduced from 64.29% to
23.08% with the aeration pressure rising from 0 kPa to 10 kPa.
This was a positive correlation between the removal rate of
nitrite and aeration pressure, while nitrate was the opposite.
Also, TN removal efficiency had small fluctuations within
a certain scope.

Almost no DO was present in the absence of aeration in the
fourth stage of anaerobic biochemistry (methane generation
reaction), which was carried out by MABR #1. A small amount of
aeration was necessary to suppress methanogens. Slight DO
improved the physiological and metabolic functions of facul-
tative hydrolytic acidifying bacteria and increased the acid
production rate and the stability of the entire system.** At 5 and
10 kPa, anaerobic biochemicals were controlled in the hydro-
Iytic acidification phase to convert macromolecular organic
matter into small molecules, improving their biodegradability.
At 15 kPa, anaerobes and facultative anaerobes were inhibited
by excessive DO and the organic matter was mostly removed by
aerobic bacteria. The main aim of MABR #1 was to improve
biodegradability and remove some pollutants. Thus, MABR #1
also can act as a buffer to resist the impact of toxic substances
and heavy metal ions in the ROC. The effluent of MABR #1 at 10
kPa was selected as the influent of MABR #2 to conduct
subsequent research. In Fig. 4(a) and (b), MABR #1 and MABR
#2 had different pollutant removals under the same aeration
pressure. The water from the MABR #1 was biodegradable; it
was relatively easy to remove the contaminants in the water after
they entered the MABR #2.

From Fig. 4(b), COD removal efficiency increased sharply
with aeration pressure from 10 to 15 kPa and then increased
slowly from 15 to 25 kPa. When the aeration pressure was
higher than 15 kPa, ammonia nitrogen did not accumulate. The
total nitrogen removal rate reached a peak of 53.02% at an
aeration pressure of 20 kPa. The NO; -N removal rate

RSC Adv, 2020, 10, 10178-10187 | 10181
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decreased from 59.79% to 39.51% with the aeration pressure
increasing from 10 kPa to 25 kPa, resulting from an inhibition
of denitrifying bacteria under sufficient supply.*>** The effluent
of MABR #2 at 20 kPa was selected as the influent of MABR #3 to
conduct subsequent research.

As shown in Fig. 4(c), as the aeration pressure increased from
15 kPa to 30 kPa in MABR #3, the COD removal rate increased
from 59.93% to 71.04%. Sufficient oxygen in MABR #3 was more
conducive to the removal of unused COD from MABR #2.
Within a certain range, the higher the aeration pressure, the
higher the removal rate of ammonia nitrogen.*> At 25 kPa and
30 kPa, the removal rate of ammonia nitrogen was basically the
same, which showed that the oxygen content was no longer the
controlling factor in the ammonia oxidation process. However,
TN and nitrate removal rates decreased with aeration pressure.
On one hand, enhanced ammonia oxidation and further
nitrosation resulted in higher nitrate concentration. On the
other hand, excessive dissolved oxygen and insufficient carbon
sources inhibit nitrification.

As mentioned above, the optimal aeration pressures of the
three reactors were 10 kPa, 20 kPa and 25 kPa, respectively, and
these were maintained for subsequent investigations.

3.2.2 Effects of temperature on contaminant removal. In
this experiment, the effect of temperature on contaminant
removal was investigated under the reflux ratio and HRT of 1
and 24 h, respectively. The optimal aeration pressures of the
three reactors were 10 kPa, 20 kPa and 25 kPa, respectively.

As shown in Fig. 5(a), significant effects of temperature on
the COD removal efficiency were detected. The COD removal
efficiency was 39.87% at 12 °C. Subsequently, COD removal
efficiency was elevated by about 10% with the temperature
rising from 12 to 21 °C. At 21 and 24 °C, total COD removal
efficiencies showed minor differences. Results established that
temperature positively affected the biofilm activity on COD
degradation. COD removal efficiency in MABR #2 at 21 °C
improved by 5.61%, while that in MABR #3 reduced 3.12%.
Lower ambient temperatures cut down the physiological activity
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Fig. 5 Effects of temperature on contaminant removal: (a) COD, (b)
NH4*—N, (c) NOz =N, and (d) TN.
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of the microbial flora. The ability of the biofilm to adsorb and
degrade pollutants decreased. The number of microorganisms
in the free state multiplied and the micelles easily defrag-
mented under low temperature, causing considerable swelling
of the biofilm. Total NH,'-N removal efficiency increased by
only 2.31% as the temperature increased from 12 to 15 °C.
Subsequently, total NH, -N removal efficiency was elevated to
20% with the temperature ranging from 15 to 21 °C while it was
just 1.42% lower than that at 24 °C. The physiological action of
ammonia-oxidizing  bacteria declines with decreasing
temperature.*®

As indicated in Fig. 5(c) and (d), NO; -N and TN were mainly
removed in MABR #2. The removal tendencies for NH,*-N and
TN were similar, showing that simultaneous nitrification-
denitrification (SND) occurred in the MABR system, especially
in MABR #2. Nearly 29.29% of TN was removed at 12 °C. TN
removal efficiency remarkably increased to 59.02% at 21 °C.
Merely 2.52% of TN was further removed at 24 °C. When the
water temperature was low, the enzyme activity of the micro-
organisms and the permeability of the biofilm deteriorated.
That was caused by the decomposition of the organic matter
adsorbed on the surface of the biofilm, leading to decreases in
the biochemical reaction rate and efficiency. Therefore, low
temperature not only creates a reduction in the effectiveness of
contaminant removal but also affects the metabolism and
proliferation rate of microorganisms.*’

As mentioned above, 21 °C was selected as the optimal
temperature for subsequent investigations.

3.2.3 Effects of HRT on contaminant removal. The HRT of
the MABR system was controlled by adjusting the influent flow
rate and opening/closing the reflux system. The system main-
tained a temperature of 21 °C with the aeration pressures of
each reactor being 10, 20, and 25 kPa, respectively. The removal
effects of the MABR system on pollutants under different total
HRTs (12 h, 18 h, 24 h, 30 h) was investigated.

An inappropriate HRT would affect the hydrolysis and acid-
ification processes inside MABR #1, MABR #2 and MABR #3.
Short hydraulic residence time causes insufficient biodegrada-
tion which reduces the pollutant removal rate, but long
hydraulic residence time increases the cost of sewage treatment
and reduces the and biological activity of
microorganisms.

In Fig. 6, the COD and the NH,'-N removal efficiencies
increased to 61.12% and 84.23% with the HRT prolonged to
30 h. The increasing trends of COD and NH,'-N removal effi-
ciency were similar to the results of Lan et al.*®* The longer HRT
meant sufficient degradation in MABR #1, which was beneficial
for the removal of COD. Further, reduced HRT corresponds to
an increase in the organic load of the system per unit time in
MABR; an increase in oxygen consumption promoted the

biomass

growth and reproduction of heterotrophic bacteria, leading to
increased competition for oxygen between organisms. Nitri-
fying bacteria belong to chemoautotrophic microorganisms
whose nitrification process consumes oxygen. The enrichment
of heterotrophic bacteria disadvantaged the nitrobacteria
oxygen in the competition for oxygen, which was not conducive
to fully carry out nitrification; thus, the effluent ammonia NH, -

This journal is © The Royal Society of Chemistry 2020
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N levels increased. Conversely, when the HRT increased, the
system's influent nitrogen load decreased and the competitive
pressure of nitrifying bacteria for oxygen decreased, which was
beneficial to strengthen the nitrification process.*®

When the HRT increased from 12 h to 30 h, the removal rates
of nitrate and total nitrogen both first increased and then
decreased. The difference was that the nitrate removal rate
reached a peak of 52.11% at 18 h and the total nitrogen removal
rate reached its highest point of 56.95% at 24 h. Most deni-
trifying bacteria are heterotrophic bacteria and the carbon
source is usually used as an electron donor to complete deni-
trification under anaerobic conditions. The increase of HRT
reduced the load of organic matter in the MABR system, which
meant that the available carbon source decreased. Further, the
aerobic heterotrophic bacteria consumed less oxygen, leading
to increased dissolved oxygen which suppressed denitrifying
bacteria. Therefore, when the HRT was more than 18 h, the
denitrification process could not be performed sufficiently,
resulting in a decrease in the nitrate removal rate. Total
nitrogen is the total amount of various forms of nitrogen such
as organic nitrogen, NH, -N, NO, -N, and NO;-N. Therefore,
the key to reducing total nitrogen is to strike a balance between
nitrification and denitrification to reach the lowest sum of the
concentrations of various forms of nitrogen-containing
substances. As mentioned above, HRT was kept at 24 h for
subsequent investigations.

3.2.4 Effects of reflux ratio on contaminant removal. In this
experiment, the effect of the reflux ratio for contaminant
removal was investigated under the temperature and HRT of
21 °C and 24 h. The optimal aeration pressures of the three
reactors were 10 kPa, 20 kPa and 25 kPa, respectively.

Fig. 7 shows the outcomes of different reflux ratios on the
removal of pollutants in the MABR system. When the reflux
ratio was lower than 1, the COD removal rate of the MABR
system increased with the increase of the influent reflux ratio,
from 33.88% to 69.36%. However, when the reflux ratio was
increased to 1.5, the COD removal rate was cut to 60.66%. When
turning on the reflux pump to further degrade the undegraded

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Impact of reflux ratio on systemic contaminant removal.

pollutants in the final effluent, the reflux shortened the HRT of
the raw water. When the reflux ratio exceeded 1, the hydrolysis
in MABR #1 was insufficient, resulting in a decrease in the COD
removal rate. With different reflux ratios, the removal efficiency
of NH,'-N by the MABR system was approximately 80%, sug-
gesting that the reflux ratio had little influence on the removal
of ammonia nitrogen. Since the oxygen and substrate were
transferred in two sides of the biofilm in MABR, this reverse
transfer mechanism formed a unique bio-stratified structure.
Nitrifying bacteria in the inner biofilm layer, which retained the
higher concentration of dissolved oxygen but a lower level of
organic matter, had vigorous activity and a high rate of nitrifi-
cation. Also, nitrifying bacteria could be protected by the bio-
film to prevent their loss. Longer sludge age ensured full
reproduction and enrichment and the activity of nitrifying
bacteria could be guaranteed.* Even when the reflux ratio
reached 1.5, the removal rate of the system on ammonia
nitrogen did not decrease. Increasing the reflux ratio from 0 to
1.5 first increased the total nitrogen and nitrate removal rate to
54.56% and 54.36%, respectively, then diminished them. This
indicated that a suitable reflux ratio could link the nitrification
and denitrification processes, which is favourable for the
removal of carbon and nitrogen. When the reflux ratio was too
large, it caused a visible change in the dissolved oxygen
concentration in the tertiary MABR reaction tank. The dissolved
oxygen concentration changed the living conditions of the
hydrolytic acidified microorganisms in MABR #1 and hindered
the removal of carbon and nitrogen by the system.
Therefore, the optimum reflux ratio was set at 1.

3.3 EEMs analysis

The fluorescence spectrum is divided into five regions: region I
is aromatic protein substances and the range is Agx/Agm = (200-
250) nm/(220-320) nm; region II is aromatic protein substances
in the range of Agx/Agm = (200-250) nm/(320-380) nm; region III
is fulvic acid and its range is Agx/Agm = (200-250) nm/(380-
550) nm; region IV is dissolved microbial metabolites and the
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range is Agx/Apm = (250-450) nm/(220-380) nm; region V is
humic acid and its range is Agx/Aem = (250-450) nm/(380-
500) nm.*

It could be seen from Fig. 8 that the fluorescence spectrum
peaks of each water sample were concentrated in the region of
Aex/Aem = (350-550) nm/(225-400) nm. Moreover, there were
two fluorescence peaks in the raw water which had peak heights
of 800 nm and 200 nm at Agx/Agnm = 410/325 nm and Agx/Agm =
425/250 nm, respectively, indicating the organic pollutants in
the influent were more humic acids, while the content of fulvic
acids was lower. The basic structure of the humic acid macro-
molecule is aromatic and alicyclic, with a carboxyl group,
hydroxyl group, thiol group or methoxy attached. After treat-
ment with MABR #1, the fluorescence area of humic acid was
significantly reduced, indicating that the aromatic and ester
structure was destroyed in MABR #1. The effluent of MABR #1 is
biodegradable and is easily degraded by microorganisms in
MABR #2. The cumulative fulvic acid in MABR #2 might be
associated with the metabolic activities and metabolites of
microorganisms.>* After systemic treatments, the peak area and
fluorescence intensity of the humic acid peak gradually
decreased.

3.4 Microbial diversity information analysis

3.4.1 Alpha diversity analysis. The coverage of good-
s_coverage for each sample reached 0.99 or more, indicating
that a very low probability of the sequence not being measured

-100.0
0
100.0

200.0
300.0
400.0
500.0
600.0

Ex/nm

800.0

A

350 400 450 500
Em/nm

(a)

300

-100.0
0

100.0
175.0
250.0
325.0
400.0
475.0
550.0

Ex/nm

250

300 350 400

Em/nm

(d)

450

View Article Online

Paper

in the sample. The experimental sequencing results could
reflect the actual state of the sample.

The Chao1l and observed_species indices are indicators for
measuring species richness. The species in the newly accli-
mated reactor were significantly reduced. After a period of
experimentation, the species richness in MABR #1 and MABR #2
increased, while the species richness in MABR #3 decreased
slightly. According to Chao1 calculation results, the number of
possible bacterial species in biofilms was higher than the
number of species detected. It indicated that there were a large
number of bacterial populations with relatively low abundance
which might play an essential role in maintaining the diversity
of community structure in the MABR biofilms.

The Shannon index showed an abundance and evenness of
the species. According to the Shannon index, the microbial
diversity in each reactor indicates that there was significant
success in the bacterial community structure within the biofilm
microenvironment. Since the process of microbial removal of
pollutants mainly related to the functional flora, there was no
necessary connection between pollutant removal efficiency and
community diversity. However, it was undeniable that the
variety of bacterial communities were closely related to the
stability of their ecosystems (Table 2).

3.4.2 Beta diversity analysis. Fig. 9(a) shows the similarity
between the activated sludge and biofilm samples using heat
maps. In the detection of environmental samples, due to the
complexity of the influencing factors, the effect of species
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Fig. 8 The 3D-EEM spectrum of each reactor effluent: (a) raw water, (b) effluent of MABR #1, (c) effluent of MABR #2, and (d) effluent of MABR

#3.
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Table 2 Alpha diversity index statistics

Sample

ID Goods_coverage Chaol Observed_species ~ Shannon
R1 0.99551 1755.33  1454.2 7.007

R2 0.99558 1852.21  1513.3 7.536

R3 0.99568 1997.83  1705.5 7.812

R4 0.99570 1735.45  1453.8 7.373
HLWN 0.99641 1829.81  1583.9 8.262

composition between communities was more severe, so the
non-weighted method was often used for analysis. Here, the
deeper the blue, the smaller the UniFrac distance, indicating
that the bacterial composition of the two samples was the same;
the more profound the red, the larger the UniFrac distance,
indicating that the difference in bacterial composition between
the samples was prominent. As can be seen from the figure, the
UniFrac indices of the activated sludge and biofilm were rela-
tively large; the UniFrac indices of R1, R2 and R3, R4 were
relatively small. The results showed that there was a consider-
able difference between the MABR biofilm community structure
and activated sludge.

As shown in Fig. 9(b), the principal component axes PC1 and
PC2 contributed 46.91% and 20.65%, respectively, of the
community interpretation, meaning that the ranking analysis
had a credibility of around 67%. The figure showed that R1 and
R2 were in the same quadrant, R3 and R4 were in the same
quadrant, and the HLWN was in an independent quadrant.

3.4.3 Taxonomic analysis. In Fig. 10(a), at the phylum level,
the relative abundance of Proteobacteria in activated sludge
HLWN was 56.52%, and the relative abundance in the newly
grown biofilm R4 was reduced to 42.60%. This result was
similar to that of Tian et al.,*> meaning that a large number of
bacteria belonging to Proteobacteria are not suitable for

View Article Online

RSC Advances

growing in a biofilm environment. The relative abundances of
Proteobacteria in MABR #1, MABR #2, and MABR #3 were
43.66%, 38.97%, and 61.06%, caused by different operating
conditions and water ingress. Proteobacteria were the main
category of the MABR microbial system, as they are in most
wastewater treatment systems.*® Although Proteobacteria,
including much denitrification-related flora, had the lowest
relative abundance,* it realized the conversion of nitrate to
nitrogen and reduced the total nitrogen, with a significant
improvement of TN removal rate in MABR #2 (3.2 Operation
parameter analysis). Further analysis found that the relative
abundance of Planctomycetes, including anaerobic ammonia
oxidizing bacteria which might use nitrite and ammonium ions
to generate nitrogen in this stage, was relatively high in MABR
#2. Among the three reactors, the relative abundance of Bac-
teroides in MABR #1 was the largest (23.47%) and they played
a key role in the degradation of toxic substances and
macromolecules.>

From the data in Fig. 10(b), at the class level, the main
dominant flora in activated sludge (HLWN) were Betaproteo-
bacteria (31.16%), Sphingobacteriia (18.47%) and Alphapro-
teobacteria (10.95%). Moreover, the dominant flora in the
biofilm (R4) were Betaproteobacteria (19.66%), Gammaproteo-
bacteria (14.31%) and Gemmatimonadetes (9.05%). In the
process of cultivation, the relative abundance of Sphingo-
bacteriia and Alphaproteobacteria decreased, and their domi-
nant positions were replaced by Gammaproteobacteria and
Gemmatimonadetes. This meant that Sphingobacteriia and
Alphaproteobacteria were not suitable for growth in biofilm
environments; water quality changes might also cause this
phenomenon. The reason for this difference requires further
study. Next, the relative abundance of microbial flora levels in
the three reactors was compared. Gammaproteobacteria
(16.47%), Flavobacteriia (16.46%) and Betaproteobacteria
(14.19%) occupied the top three positions in MABR #1.

R4

PC2(20.65%)

R1

R2

HLWN

Unweighted Unifrac Distance

-03 0.0 0.3 0.6
PC1(46.91%)

(a)

Fig. 9
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(b)

(a) UniFrac-based heatmap and (b) PCA analysis based on OTU level.
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Fig. 10 Structural composition of microbial communities: (a) phylum and (b) class.

Betaproteobacteria and Gammaproteobacteria were facultative
anaerobes, playing a significant role in the degradation of
refractory organics. Flavobacteriia is an aerobic bacterium that
can survive in phenol and cyanide wastewater treatment
systems. Both aerobic and anaerobic microorganisms were
present in MABR #1, where they cooperate to complete the
decomposition of refractory organic matter. The relative abun-
dance of Phycisphaerae in MABR #2 was 12.98%, making it was
an important flora for anaerobic ammonia oxidation. Betapro-
teobacteria (25.82%), Gammaproteobacteria (19.99%) and
Alphaproteobacteria (19.55%) occupied the top three positions
in MABR #3. Alphaproteobacteria includes photoautotrophic
and autotrophic bacteria and other species related to plants and
animals. In reported studies, it was found that Sphingobacteriia
included benzo[a]pyrene-degrading bacteria.*

In short, through the cultivation and domestication of acti-
vated sludge, the microorganisms gradually became functional
for treating the reverse osmosis concentrate of the coal chem-
ical industry. Moreover, by controlling different operating
conditions, the microbial communities in each reactor achieved
complementary functions.

4 Conclusions

In our study, a three-stage MABR system was successfully con-
structed for coal reverse osmosis concentrate without an
external carbon source. The removal efficiencies for COD,
NH,*-N, NO; -N and TN were 69.36%, 80.95%, 89.74%, and
54.36%, respectively, under the optimal operating parameters.

10186 | RSC Adv, 2020, 10, 10178-10187

Moreover, the results of three-dimensional fluorescence indi-
cated that the dissolved organic matter in the reverse osmosis
water of the coal chemical industry was mainly humic acids. In
the MABR system, they were first converted to fulvic acid in
MABR #1 and MABR #2, then removed in MABR #3. By
controlling different operating conditions, the microbial
community structure in each reactor could be regulated to
achieve various functions. The present study lays the ground-
work for future research into the practical application of the
integrated system.
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