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ABSTRACT

The importance of highly efficient wastewater treatment is evident from aggravated water crises.
With the development of green technology, wastewater treatment is required in an eco-friendly
manner. Biotechnology is a promising solution to address this problem, including treatment and
monitoring processes. The main directions and differences in biotreatment process are related to
the surrounding environmental conditions, biological processes, and the type of microorganisms.
It is significant to find suitable biotreatment methods to meet the specific requirements for prac-
tical situations. In this review, we first provide a comprehensive overview of optimized biotreat-
ment processes for treating wastewater during different conditions. Both the advantages and
disadvantages of these biotechnologies are discussed at length, along with their application
scope. Then, we elaborated on recent developments of advanced biosensors (i.e. optical, electro-
chemical, and other biosensors) for monitoring processes. Finally, we discuss the limitations and
perspectives of biological methods and biosensors applied in wastewater treatment. Overall, this
review aims to project a rapid developmental path showing a broad vision of recent biotechnol-
ogies, applications, challenges, and opportunities for scholars in biotechnological fields for
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“green” wastewater treatment.

Introduction

Highly efficient materials and technologies for waste-
water treatment are urgently needed due to the aggra-
vation of the water crisis in the green twenty-first
century [1,2]. Until now, great achievements have been
made in this area. Wastewater treatment methods are
mainly classified to three categories: physical technol-
ogy, chemical technology, and biotechnology [3,4].
Physical technology includes: membrane separation [5],
adsorption [6], coagulation treatment [7], etc.
Electrolysis [8], chemical oxidation [9], and chemical
reduction [10] are commonly used chemical technol-
ogy. Physical treatment processes are usually time-
consuming and inefficient for most pollutants removal
from wastewater. Chemical technology is widely used
to reduce the turbidity and chroma and remove high
molecular substances, but likely to destroy the ecosys-
tem owing to the generation of oxidizing substances
and the change in environmental pH, temperature, or
oxygen concentration. Biotechnology makes use of
microorganisms’ resources for pollutant removal from

wastewater, hardly changing the surroundings.
Compared with physical and chemical technology, bio-
technology costs lower for actual wastewater treatment
and more suitable for current eco-friendly develop-
ment [11,12].

Today’s wastewater treatment plants commonly util-
ize conventional biotechnologies to achieve convincing
treatment results, but are simultaneously facing some
challenges, such as the large land area required, large
sludge production, and inefficient for many wastewater
pollutants (e.g. pharmaceuticals and personal care
products, azo dyes, and endocrine disrupting com-
pounds). To overcome these challenges, emerging
improved biological methods and various integrated
biotreatments have been proposed. The primary bio-
technologies used in wastewater treatment involve
biofilm methods, anaerobic ammonia oxidation (anam-
mox) systems, and denitrifying anaerobic methane oxi-
dation (DAMO) process. Physical or chemical treatments
(e.g. Fenton'’s oxidation [13], ozonation [14], photocata-
lytic process [15], and activated carbon adsorption [16])
are often used as pretreatment or post-treatment to
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promote biotreatment processes. The combined pro-
cess generally can achieve higher treatment efficiency
than a single biotreatment process.

Until now, many researchers have tried to take full
advantage of suitable biological technology for waste-
water treatment. For example, Escapa et al. [8] high-
lighted the microbial electrolysis cells used for actual
wastewater treatment in the pilot plant. Nancharaiah
and Reddy [17] focused on aerobic granular sludge
technology for compact and cost-effective treatment
of high-strength real wastewater. Wang et al. [18]
described the technologies for reducing sludge produc-
tion in wastewater treatment plants. Alvarino et al. [19]
analyzed the sorption and biotransformation in bio-
logical wastewater treatment processes, which have a
great impact on organic micro pollutants removal effi-
ciency. These papers focus on only one method or one
aspect of the biotechnology. For actual wastewater
treatment, each biotechnology has its own benefits and
limitations depending on the applied fields. It is signifi-
cant to uncover the most suitable methods to meet the
specific requirements in practical situations. A compre-
hensive summary of optimum biotechnological proc-
esses for treating wastewater in different conditions is
needed.

This review provides a comprehensive overview of
biotechnologies from three aspects: (i) single biotreat-
ment processes, (i) combined diverse biotreatments,
and (iii) biosensors. To show the readers efficient bio-
treatment processes, we focus on the characteristics of
each method applied in pollutant removal from waste-
water. Biosensors basically meet the requirements of
simple, rapid, automatic, and continuous determination
of many biochemical indicators in monitoring, which
plays an important role in wastewater treatment pro-
cess. The applications and limitations of biosensors in
wastewater monitoring are discussed. We are confident
that this review on wastewater biotreatment processes
will project a rapid developmental way to provide a full
view of advanced biology technologies, applications,
challenges, and opportunities.

Emerging biological methods
Moving bed biofilm reactor

The activated sludge method is used as the major way
during wastewater treatment, and microorganisms play
a crucial role [20]. When aeration is continued in the
wastewater, aerobic microorganisms propagate and
gradually form suspension flocs, finally depositing them
at the pool bottom in order to obtain activated sludge.
It is necessary to recycle the activated sludge to ensure

Figure 1. Technological scheme of MBBR. Adapted from
Ref. [25].

the presence of enough microorganisms in the reactor
[21]. However, the active sludge may fail to settle on
the tank bottom if flocculation is inadequate [22], and
the activated sludge process will not be able to effect-
ively remove micro-organic pollutants [23,24]. Based on
above questions, researchers have turned to a study of
a new biotreatment system, a moving bed biofilm
reactor (MBBR) (Figure 1) [25].

MBBR is a biological unit with a biofilm growing on
the carrier surface. The biofilm is formed by an aerobic
outer layer and the anoxic inner layer contains a high
concentration of active biomass. Therefore, organic car-
bonaceous matter can be degraded, and nitrification
and denitrification can co-occur in the MBBR.
Additionally, the carrier can move all around the tank
via mixing or aeration, which improves the oxygen util-
ization and benefits the contact of the biofilm with the
pollutants to improve overall wastewater treatment.
The physical properties of the carrier - including shape,
size, dimensionality, voidage, and protected surface
area - and hydraulic efficiency (HE) play an important
role in the whole process from startup to treatment of
the pollutants [26]. Generally, spherical carrier media
show larger voidage, faster biofilm formation rates with
the reduced amounts of dead or stagnant zones, contri-
buting much to removing chemical oxygen demand
(COD) and ammonia. The protected surface area weakly
correlated with oxygen mass transfer and biofilm for-
mation rates for COD and ammonia removal.
Dimensionality, voidage, and HE present good correla-
tions with oxygen mass transfer and biofilm formation
rates for heterotrophic and nitrifying bacteria [27,28].
Knowing the impact of the media’s physical properties
well benefits the commissioning of MBBR and will
achieve a higher efficient treatment process.

As a compact, simple, flexible, and reliable process,
MBBR has been well applied in developing countries
that possess limited land resources, which can be



transformed on the basis of existing wastewater treat-
ment plants. MBBR shows high performance in treating
urban wastewater, industrial wastewater, and waste-
water containing micro-pollutants systems [29,30]. For
example, MBBR inoculated with activated sludge and
appropriate microorganisms can remove 67.79% of
COD, 61.12% of soluble COD (sCOD), 76.26% of particu-
late COD, and 56.97% total ammonia nitrogen (TAN)
from primary settled wastewater under steady-state
conditions with organic and hydraulic shock loadings
[31]. Virgin polyethylene carriers have been used in
MBBRs with a 70% filling fraction. The parameters for
primary settled wastewater contain 225mgL~"' of COD,
133mgL " of sCOD, 15mgL~" of TAN, and 102mg L’
of total suspended solids (SSs) at pH 7.2 [31]. Bester
et al. [32] reported that staged MBBR shows high deg-
radation efficiency on pharmaceutical hospital waste-
water that coincided with both COD and nitrogen
removal. A three staged MBBR was used to treat a frac-
tion of hospital wastewater. The three identical 3L reac-
tors in MBBR were filled with 50% 500 AnoxKaldnes™
K5 carriers. The raw hospital wastewater was first fil-
tered via an 80 um filter. The filtered wastewater was
collected in a 100 L reactor and maintained at 15-18°C
to equalize the flow. In MBBR, X-ray contrast media
were degraded more efficiently than in activated sludge
treatment. Also, the degradation half-life for diclofenac
removal is only 2.1 h, which is much faster than in other
wastewater bioreactors [32]. A summary of the perform-
ance of MBBR in wastewater treatment is presented in
Table 1.

MBBR is also remarkable for its stability during harsh
conditions, such as high or low load and extreme tem-
peratures [34]. Shortening the startup time can increase
the economic competitiveness of the MBBR process
[21]1. A carrier with good performance is helpful to
shorten the startup time [27]. Additionally, it is also sup-
posed that the implementation of an attachment
enhancing strategy, for example, increasing the attach-
ment of anammox bacteria (AnAOB) to the carrier
media, can decrease the startup time [33]. Moreover,
compared with a single-stage MBBR, the startup time of
an MBBR enriched with granular sludge reduced the
processing time from 90days to 50days, because
granular sludge can produce a biofilm more rap-
idly [33].

Overall, MBBR exhibits five benefits for wastewater
treatment: (i) short sludge retention time, (ii) high bio-
logical concentration, (iii) less space required, (iv) no
removal of activated sludge, and (v) stability during
harsh conditions.
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Anaerobic ammonia oxidation process

A traditional anaerobic-anoxic-oxic (A%/Q) process
applied in the denitrification and dephosphorization
of wastewater has some shortcomings, such as high
energy consumption, low processing efficiency, and
considerable residual sludge [35,36]. Especially, the
effluent is far above the discharge standards under
the high ammonia nitrogen concentrations [36]. Thus,
the anammox process, showing great promise for
self-sustaining  biological dephosphorization and
denitrification in low C/N wastewater, has attracted
wide attention [37,38]. Compared with the A%/O
process, the anammox process has some improvements
in wastewater treatment, such as lower operational
costs, no requirement for organic carbon, less green-
house gas emissions, and reduced sludge production
[39,40]. Also, the anammox process removed nitrogen
without producing N,O [41]. Conclusions, summarizing
the performance of the anammox process are provided
in Table 2.

In the anammox process, when there is enough O,,
the anammox biochemical process with three consecu-
tive conversations of the substrates is divided into three
steps (Figure 2) [45]: (i) nitrite reductase from denitrify-
ing microorganisms catalyzes the one-electron reduc-
tion of nitrite to NO, (ii) NO reacts with ammonium to
generate hydrazine, with the hydrazine synthase
enzyme as the catalyst, meanwhile three electrons are
the input, and (iii) hydrazine is finally oxidized to be N,
with the release of four electrons in order to drive steps
(i) and (ii) in the anammox biochemical process. When
there is little O,, nitrite is used as the electron acceptor
and ammonia functions as the electron donor to form
N, via AnAOB. Adding Mn-oxides can enhance the
granule-based anammox process [41]. Mn-oxides are
superior to denitrification as a sink for nitrate. In main-
stream wastewater treatment plants (800,000 m3/d of
wastewater, 28-32°C, 5d of total sludge retention
time), anammox showed high performance during bio-
logical nitrogen removal with an efficiency of 37.5%
[46]. The organics in the treatment system are alter-
nately used to produce methane in order to improve
the energy recovery from wastewater [47].

The anammox process has shortcomings when used
in actual applications. The growth rate of AnAOB is
extremely slow, this results in high sensitivity to a var-
iety of environmental conditions (e.g. different pHs,
temperature, and wastewater composition) [48].
Additionally, high salinity content is a great inhibitor of
the anammox process for wastewater treatment.
Recently, several effective solutions for these shortcom-
ings have been proposed: adjusting the environmental



"injesadwia] i ‘ease adeyns dyadS 1ySS ‘Uondely Buljjly BIPAN 4 ‘DWIl UORUSIAI dineIpAH :1YH ‘swsiuebiooiniw dARYT (N {UabAX0 panjossiq :0Q Dbpn|s pPaleAldY Sy

ssewolq (dwn dnueis
[e€l lejnuesb yum papaas skep 0 Yum) %08< :NL SUOWIPUOD dIqoJdeUY  LFEE  TOF9L OF 144 audjAy1akjod 005 €)1 saup(ey KR 9L 1312M3ISeM D1IBYIUAS
%06~ :upAwepud
‘96~ wdoyiawu] SI31IeD G 191eMd)SeM
44} 4gaw pabels 960€~ Deusjopiq ,-417050 81-GlL 0'8-0L 0S 9 auajAdoidAjod - wiSSupeyXouy  ygaw abeis-aaiyL € [endsoy ul sjednnadewseyd
sia1Ied syued Juswieany
[L€] swisiuebIo0DIW DAY %929/ :d0D _1bwp~ ¥t L oL 9 auajAyiahjogd 058 auajAyahjod uibaip W3I-499W € 191eM3]SeM WOJY 191
abpn|s 988 :9|0Ze1Y10ZUqAX0IPAH-T
[0€]  P31RAIIR YUM UONRUIQWOD  %LY :3]0ZeLI0ZURG-H L-[AYIBN-¥ 1 Bwp< Lwooy TOFOL 0f 90FvTL  dudjhyahiod 005 €)1 saupey  ygaw abeis-om| € s9jozelozuag
9%56< :elUOWWY 191emalsem
19505 < :|0jouUd}Y 131D G| paiealy Ajjeuonuanuod
[67] Buipasy Apusniwisiug 10505 < DeuloPI] . 16w -9 TFET S'8-€/ 0S 1 suajAdoidAjod - wiSPupleIXoUY  Yagw abeys-om| < ul s|esnnadewleyd
%E€EL F0g ‘eluowwy
V] eIpaW JaLued [eduayds %y ¥88:d0D | Y, W W/BL-9C TTFLSL LOF9L 09 byl auajAdoidAjod 41 1yoig 4gaW-31q0i8y  000C I9jemd)sem [eay
%56—€6 N-,."HN $9]0Zel30zuaq
[9z] swsiuebiooniw ads %98 ‘0D 16wy lwooy  08-0L 0 TLFSOL  dudjhyiakiod 00$ €) saupjey Sv-4gaw Sy Buiureiuod sa1emalsem
%86-56 009
[szl 1> paseq G saup|ey %¥6-68 00D 16w - (314 8< 0S 144" auajAyiakiod 008 Gy saupley  yggw dbeis-oml  09Z 1ajemalsem Aipunet
ssad0.d
[zl AVNS ysm uoneuiquiod %0L< NL 16w §0-€0 0€-£T €1-6'9 0¢ 4 audlAyivhlod  05/-00L siauied W1Wolg 499W-QVYNS  000°0L Jonbi| 1335361p 36pN|S
Buipasy Apusniwisiul
pue juswabeuew SI3111ed G| sjeonnadewdeyd
[0zl %E8< eudoPIQ - - - ¥ - suajAdoidAjod - wiSBUpIEYXOUY 4ggW-d1qo.9y 0 Jo spnpoud uopeuozg
J9d adueulopad Judweasn (lerowai) el uonelse/0d 000) L Hd (%) (U) L4H sletaley (g ) 1auied uoneinbyuo) W) 1961
ybiy Joy uoseas pasodoid dduewsopad Juswileal| EE VSS awn|oA
49aw

uonipuod |euonesado

Ja1ued Jo uonedynads

_
<
—
w
=
T

"JUSWI1LaI) Ja1emalsem Ul Yggin 4o

9duewlioled °L 9|qel



Table 2. Performance of anammox in wastewater treatment.

Operational condition

Influent concentration

Proposed reason for high

Treatment performance

BC
(gvssL™")
23.91

DO/aeration

NO,™N
(mg-NL™")

320

NH, N

Volume

Ref.

treatment performa nce

(removal)

TIN: 76.3%

rate Biomass
28-30  Anaerobic

pH

HRT (h)
24-2h

(mg-NL™")

(L) Configuration

Reactor
UB

Target

[37]

High QS communities

- Biofilm

Anammox-up-UB 320

Low-strength wastewater

conditions

7.2-83 35-38 03-15

[38]

Partial-denitrification for

TN: 95%

Suspended 3-4

0.5-10

Anammox-USB 460-500

275

UsB

Landfill leachate

post-anammox
Acute and persistent

sludge

Biofilm

[39]

Cd (I1): 99%; TN: 84.2%

Anaerobic

25

~50 3h

~50

Anammox

B

cd (I

suppression by Cd (1l)
Simultaneous anammox and

conditions

[40]

NH4"-N: 92 +0.6%;
NO,™-N: 94 +0.8%

TN: 90-93%

Suspended

4h

221+56

199+4.5

Anammox-SBR

2.8

SBR

Municipal wastewater

denitrification system

Introduction of MnO,

sludge
Granular

[41]

27.8

Anaerobic conditions;

Anaerobic

280 0.96 75-76 35%1
75

280

Anammox-UASB
Anammox-SBR

35

UASB
SBR

Synthetic wastewater

[42]

Correction and adequate

Specific anammox activity:

1.0+0.2

Suspended

30

0.006

0.907

Municipal wastewater

control of pH

0.490 +0.029

sludge

conditions

gNgvss—'d™'
Nitrogen removal

[43]

Addition of trace elements

Suspended 3.44

0.1-02mg L™’

8-84 32+1

150 24h

150

Anammox

66

UFNA

Synthetic wastewater

rate: >44%
Nitrogen removal rate:

sludge
Granule

[44]

Addition of calcium

03

1.

35+2

0.94h

210-350

Anammox-UASB  210-350

1

UASB

High salinity wastewater

134+0.12kgNm—3d~"

BC: Biomass concentration; CB: Cylindrical biofilter; DO: Dissolved oxygen; HRT: Hydraulic retention time; QS: Quorum sensing; T: Temperature; UB: Up-flow biofilm; UFNA: Up-flow nitritation-anammox.
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pH (generally optimized at 7.0-8.0, and the range nar-
rows with a decreased temperature). [42] Also, supple-
menting the external field energy and micronutrients
[43] can enhance the activities of AnAOB. As for
the impact of a high salinity content in wastewater,
at low temperature (9-25°C) or high sodium levels
(10-15gL™"), high concentration of calcium can reduce
the inhibition caused by the high salinity content [44].
Furthermore, the anammox process is often combined
with nitrification and partial denitrification to ensure
there is a source of nitrite.

Denitrifying anaerobic methane oxidation

The DAMO process plays an important role in the nitro-
gen and carbon cycle [49,50]. The performance of the
DAMO process in wastewater treatment is summarized
in Table 3. The DAMO process uses methane as the car-
bon source for denitrification, reducing methane emis-
sion and nitrogen levels without requiring costly
electron donors [54]. The DAMO process is proposed to
have two different reaction pathways: inter-aerobic
denitrification executed by M. oxyfera and reverse
methanogenesis conducted by M. nitroreducens [55,56].
In anaerobic conditions, methane can also be oxidized
and provides electrons for the conversion of nitrate to
nitrite via reverse methanogenesis executed by M. nitro-
reducens [57]. Acetyl-CoA synthetase has been found in
M. nitroreducens, supposing that a full reductive acetyl-
CoA pathway might occur to produce acetate in order
to achieve carbon fixation [58]. Nitrite cannot be
reduced further via M. nitroreducens, because the genes
for nitrite reduction have not been determined in M.
nitroreducens. Nitrite reduction during anaerobic condi-
tions is carried out via an inter-aerobic denitrification
route. Nitrite is reduced to nitric oxide, and then nitric
oxide is bioconverted to nitrogen and oxygen. The bio-
converted oxygen can be utilized by a methane oxida-
tion process to generate methanol via the particulate
methane monooxygenase. Methanol is subsequently
metabolized to formaldehyde via methanol dehydro-
genase, and the formaldehyde is oxidized to formate
via methylene-H4F dehydrogenase or methylene-H;MPT
dehydrogenase. Finally, formate dehydrogenase con-
verts the formate to CO,. The generated CO, can par-
ticipate in the Calvin-Benson-Bassham cycle as the
carbon source for M. oxyfera growth.

Three mathematical models for DAMO the process
have been proposed: model A, B, and C. These are
based on the basics of enrichment of: DAMO bacteria,
DAMO bacteria and AnAOB, and DAMO bacteria-DAMO
archaea-AnAOB, respectively. Different models show a
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Figure 2. Proposed process of nitrogen formation and ATP generation from ammonium and nitrite with nitric oxide (NO) and
hydrazine (N,H,) as intermediates under the catalysis of various enzymes. 1: Nir; nitrite reductase; 2: HZS; hydrazine synthase; 3:
HDH; hydrazine dehydrogenase; 4: HOX; hydroxylamine oxidase; 5: NXR; nitrite: nitrate oxidoreductase; 6: Nrf; nitrite reductase.

Adapted from Ref. [45].

variety of microbial pathways. Models A and B apply
Monod kinetics, and model B needs to consider nitrate
inhibition. Model C applies a one-dimensional biofilm
model. The whole DAMO process and mechanisms are
presented in Figure 3 [57]. It was found that substrate
concentrations (e.g. methane and nitrite), environmen-
tal oxygen concentration, temperature, and pH also
have an impact on the DAMO process. The influencing
factors are also summarized in Figure 3. Equations (1)
and (2) exhibit the denitrification process:

CH4 + 4N03 — C02 + 4N027 —|— 2H202 (1)
3CH4 +8NO; ™ + 8H" — 3CO, +4N; +10H,0  (2)

According to the tests on a bench-scale, the DAMO
process shows high performance in nitrate and nitrite
removal during wastewater treatment [51,52]. For
example, Zeng et al. [53] proposed coupled anammox
and DAMO microorganisms in a hollow-fiber member
biofilm reactor (DAMO-anammox HfMBR) for nitrogen
removal. The bench experimental results showed that
both NH," and NO;~ treated by DAMO-anammox

HfMBR were undetectable with ~180mg NL' of NH, "
and ~350mg NL™' of NO;~ occurring in the influent.
NH," and NO,  are bio-converted to dinitrogen gas
and NO;~ via AnAOB. Methane is oxidized via DAMO
and provides electrons for denitrification. DAMO M.
nitroreducens utilizes NO;~ produced by AnAOB, mean-
while AnAOB and DAMO M. oxyfera utilize NO,™ gener-
ated from reverse methanogenesis executed by M.
nitroreducens [53].

Although some progresses have been made, DAMO
technology is still at an early stage, which has not been
widely used in full-scale application. Scaling up the sys-
tems and guaranteeing wastewater treatment efficiency
are significant for expanding the application of DAMO
technology in practical industrial engineering.
Moreover, the gases (e.g. CO,, hydrogen, and H,S) gen-
erated from the sludge digestion might have an impact
on DAMO performance, which needs further explor-
ation. The other challenge for DAMO is the slow growth
of the biofilm. Efficient methods for accelerating the
growth rate needs development.



Table 3. Performance of DAMO in wastewater treatment.

Proposed reason

Treatment
performance

Operational condition

Influent concentration

for high treatment

BC
(gVssL™)

DO/aeration

HRT
(h)

NO,™-N
120-16.8

(mg-NL™")

NH,*-N
(mg-NL™")

Volume

performance

MBR

(removal)

Removal rate:

Biomass
Biofilm

T(°Q) rate

22+2 7-9mglL™!

pH
7.0-8.0

Configuration
DAMO-MBR

(L)

0.8

Reactor
MBR

Target

[51]

50

Nitrate-contaminated

0.045kgNm—>d™"

Removal rate:

water
Synthetic wastewater

[52]

Combined with

3

Suspended

35 Anaerobic

192-24 7.0-8.0

560

470

2358 DAMO-MBR

MBR

>1kgNm—3d™"

NH,"-N:

anammox
Combined with

sludge
Biofilm

conditions
Anaerobic

[53]

78+02 35%1

120-2.4

Anammox-DAMO- 180 20

5.02

HfMBR

Synthetic wastewater

anammox

46.28mgL~" day™"

NO;~-N:

conditions

HfMBR

63.95mgL ™" day ™"

BC: Biomass concentration; DO: Dissolved oxygen; HfMBR: Hollow-fiber membrane biofilm reactor; HRT: Hydraulic retention time; T: Temperature.

CRITICAL REVIEWS IN BIOTECHNOLOGY 7

Integrated biotreatment processes

Simultaneous partial nitrification, anammox, and
denitrification process in integrated fixed film
activated sludge

A single treatment method is often insufficient for a
wastewater system, thus the combination of two or
more methods has become a research priority. This
strategy, used for wastewater treatment, is more cost
efficient and environmental-friendly owing to the less
energy consumption, such as no oxygen supply
required and the low sludge production [53].
Simultaneous nitrification, anammox, and denitrification
(SNAD) process is a currently an important technology
applied in wastewater treatment. However, some short-
comings, such as high oxygen consumption, high tem-
perature, low C/N requirement, and the slow growth
rate of AnAOB, exist when SNAD is used in practical
applications. A strategy for the SNAD process in an inte-
grated fixed film activated sludge (SNAD-IFAS) and was
presented by Yang et al. [59] to overcome some of the
above shortcomings and achieve mainstream nitrogen
removal. IFAS is an efficient technology for wastewater
with high C/N at room temperature, and is widely used
during denitrification processes [60]. Ammonium oxidiz-
ing bacteria (AOB) and AnAOB can grow well in IFAS,
and AOB mainly adhere to activated sludge while
AnAOB are primarily located in the biofilm. AOB and
AnAOB considerably contribute to the improved
denitrification rate and their operational stability.

The relationship of the pivotal functional nitrogen
removal guilds in the SNAD-IFAS process is proposed in
Figure 4 [59]. AnAOB (Candidatus Kuenenia) utilized
ammonium from wastewater and nitrite from AOB
(Nitrosomonas) and  denitrifying  bacteria (DNB,
Denitratisoma) to generate nitrate and soluble microbial
production. Subsequently, the generated nitrate and
microbial production were used as the substrate for
heterotrophic bacteria (Limnobacter, Bryobacter, and
uncultured Anaerolineaceae). Meanwhile, heterotrophic
bacteria as the main force of the microbial floc pro-
vided favorable environment for AnAOB to prevent
inhibition of adverse conditions (oxygen and organic
matter). Denitratisoma utilized the carbon source from
the wastewater and the degradation products of
Lewinella.

The SNAD-IFAS system exhibits high efficiency for
mainstream nitrogen removal in wastewater treatment
plants with an optimum COC/N ratio at ~1.2 [59]. The
SNAD-IFAS system only requires 40-80mglL~' of
organic matter and 0.4mgL~' of oxygen. Compared
with the 150-200mgL~"' of organic matter demand
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Figure 3. Microorganisms responsible, relevant mechanisms, mathematical models and influencing factors of DAMO process.

Adapted from Ref. [57].

and 7-9mgL~" of oxygen demand in denitratation/
anammox or 1.5mgL~"' of oxygen demand in nitrita-
tion/anammox process, SNAD-IFAS is more cost-effect-
ive and can save the considerable energy consumption
used for aeration.

There are two pathways for nitrogen removal in the
SNAD-IFAS reactor [59]. Nitrogen removal from the sus-
pended sludge was started from the conversion of
ammonium to generate nitrite via ammonia-oxidizing
bacteria. The residual ammonium and generated nitrite
were bioconverted to nitrogen gas via AnAOB.
Moreover, nitrite-oxidizing bacteria (NOB) converted a
part of nitrite to nitrate, while DNB bio-converted
nitrate and the carbon source to nitrogen gas. In bio-
films, DNB bioconverted the nitrate from NOB products
and the anammox process, and then provide nitrite for
AnAOB under low COD concentration. Anammox
showed significant cooccurrence with some hetero-
trophic bacteria. AnAOB provided substrate for hetero-
trophic bacteria, while heterotrophic bacteria protected
AnAOB from the inhibition of hostile environments,

leading to the high survivability of AnAOB in an organic
matter environment.

Combined up-flow anaerobic sludge blanket-
biological aerated filter

Apart from SNAD-IFAS process already discussed, up-
flow anaerobic sludge blanket (UASB) coupled with a
biological aerated filter (BAF) was also a good choice
for wastewater treatment [61]. Table 4 summarizes the
experimental parameters and conditions of SNAD-IFAS
and UASB-BAF in wastewater treatments. UASB acts as
a high-speed anaerobic reactor [63], and the existing
granular sludge improves the treatment efficiency [64].
A single UASB reactor obtained great removal of nitro-
gen from wastewater but also undesirable phosphorous
removal [65].

Considering the advantages of immobilized micro-
organism technology, such as high hydraulic loading
rate, low sludge production, ensured biomass amounts,
and undamaged microorganism [66], the solution to
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Figure 5. Technological scheme of combined UASB/BAF.
Adapted from Ref. [61].

treat heavy oil wastewater with high concentrations of
insoluble organic compounds and a low content of N
and P nutrients, and notably, the removal efficiency of
COD, ammonia nitrogen (NHs-N) and SSs obtained 74%,
94%, and 98%, respectively.

Combined advanced oxidation-biotreatment
process

Fenton’s reaction coupled with a biotreatment
process

Fenton'’s oxidation is a widely used advanced oxidation
process (AOP) due to its low cost and no secondary pol-
lution [69,70]. Traditional Fenton’s reagents mainly
include ferrous irons and H,0,. In wastewater treatment
process, a strong oxidation hydroxyl radical is produced
by the decomposition of hydrogen peroxide catalyzed
by ferrous ion, which enables the oxidation of the
refractory organic matter (e.g. antibiotics and other
pharmaceutical reagents) into H,O and CO, or easily
degradable intermediate products [71]. Fenton’s reac-
tion can be summarized into Equations (3) and (4):

H,0, -+ Fe** — -OH + OH™ + Fe** 3)
H,0, + Fe** — H" + Fe?™ +.00H (4)

To achieve the higher efficiency of the Fenton reac-
tion in wastewater treatment, there are three require-
ments: (i) an acid environment with a pH of 2-3, (ii)
moderate temperature and pressure, and (iii) low ratio
of  biochemical oxygen demand (BOD)/COD
(<0.3) [72-74].

An aerobic sequencing batch reactor (SBR) process
with activated sludge is characterized by its flexibility
and low costs, containing five steps: fill, react, settle,
draw, and idle [75]. In aerobic SBR, microorganisms in
the activated sludge utilize the degradable intermedi-
ate products as nutrients to participate in the metaboli-
zation process, enhancing the pollutant removal in
wastewater. In this way, the aerobic SBR process can
act as a platform to provide a satisfactory reaction
environment for Fenton’s oxidation [76]. Part of excess
sludge from aerobic SBR can be reduced via the Fenton
reaction, decreasing the cost of subsequent sludge dis-
posal [77].

The addition of a catalyst, hydrogen peroxide feed
concentration, temperature, and contact time all have
effects on the treatment process. The treatment effi-
ciency can be improved by adjusting these parameters.
For example, Bae et al. [78] found that utilizing acti-
vated carbon as a catalyst in the Fenton-SBR process
can improve the treatment effect on acrylic dyeing
wastewater under the following influent conditions: pH
10-12,40°C, ~1150mg L~ of total COD, ~1100mgL ™"
of sCOD, and ~1180 ADMI units of color. The Fenton
process tends to just break some bonds in the organics
not degrade them. However, the soluble chemical oxy-
gen demand can be greatly reduced. Biotreatment
eliminated the degradable organics, while the following
Fenton’s process decreased the recalcitrant organics
and ferric iron can coagulate those residual particulate
matters after biological and chemical oxidation.
Additionally, it is worth noting that the biodegradability
of wastewater can be greatly improved by a combined
Fenton-aerobic SBR process according to Madeira’s
studies [71]. Fenton’s oxidation was used as a pretreat-
ment, aiming to degrade organic materials to some
smaller molecules. Subsequently, SBR can remove the
smaller biodegraded organic molecules. After treat-
ment, the BOD5:COD ratio and specific oxygen uptake
rate reached 0.27 from <0.001 and 11.1 from <0.2mg
0O,/(gyss-h), respectively. Also, the toxicity of the acrylic
dyeing wastewater was greatly reduced according to
the decreased inhibition of Vibrio fischeri (from 92.1%
down to 6.9%). It was shown that the Fenton-aerobic
BAF process was economically attractive.

Furthermore, to avoid the large production of sludge
containing ferric ions owing to the precipitation of fer-
ric ions in the traditional Fenton’s oxidation, combin-
ation of photo-Fenton, electro-Fenton, Fenton-like, or
photo-electro-Fenton reaction and biotreatment has
attracted much attention in recent years [79-81]. The
photo-Fenton reaction shows two characteristics [82]:
(i) more production of hydroxyl radicals via photolysis



Table 5. Performance of Fenton’s oxidation-biotreatment in wastewater treatment.

Operational condition

Proposed reason for high

Treatment performance

DO
(mg L™

HRT

(h)

Fenton-CSTR-SBR  <1.5

Volume

Ref.

treatment performance

(removal)
COD:78.0%; TOC :80.9%);
BOD5:60.6%,

TN:48.4%);
TP:55.5%

Light

H,0,

Fe”
0227mg L~" 352gL7"

7(°0)

pH
3.0

Reactor L) Configuration
0.92

CSTR

Target

[71]

Combined with the Fenton’s

3

40

Acrylic dyeing

process with biological

wastewater

[76]

Alternating anaerobic aerobic

COD: 91%

0259 L7"

3.0 22+2 3-5  40mg L7’

48

Fenton-SBR

0.4

Batch reactor

Azo dye

SBR with external feeding

Phosphorus: 87%;

Dye decolorization: 94%

SCOD: 66%

[78]

Combined with AS

4.0 mM

35 30 3-5 4.2mM

0.5

Fenton-AS

AS

Dyeing wastewater

Color: 73%

UV light COD: 86%

[82]
[83]

Photo-Fenton process

5g L7

2g L7

0.5-2

3.0-3.5 Room T

Photo-Fenton-IBR  0.75 2.6-2.9

1

Photo-Fenton

Batch reactor

Landfill leachate

Biological oxidation process,

140mg ™' 16mM UV light An abatement higher

0.5-2

30

16

Pesticide-containing  Recirculation

photo-Fenton process with

CPCs, and biological
oxidation process

than 86% for 18 pesticides®

tank

wastewater

AS: Activated sludge; CPCs: Compound parabolic collectors; CSTR: Continuous stirred tank reactor; DO: Dissolved oxygen; HRT: Hydraulic retention time; SCOD: Soluble chemical oxygen demand; T: Temperature.

°Eighteen pesticides: S-metolachlor, 2,4-D, MCPA, imidacloprid, alachlor, terbuthylazine, isoproturon, bentazone, tebuconazole, atrazine, linuro, metobromuron, dimethoate, diuron, metribuzin, metalaxyl, chloroto-

luron, and simazine.
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(Equations (5) and (6)) and (ii) photo-decarboxylation of
ferric carboxylates (Equations (7) and (8)).

[Fe — OH]*" 4+ hv — Fe?" + -OH (

H,0, + UV — -OH + H* (
Fe(lllNRHCO, + hv — Fe?* + CO, + -RH 7

‘RH + O, — -RHO, — products (

Vilar et al. [83] presented a photo-Fenton process
combined with biological oxidation reaction for pesti-
cide-containing wastewater treatment, including three
steps: biological oxidation process was utilized to
decompose the biodegradable organic carbon, and
then the photo-Fenton process degraded pesticides to
low-molecular-weight carboxylate anions to improve
the biodegradability of wastewater. Finally, the bio-
logical oxidation process was utilized again to decom-
pose the residual low-molecular organic carbon
fraction. In this photo-Fenton (62 L of bio-treated waste-
water volume, 2.08 m? of compound parabolic collec-
tors)-biological oxidation (55L of bio-photo-treated
wastewater volume) process for actual pesticide-con-
taining wastewater treatment, the initial iron dose
depends on the phosphates concentration in waste-
water because of the negative effect caused by the
FePO, formation. Based on the initial phosphate con-
centration (~30mg PO, L") in actual wastewater,
70mg Fe?" L' was likely to be enough to ensure the
efficiency of the photo-Fenton-biological oxidation pro-
cess. After treatment, the pesticide was totally removed.
A final COD below 150mg O,L" was achieved. The
aforementioned Fenton’s oxidation-biotreatment proc-
esses are summarized in Table 5.

Ozonation coupled with biotreatment process

For the combined AOPs/biotreatment process, ozona-
tion is also applied as an integrated method to improve
wastewater treatment. For example, the oil sands pro-
cess affected water treatment using only MBBR. It
removed 18.3% of the acid-extractable fraction (AEF)
and 34.8% naphthenic acids (NAs), while MBBR with
ozone pretreatment under the same operation condi-
tions showed 41.0% and 78.8% on AEF and NAs
removal, respectively [84]. Several ozonation-biotreat-
ment integrated methods in wastewater treatment are
summarized in Table 6. Ozonation increased the bio-
degradability of these organic matters and can reduce
the toxicity of wastewater toward microorganisms
[85,86]. In wastewater treatment, the ozone oxidation
agent mainly contains ozone molecules and fleshly gen-
erated oxygen and hydroxyl radicals [87]. Generally, cat-
alysts are used to accelerate ozone decomposition in
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Figure 6. The positive influence of ozonation on the perform-
ance of BAF in ozonation-BAF process. Adapted from Ref. [93].

dosage and ensure the performance of BAF, which also
needs further exploration.

Biosensors for environmental monitoring

Owing to the capability to address a large array of ana-
lytical problems and challenges, biosensors have been
widely applied to environmental monitoring.
Traditional detection technologies, like atomic absorp-
tion spectroscopy [96], high performance liquid chro-
matography [97], and inductively coupled plasma mass
spectrometry [98], are not easy to meet the require-
ments for high sensitivity and simple operation owing
to the necessary for sophisticated instrumentation,
long-term sample pretreatment processes and skilled
personnel [99-101]. Therefore, numerous laboratory
biosensors have been developed to be the techno-
logical solution in order to address these challenges.

Biosensors basically satisfy the simple, rapid, auto-
mated and continuous determination of many bio-
chemical indicators during environmental monitoring.
In this section, we elaborate on three types of biosen-
sors classified according to the transducers, concluding
optical, electrochemical, and other biosensors. The
recent biosensors mentioned below are presented in
Table 7.

i. Optical biosensor. Optical biosensors have
attracted great interest in environmental monitor-
ing owing to their high sensitivity, quick response,
low cost, and simple operation [102,103,113].
Recently, Bidmanova et al. [104] reported on a
fluorescence-based optical biosensor for the
detection of halogenated aliphatic hydrocarbons
pollutants, such as 1,2-dichloroethane, 1,2,3-tri-
chloropropane, and y-hexachlorocyclohexane with
limits of the detection achieved at 2.7mglL ™',
14mgL™", and 121mgL"', respectively. The

CRITICAL REVIEWS IN BIOTECHNOLOGY 13

fluorescence change of the pH indicator can be
observed on the basics of the enzymatic reaction
with halogenated aliphatic hydrocarbons [104].
Zhang et al. [105] proposed a grating-coupled
surface plasmon resonance (SPR) smartphone bio-
sensor with the advantages of portability and sim-
plicity for lipopolysaccharides detection, which
showed high selectivity in real samples/matrices
detection, and the detection limit of endotoxins
achieved 32.5ngmL"". The changed signals dur-
ing the detection were observed via the
smartphone’s built-in flash light and camera [105].
Electrochemical biosensor. The electrochemical bio-
sensor is composed of active sensing biomaterial
and electrochemical signal transducers. They have
the advantages of simple fabrication, strong speci-
ficity, high detection sensitivity, and good stabil-
ity. With the introduction of new materials and
technologies, electrochemical biosensing technol-
ogy has been greatly developed. In particular, the
introduction of functional nanomaterials is avail-
able for enhancing the electrochemical sensors
performance [114]. For example, integrating gra-
phene for electrochemical biosensors exhibited
fast electron transfer and manipulable multi-func-
tionalized surface chemistry, making the sensors
more accurate [106]. The layered transition metal
disulfide (TMD) nanomaterials also greatly
improved the performance of electrochemical bio-
sensors [115]. Additionally, it was found that the
autonomous electrochemical biosensor prepared
by silicon micro-processing technology can detect
herbicides by analyzing photosynthesis and meta-
bolic activities of algae [107]. Ali et al. [108] pro-
posed an all-printed electronic biosensor, which
was applied into the fast detection and classifica-
tion of pathogens, including Salmonella typhimu-
rium, the Escherichia coli strains JM109 and DH5-o.
A concentration bacterial range  from
10°CFUmL™" to 10°CFUmML™" can be detected
accurately. Kuo et al. [109] presented an improved
miniaturized label-free electrochemical biosensor
for various detections of PoC applications, like the
cardiovascular disease biomarker within the range
of 10ngmL™" to 10 ugmL™" can be detected.

Other biosensors. Besides optical and electrochem-
ical biosensors, there are many other biosensors
also applied in environmental monitoring. For
example, Xu et al. [110] proposed a paper-based
multi-anode microbial fuel cell combined with
power management systems for wastewater,
which was a self-support real time biosensor and
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The SNAD process combined with the IFAS process
can not only overcome the disadvantages of high oxy-
gen consumption and the slow growth rate of func-
tional bacteria in the SNAD process, also greatly
reduces the operating costs. The UASB-BAF process is a
stable and efficient wastewater treatment process,
which has good degradation effects on refractory heavy
oil wastewater. Also, the addition of AOPs technology
provides a new possibility to improve the performance
of biotreatment processes. Fenton’s oxidation and ozo-
nation processes combined with biotreatment technol-
ogy also shows high efficiency in wastewater treatment.

In addition to the fast development of the above
biotreatments for wastewater, more and more
advanced biosensors have been developed in environ-
mental monitoring. Progress about three types of bio-
sensors, optical, electrochemical, and other biosensors,
is concluded. Generally, optical biosensors need shorter
test time and electrochemical biosensors show higher
sensitivity in the actual situation. Other biosensors also
have some advantages, like easy miniaturization and
great potentials during in situ monitoring.

Challenges and opportunities

Although these advanced biotechnologies show
numerous advantages for wastewater treatment, there
are still some limitations and challenges for further
applications. Opportunity coexists with challenges,
which are also discussed at length in this section.

Biotreatment

i. Due to the slow growth of functional bacteria,
most of the biotreatment processes are highly
sensitive to various environmental conditions
(including pH value, temperature, and wastewater
components), resulting in a too long startup time,
and then the economic benefits are reduced and
the practical applications are limited.

ii. Despite the advantages of softer requirements of
the surrounding conditions in wastewater treat-
ment, integrated biotreatment process shows
some shortcomings. For example, UASB combined
with BAF seems to be a good choice to substitute
AOPs coupled with biotreatment, but it needs a
long retention time, and the reaction rate is too
slow to use in large or even middle capacity
wastewater treatment plants.

iii. The application of biotreatment in special waste-
water treatment plants, like petroleum waste-
water, is seldom discussed. The composition of
petroleum wastewater is more complex. However,
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there are few studies on biotreatments in this
field.

iv. Many new wastewater treatment processes still
require large capital and operating costs, which
limit the promotion of new treatment processes.

Biosensors

i. The cost of biosensors is seldom mentioned. As
we know, when biosensors use immobilized bio-
active substances such as catalysts, valuable
reagents can be used repeatedly while low-priced
materials are easily deactivated and have poor
reproducibility. For long-term development, the
monitoring must be run in both eco-friendly and
cost-effective ways.

ii. Applications under extreme conditions are less
known. In view of the sensitivity and specificity of
biometrics, biosensors have not been widely
applied under extreme conditions.

iii. How to transfer laboratory measurements to prac-
tical applications? Although many studies have
shown that the stability of biosensors can be
improved via some methods in the laboratory,
further research on improving the performance of
biosensors in actual monitoring is still needed.

iv. Can biological recognition elements be used and
reused over long periods? Biosensors mainly
monitor toxic substances. Therefore, inevitably,
there will be a lack of resistance to some toxic
substances, affecting the detection capability of
the sensor, resulting in reduced sensitivity.

For further progress in biotreatment and biosensing
technology, advanced process with powerful oxidation
capacity and non-secondary pollution is the most
promising and potential method for the future. The
development direction of biotechnology applied in
wastewater treatment focuses on efficient, energy sav-
ings and automation processes. In addition, research
and development of portable biosensors applied in full-
scale environmental monitoring is also an inevitable
trend for the future, which may be combined with
some newly developing materials. We believe that the
application of biological methods for pollutant removal
and biosensors in pollutant detection for wastewater
treatment will have a promising and bright future.
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