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Abstract Textile wastewater (TWW) represents a

major source of pollution worldwide, carrying high

organic loads, recalcitrant azo dyes and engineered

nanoparticles (ENP), namely silver nanoparticles

(AgNP). The development of cost-efficient, environ-

mentally-friendly TWW treatment solutions is critical.

Despite the successful biodecolorization of azo dyes

under anaerobic conditions, clear evidence for subse-

quent aerobic biodegradation of the often toxic

breakdown sulfonated aromatic amines is scarce.

Moreover, the debatable AgNP toxicity mechanisms,

and apparent AgNP retention in activated sludge have

raised concerns regarding eventual negative impacts

on wastewater treatment efficiency. The aerobic

granular sludge (AGS) technology, which has recently

been scaled-up and implemented for the treatment of

domestic wastewater and some industrial wastewaters,

seems highly promising for TWW treatment, due to

the high biomass retention capacity, anaerobic/anoxic/

aerobic microenvironments within granules and

enhanced tolerance towards high organic loads and

toxic compounds. A review of the existing literature

on AGS application to TWW treatment is presented,

with a focus on the removal of azo dyes and their

metabolites and ENP. The applicability of AGS to

dye-containing synthetic and real TWW has been

tested in different SBR systems. Their hydrodynamic

regimens and operational conditions have been opti-

mized, namely regarding granulation, long-term sta-

bility, azo dye decolorization and biodegradation of

aromatic amines. Although promising results have

been published regarding AGS resistance towards

ENP (particularly AgNP), their long-term effects on

the physical stability, biochemical properties and

microbial community of AGS deserve more investi-

gation. Overall, this review provides relevant support

for the application of AGS SBRs in TWW treatment as

a potential sustainable alternative to avoid the pollu-

tion of natural water bodies with synthetic dyes and

ENP.
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1 Introduction

Owing to the increasing demand for textile products

by a growing population, the textile industry produc-

tion and its pollutant wastewaters have been increas-

ing proportionally, making it one of the most

chemically intensive industries on Earth and, possibly,

the main industrial consumer and polluter of

potable water worldwide (Dasgupta et al. 2015;

Holkar et al. 2016; Nimkar 2018; Vajnhandl and Valh

2014). The textile industry generates large amounts of

wastewater with a complex mixture of chemicals and

extremely variable characteristics (Vajnhandl and

Valh 2014; Verma et al. 2012). As a consequence of

discharging a significant amount of the chemicals

employed along the textile processing, TWWs are

generally characterized by high organic loads and

salinity, as well as low biodegradability, especially

due to recalcitrant dyes (Dasgupta et al. 2015; dos

Santos et al. 2007; Sarayu and Sandhya 2012).

Direct discharge of untreated or poorly treated

TWWs into surface waters can affect fauna, flora and

microbial communities. Specifically, the high organic

and nutrient loads typically associated with these

effluents can promote the overgrowth of aquatic flora

and consequent depletion of dissolved oxygen (DO),

ultimately leading to eutrophication of the water body

(Sarayu and Sandhya 2012). Furthermore, the pres-

ence of color and suspended solids can inhibit the

photosynthetic processes by decreasing sunlight pen-

etration in water, thus disturbing the ecological

balance (Collivignarelli et al. 2019; Pandey et al.

2007). In addition, some chemicals found in TWWs

can be acutely toxic to aquatic life (Ghaly et al. 2014).

The development of efficient, environmentally

friendly and economically attractive TWW treatment

solutions is urgently needed. The aerobic granular

sludge (AGS) technology, considered the next gener-

ation of wastewater treatment, represents a potential

solution. This technology, implemented under the

trade name Nereda�, consists in a sequencing fed-

batch process with a simultaneous plug-flow feeding

and effluent discharge step, an aeration stage and a

settling stage (Pronk et al. 2015), allowing the

simultaneous removal of chemical oxygen demand

(COD), nitrogen and phosphate by AGS in a single

sequencing batch reactor (SBR; de Kreuk et al. 2005).

AGS consists of aerobic granules (AG), which are

aggregates of microbial origin that can settle

significantly faster than activated sludge flocs, allow-

ing a good sludge-water separation, high biomass

retention in the reactor, diverse microbial communi-

ties, high conversion capacities and high resistance

towards toxic substances (Franca et al. 2018; Xia et al.

2018). Following the successful establishment of this

innovative process as a sustainable and cost-effective

treatment for municipal wastewater (Pronk et al.

2015), future directions include the application of the

AGS technology to a wider range of wastewaters,

namely those generated by the textile industry. In fact,

recent reviews on the state of the art of AGS

technology (Nancharaiah and Reddy 2018; Nanchara-

iah and Sarvajith 2019; Rollemberg et al. 2018)

referred a few studies using AGS for the removal of

azo dyes, highlighting textile wastewater treatment as

a promising future AGS application. Aiming to

explore the potential treatment of effluents from the

textile industry using the AGS technology, an up-to-

date review of the existing literature on AGS appli-

cation to TWW treatment is herein presented, with a

focus on the removal of two important TWW pollu-

tants, azo dyes and silver nanoparticles (AgNP). The

present review is the first to specifically focus on this

potential field of AGS application, providing an

updated and complete summary of the peer-reviewed

studies conducted on textile dye and engineered

nanoparticles (ENP) removal by AGS. The studies

here gathered are specifically discussed in terms of

AGS stability, biodecolorization mechanism and fate

of azo dye breakdown products, providing a new

perspective on the systems’ treatment efficiency.

To contextualize, the main environmental problems

raised by the azo dyes, including those associated with

their toxic breakdown products (aromatic amines), are

initially described. Among the possible solutions for

azo dye removal from wastewater, studies focused on

azo dye biodegradation (and sulfonated aromatic

amine fate) in anaerobic–aerobic bioreactors are

reviewed, namely highlighting those employing the

novel AGS technology. In addition to the azo dyes, a

separate section is dedicated to AgNP, which have

been increasingly used by the textile industry and

represent a novel concern regarding the environmental

impact of the textile sector. Specifically, data regard-

ing the presence of these ENP in TWW is presented

and studies focused on AgNP fate and effects during

wastewater treatment, namely in AGS SBR systems,

are reviewed.
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2 Azo dyes in textile wastewater (TWW)

2.1 Environmental impact and treatment solutions

Nearly two-thirds of the world annual dyestuff

production are consumed by the textile industry, up

to 50% of which has been estimated to reach the

environment (Holkar et al. 2016; Rangabhashiyam

et al. 2013; Rawat et al. 2016). Worldwide, 280,000

tons of textile dyes have been reported to be yearly

discharged in textile industrial effluents, due to

inefficient dye fixation processes onto the fibers

(Raman and Kanmani 2016; Singh et al. 2015; Solı́s

et al. 2012). Synthetic dyes are designed to have high

durability, which gives them high stability in water

and a recalcitrant nature, resistant to biodegradation.

Therefore, conventional biological wastewater treat-

ment processes fail in efficiently removing textile dyes

from wastewaters, potentially leading to their long-

term persistence in natural water bodies (Dasgupta

et al. 2015; dos Santos et al. 2007).

Azo dyes account for more than 70% by weight of

all dyestuffs used worldwide (Rawat et al. 2016) and

represent the largest class of synthetic colorants

applied in textile processing (approximately 80% by

weight), consequently being the most commonly

released into the environment (Saratale et al. 2011;

Singh et al. 2015). Structurally, azo dyes are complex

aromatic compounds characterized by the presence of

one or more azo groups, linked to phenyl and naphthyl

groups, which are usually substituted with some

combinations of functional groups (Saratale et al.

2011). In addition to the previously described negative

impact caused by the discharge of colored effluents

into natural water bodies, azo dyes further threaten the

flora, fauna and humans, owing to the toxicity,

mutagenicity and carcinogenicity of some dyes and

their breakdown products (Hisaindee et al. 2013; Solı́s

et al. 2012). In fact, under certain environmental

conditions, namely under low DO concentrations, the

natural remediation potential of ecosystems may lead

to partial degradation of these compounds through

reductive cleavage of the azo bond, originating

metabolites that can be more toxic than the original

dye, specifically aromatic amines (Pinheiro et al.

2004; Rawat et al. 2016).

In terms of color removal from textile wastewater,

decolorization occurs either by breaking down the dye

molecule (at least partially) or by transferring it onto

the sludge fractions. The latter can potentially con-

taminate the soil or the air, if disposed of into landfills

or incinerated (Nimkar 2018). Previous review articles

(Collivignarelli et al. 2019; Dasgupta et al. 2015;

Fatima et al. 2017; Holkar et al. 2016; Raman and

Kanmani 2016; Sen et al. 2016; Solı́s et al. 2012;

Verma et al. 2012) have focused on different methods

to treat colored TWW, namely oxidation methods

(cavitation, Fenton processes, photocatalytic oxida-

tion, chemical oxidation such as ozonation and

peroxidation), physical methods (adsorption, coagu-

lation/flocculation and membrane filtration) and bio-

logical methods (using fungi, algae, bacteria, and

microbial fuel cells). In general, the implementation of

the physico-chemical methods for color removal has

inherent drawbacks, such as high cost due to intense

energy demand or excessive chemicals use, transfer of

contaminants without transformation, generation of

high volumes of concentrated, polluting sludges

requiring safe disposal, inefficient removal of recal-

citrant azo dyes and their metabolites, as well as

formation of hazardous by-products (Forgacs et al.

2004; Saratale et al. 2011). Regarding biological

methods, biodecolorization can occur either via

biosorption on microbial cells and/or via biodegrada-

tion (Solı́s et al. 2012). In fact, although azo dyes are

generally considered as xenobiotic compounds and

recalcitrant to aerobic biodegradation (namely during

treatment with conventional activated sludge, CAS),

several microorganisms are able to transform azo dyes

into colorless breakdown products (partial biodegra-

dation), or even to completely mineralize these

metabolites (total biodegradation), under certain envi-

ronmental conditions (Pearce et al. 2003; Stolz 2001;

van der Zee and Villaverde 2005).

2.2 Anaerobic–aerobic biotreatment systems

for azo dye biodegradation

2.2.1 Basic aspects

In contrast to conventional activated sludge aerobic

wastewater treatment methods, anaerobic systems

provide the optimal environment for azo dye decol-

orization through the reductive cleavage of the azo

bond (dos Santos et al. 2007), but the resulting

aromatic amines are resistant to further anaerobic

mineralization (except for few, simple aromatic ami-

nes; Kalyuzhnyi et al. 2000; Pandey et al. 2007; Razo-
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Flores et al. 1997). Conversely, owing to the potential

further degradation of these azo dye breakdown

products under aerobic conditions (Pinheiro et al.

2004), promising systems for the complete biodegra-

dation of azo dyes are based on a combination of

anaerobic and aerobic processes (van der Zee and

Villaverde 2005). According to this approach, bacte-

rial azo dye biodegradation generally proceeds in two

stages: (1) the anaerobic phase, responsible for color

removal through reductive cleavage of the azo bond,

resulting in the formation of generally colorless, but

potentially hazardous, aromatic amines; (2) the aero-

bic phase involving further degradation of aromatic

amines (van der Zee and Villaverde 2005). Further-

more, the combination of anaerobic and aerobic

conditions can allow the effective removal of nutrients

(nitrogen and phosphorus). In addition to the removal

of high organic loads during the anaerobic process, the

residual biochemical oxygen demand (BOD) can be

further eliminated under aerobic conditions (Delée

et al. 1998).

Different anaerobic–aerobic reactor system

approaches for treating azo dye-laden TWWs have

been extensively reviewed (Sarayu and Sandhya 2012;

van der Zee and Villaverde 2005). The anaerobic–

aerobic treatments can occur sequentially (continu-

ously in separate vessels, or in the same reactor by

physical or temporal separation of anaerobic and

aerobic phases), or simultaneously (based on the

principle of limited oxygen diffusion in microbial

biofilms, which contain anaerobic zones within aero-

bic bulk phases; Stolz 2001). Integrated anaerobic–

aerobic bioreactors, where aerobic and anaerobic

conditions are combined in a single reactor can

generally enhance the overall degradation efficiency,

are cost effective and have reduced footprints. In this

context, sequential anaerobic–aerobic systems such as

anaerobic–aerobic SBRs have been mostly employed

in the study of TWW biological treatment, offering a

compact layout, operational flexibility and simplicity

(Lourenço et al. 2001).

Irrespective of the system configuration employed,

high color removal yields (70–100%) were achieved

under anaerobic conditions provided an electron donor

(e.g., biodegradable carbon source) was present and

competing electron acceptors (e.g., oxygen, nitrate,

nitrite) were limited to low concentrations (van der

Zee and Villaverde 2005). In contrast, successful

reports on aerobic degradation of aromatic amines

involved culture enrichment in specialized aerobes,

with a very narrow substrate range (Pinheiro et al.

2004). In practice, several studies showed that

activated sludge systems are not always able to

aerobically degrade aromatic amines resulting from

previous anaerobic azo dye reduction (van der Zee and

Villaverde 2005). In fact, the biodegradation potential

of aromatic amines can range from highly degradable

to non-biodegradable, depending on the position, type

and number of substituents in the aromatic ring

(Lourenço et al. 2003). Moreover, the difficulty in

achieving complete azo dye biodegradation is com-

monly associated with the generation of recalcitrant

sulfonated aromatic amines, owing to the hydrophilic

nature of the sulfonate group (Lourenço et al. 2009;

Tan et al. 2005). Few pure cultures and microbial

consortia capable of degrading specific sulfonated

naphthylamines have been isolated (Barsing et al.

2011; Hong et al. 2007; Juárez-Ramı́rez et al. 2012;

Pandey et al. 2007). In fact, biodegradation of this type

of compounds has mostly been demonstrated for

relatively simple sulfonated aminobenzene and

aminonaphthalene compounds (Haug et al. 1991;

Tan et al. 2000), often requiring extensive biomass

acclimation (Tan et al. 2005). Accordingly, unadapted

microbial populations in activated sludge were shown

to fail in completely degrading sulfonated naphthale-

nes (Nortemann et al. 1986). This difficulty in

mineralizing azo dye reduction products under aerobic

conditions has generally been attributed to the lack of

an adequate aerobic microbial population capable of

metabolizing such compounds (Tan et al. 1999a).

Therefore, the cultivation of microbial consortia

capable of efficiently degrading a mixture of aromatic

amines has been suggested for bioaugmentation of

aerobic treatment units (Pandey et al. 2007). These

specialized microbial communities can be selected if

persistently exposed to the aromatic substrates to

induce metabolic adaptation (Tan et al. 2005).

Aerobic metabolization of aromatic amines is

generally suggested to occur via a hydroxylation

pathway involving a ring-opening mechanism in the

presence of oxygen, catalyzed by oxygenases (Pereira

et al. 2015; Stolz and Knackmuss 1993). However,

upon exposure to aerobic conditions, a large fraction

of azo dye metabolites (especially aromatic amines

ortho-substituted with hydroxyl groups), are suscep-

tible to autoxidation, as oxygen reacts with the

aromatic products via free radical mechanisms,
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oxidizing hydroxyl and amino groups to quinines and

quinine imines (Barsing et al. 2011; Kudlich et al.

1999). These compounds can undergo dimerization or

polymerization, generally yielding thermodynami-

cally stable, soluble, colored oligomers (or, less

commonly, insoluble polymers) resistant to further

biodegradation and potentially toxic and mutagenic

(Field et al. 1995; Kudlich et al. 1999; Solı́s et al.

2012). These chemical, spontaneous reactions make it

difficult to predict the fate of aromatic amines during

anaerobic–aerobic treatment of azo dyes (van der Zee

and Villaverde 2005). Moreover, the competition

between biodegradation and autoxidation (especially

regarding o-aminohydroxynaphthalenes) should be

further assessed, as well as the possibilities for

biological mineralization of autoxidation products

(Stolz 2001). Given this scenario, complete biomin-

eralization of azo dyes is still the focus of much

research in the context of the environmental impact of

textile industry wastewater.

According to a recent review (Raman and Kanmani

2016), most studies indicate complete removal of azo

dyes from TWW to be achieved simply based on

successful decolorization results, which is not an

accurate conclusion. In contrast with the notable suc-

cess in the anaerobic decolorization stage, information

regarding the fate of the breakdown aromatic amines

during the aerobic stage, when available, revealed that

most of these amines were not aerobically degraded,

being considered a health hazard (Pinheiro et al. 2004;

van der Zee and Villaverde 2005). In fact, the few

studies monitoring the removal of total organic

carbon, as well as dye intermediates or end products

formed, generally conclude that only partial mineral-

ization of the textile dye is achieved (Raman and

Kanmani 2016). As previously mentioned, incomplete

azo dye mineralization is commonly associated with

the production of sulfonated aromatic amines, which

are among the most common products of bacterial

decolorization of azo dyes (Pandey et al. 2007).

Moreover, when their removal was reported, the

process (adsorption, biological or chemical transfor-

mations) was not clear, the aerobic fate of (sulfonated)

aromatic amines thus deserving more investigation

(van der Zee and Villaverde 2005).

2.2.2 Fate of sulfonated aromatic amines

in anaerobic–aerobic bioreactors

This section presents an overview of studies in which

azo dye-laden TWW treatment was carried out by

mixed bacterial cultures in bioreactor systems, includ-

ing an anaerobic treatment stage for the reductive

cleavage of azo dyes, followed by an aerobic stage for

degradation of potentially toxic, colorless breakdown

aromatic amines. This review specifically focuses on

studies addressing the formation and fate of sulfonated

aromatic amines. Accordingly, Table 1 specifies the

operational conditions used in the different bioreactor

systems, as well as the main treatment performance

indicators in terms of COD, color and aromatic amines

removal, while Table 2 further specifies the conclu-

sions derived by the authors regarding the fate of

aromatic amines. Among the reviewed studies on the

biodegradation of sulfonated azo dyes in anaerobic–

aerobic bacterial systems (Table 1), different aromatic

amine fates were reported: mineralization (Balapure

et al. 2015; Işik and Sponza 2004a; Libra et al. 2004;

Sponza and Isik 2002), nearly complete biodegrada-

tion (FitzGerald and Bishop 1995; Forss and Welander

2011; Sponza and Işik 2005b), further/partial degra-

dation (Jonstrup et al. 2011; Paździor et al. 2009) or,

more specifically, degradation to non-aromatic, polar

compounds (Khehra et al. 2006; O’Neill et al. 2000),

incomplete (Shaw et al. 2002) or no mineralization

(Libra et al. 2004; Lourenço et al. 2003; Lourenço

et al. 2009).

The reported cases of partial or complete aerobic

removal of the azo dye-derived aromatic amines

(Table 2) were mostly based on indirect observations,

such as: decreases in ultraviolet (UV) absorbance

(Dafale et al. 2008; Jonstrup et al. 2011; Shaw et al.

2002; You and Teng 2009), toxicity (Balapure et al.

2015; Işik and Sponza 2004b) and total aromatic

amines levels measured by diazotization-based col-

orimetric methods (the standard usually corresponding

to one of the expected metabolites; Spagni et al. 2010;

Sponza and Işik 2005b); the decrease in overall high-

performance liquid chromatography (HPLC) peak

areas (including unidentified peaks) and shift of peaks

to lower retention times during the aerobic phase,

indicating the formation of less aromatic and more

polar compounds (Koupaie et al. 2011); the disap-

pearance of signals at low field zone in 1H NMR

(proton nuclear magnetic resonance) analysis
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Ç

in
ar

et
al

.

(2
0
0
8

)

123

Rev Environ Sci Biotechnol (2020) 19:149–190 155



T
a

b
le

1
co

n
ti

n
u

ed

B
io

re
ac

to
r

sy
st

em
a

S
ee

d

sl
u

d
g

eb
H

R
T

(h
)c

S
R

T

(d
)d

T
ex

ti
le

w
as

te
w

at
er

R
em

o
v

al
p

er
fo

rm
an

ce
(%

)
M

et
h

o
d

fo
r

A
A

an
al

y
si

si

R
ef

er
en

ce
s

A
n

A
e

T
o

ta
l

T
y

p
ee

S
u

b
st

ra
te

f

(C
O

D
,

m
g

O
2

L
-

1
)

A
zo

d
y

es
g

(m
g

L
-

1
)

C
O

D
C

o
lo

r
A

A
h

A
n

a
er

o
b

ic
b
io

fi
lm

re
ac

to
r
?

A
er

o
b

ic
re

ac
to

r

A
n
-1

A
e-

1
o
r

A
e-

6

2
4
–
7
2

n
.i

.
n
.i

.
n
.i

.
S

G
lu

co
se

(1
0
0
0
)

R
em

az
o
l

R
ed

R
R

(1
0
0
)#

8
2
–
9
5

9
8

3
0

(T
o
ta

l)
U

V
–
v
is

H
P

L
C

Jo
n
st

ru
p

et
al

.

(2
0
1
1

)

a
C

S
T

R
:

co
n

ti
n

u
o

u
s

st
ir

re
d

-t
an

k
re

ac
to

r,
D

O
:

d
is

so
lv

ed
o

x
y

g
en

,
M

B
:

m
o

v
in

g
b

ed
,

M
B

R
:

m
em

b
ra

n
e

b
io

re
ac

to
r,

R
D

R
:

ro
ta

ti
n

g
d

is
c

re
ac

to
r,

S
B

B
R

:
se

q
u

en
ci

n
g

b
at

ch
b

io
fi

lm

re
ac

to
r,

S
B

R
:

se
q

u
en

ci
n

g
b

at
ch

re
ac

to
r,

U
A

S
B

:
u

p
fl

o
w

an
ae

ro
b

ic
sl

u
d

g
e

b
la

n
k

et
b
A

cc
li

m
.:

ac
cl

im
at

iz
ed

;
A

e:
se

ed
sl

u
d

g
e

in
th

e
ae

ro
b

ic
re

ac
to

r;
A

e-
1

:
ac

ti
v

at
ed

sl
u

d
g

e
fr

o
m

a
m

u
n

ic
ip

al
w

as
te

w
at

er
tr

ea
tm

en
t

p
la

n
t

(W
W

T
P

);
A

e-
2

:
ac

ti
v

at
ed

sl
u

d
g

e
fr

o
m

a
d

y
e

in
d

u
st

ry
;

A
e-

3
:

ac
ti

v
at

ed
sl

u
d

g
e

fr
o

m
a

la
b

sc
al

e
C

S
T

R
tr

ea
ti

n
g

m
o

la
ss

es
;

A
e-

4
:

ac
ti

v
at

ed
sl

u
d

g
e

fr
o

m
a

W
W

T
P

tr
ea

ti
n

g
m

ix
ed

m
u

n
ic

ip
al

/i
n

d
u

st
ri

al
w

as
te

w
at

er
;

A
e-

5
:

A
ct

iv
at

ed

sl
u

d
g

e
fr

o
m

a
te

x
ti

le
W

W
T

P
;

A
e-

6
:

A
er

o
b

ic
re

ac
to

r:
ac

ti
v

at
ed

sl
u

d
g

e
fr

o
m

a
n

it
ro

ar
o

m
at

ic
s

in
d

u
st

ry
o

r
a

te
x

ti
le

in
d

u
st

ry
;

A
e:

se
ed

sl
u

d
g

e
in

th
e

an
ae

ro
b

ic
re

ac
to

r;
A

n
-1

:
sl

u
d

g
e

fr
o

m
an

an
ae

ro
b

ic
d

ig
es

te
r

tr
ea

ti
n

g
m

u
n

ic
ip

al
W

W
T

P
;

A
n

-2
:

g
ra

n
u

la
te

d
an

ae
ro

b
ic

sl
u

d
g

e
fr

o
m

a
U

A
S

B
re

ac
to

r
tr

ea
ti

n
g

d
ai

ry
fa

ct
o

ry
;

A
n

-3
:

p
ar

ti
al

ly
g
ra

n
u

la
te

d
sl

u
d

g
e

fr
o

m
a

m
et

h
an

o
g

en
ic

re
ac

to
r

o
f

an
y

ea
st

b
ak

er
fa

ct
o

ry
;

A
n

-4
:

g
ra

n
u

le
s

fr
o

m
a

p
ap

er
-p

u
lp

p
ro

ce
ss

in
g

p
la

n
t;

A
n

-5
:

A
n

ae
ro

b
ic

g
ra

n
u

le
s

fr
o

m
a

U
A

S
B

re
ac

to
r

tr
ea

ti
n

g
w

as
te

w
at

er
fr

o
m

a

p
o

ta
to

p
ro

ce
ss

in
g

fa
ct

o
ry

;
A

n
?

A
e:

m
ix

tu
re

o
f

an
ae

ro
b

ic
g

ra
n

u
la

r
sl

u
d

g
e

fr
o

m
a

fu
ll

-s
ca

le
U

A
S

B
re

ac
to

r
an

d
ac

ti
v

at
ed

sl
u

d
g

e
fr

o
m

a
m

u
n

ic
ip

al
W

W
T

P
;

B
C

:
b

ac
te

ri
al

co
n

so
rt

iu
m

is
o

la
te

d
fr

o
m

w
as

te
d

is
p

o
sa

l
si

te
s

o
f

te
x

ti
le

p
ro

ce
ss

in
g

in
d

u
st

ri
es

;
F

R
:

fo
re

st
re

si
d

u
es

(s
o

ft
w

o
o

d
sh

av
in

g
s)

;
M

S
:

su
rp

lu
s

ac
ti

v
at

ed
sl

u
d

g
e

an
d

fe
rm

en
te

d
sl

u
d

g
e

fr
o

m
a

m
et

h
an

e
fe

rm
en

ta
ti

o
n

st
ag

e
o

f
a

m
u

n
ic

ip
al

W
W

T
P

;
n

.i
.:

n
o

t
in

d
ic

at
ed

;
R

B
1

6
0

:
re

ac
ti

v
e

b
lu

e
1

6
0

;
R

B
k

5
:

re
ac

ti
v

e
b

la
ck

5
;

T
S

:
sl

u
d

g
e

fr
o

m
in

d
u

st
ri

al
W

W
T

P
tr

ea
ti

n
g

h
ig

h
ly

co
lo

re
d

te
x

ti
le

w
as

te
w

at
er

c
A

e:
ae

ro
b

ic
st

ag
e;

A
n

:
an

ae
ro

b
ic

st
ag

e;
n

.i
.:

n
o

t
in

d
ic

at
ed

;
H

R
T

:
H

y
d

ra
u

li
c

re
te

n
ti

o
n

ti
m

e;
*

d
u

ra
ti

o
n

,
in

h
o

u
rs

,
o

f
th

e
an

ae
ro

b
ic

re
ac

ti
o

n
p

h
as

e,
ae

ro
b

ic
re

ac
ti

o
n

p
h

as
e

o
r

to
ta

l

cy
cl

e
in

d
ic

at
ed

in
th

e
re

sp
ec

ti
v

e
A

n
,

A
e

an
d

T
o

ta
l

co
lu

m
n

s
(o

n
ly

in
d

ic
at

ed
fo

r
S

B
R

s
an

d
S

B
B

R
s)

d
A

e:
ae

ro
b

ic
st

ag
e;

A
n

:
an

ae
ro

b
ic

st
ag

e;
n

.i
.:

n
o

t
in

d
ic

at
ed

:
d

u
ra

ti
o

n
;

S
R

T
:

sl
u

d
g

e
re

te
n

ti
o

n
ti

m
e

e
S

:
si

m
u

la
te

d
te

x
ti

le
w

as
te

w
at

er
;

R
:

re
al

te
x

ti
le

w
as

te
w

at
er

f B
E

:
b

ee
f

ex
tr

ac
t;

C
M

C
:

ca
rb

o
x

y
m

et
h

y
l

ce
ll

u
lo

se
;

D
O

C
:

d
is

so
lv

ed
o

rg
an

ic
ca

rb
o

n
;

n
.i

.:
n

o
t

in
d

ic
at

ed
;

W
W

:
w

as
te

w
at

er
;

Y
E

:
y

ea
st

ex
tr

ac
t

g
A

O
:

ac
id

o
ra

n
g

e;
A

R
:

ac
id

re
d

;
C

i:
in

it
ia

l
d

y
e

co
n

ce
n

tr
at

io
n

in
th

e
re

ac
to

r;
D

B
k

:
d

ir
ec

t
b

la
ck

;
D

B
r:

d
ir

ec
t

b
ro

w
n

;
D

R
:

d
ir

ec
t

re
d

;
D

Y
:

d
ir

ec
t

y
el

lo
w

;
R

B
k

:
re

ac
ti

v
e

b
la

ck
;

R
O

:

re
ac

ti
v

e
o

ra
n

g
e;

R
R

:
re

ac
ti

v
e

re
d

;
R

V
:

re
ac

ti
v

e
v

io
le

t;
#
O

th
er

re
ac

ti
v

e
az

o
d

y
es

(r
em

az
o

l
b

lu
e

R
R

an
d

re
m

az
o

l
y

el
lo

w
R

R
)

w
er

e
u

se
d

in
b

at
ch

te
st

s;
M

ix
tu

re
A

:
m

ix
tu

re
o

f
R

B
k

5

an
d

R
R

2
;

M
ix

tu
re

B
:

m
ix

tu
re

o
f

R
B

k
5

,
D

R
2

8
,

D
B

k
3

8
,

D
B

r2
an

d
D

Y
1

2
;

M
ix

tu
re

C
:

m
ix

o
f

R
R

2
,

R
R

1
9

8
,

R
R

1
2

0
,

R
B

1
6

0
,

R
B

1
3

an
d

R
B

1
7

2
h
4

A
1

N
S

:
4

-a
m

in
o

-n
ap

h
th

al
en

e-
1

-s
u

lf
o

n
ic

ac
id

;
A

A
:

ar
o

m
at

ic
am

in
es

;
A

n
:

A
n

ae
ro

b
ic

st
ag

e;
B

B
A

:
b

en
ze

n
e-

b
as

ed
am

in
e;

N
B

A
:

n
ap

h
th

al
en

e-
b

as
ed

am
in

e;
n

.q
.:

n
o

t
q

u
an

ti
fi

ed
;

T
A

A
:

to
ta

l
ar

o
m

at
ic

am
in

es
;

T
o

ta
l:

to
ta

l
az

o
d

y
e

m
et

ab
o

li
te

s
i D

A
D

:
d

io
d

e-
ar

ra
y

d
et

ec
ti

o
n

;
D

C
M

1
:

d
ia

zo
ti

za
ti

o
n

-b
as

ed
co

lo
ri

m
et

ri
c

m
et

h
o

d
1

[c
o

lo
ri

m
et

ri
c

an
al

y
si

s
o

f
to

ta
l

ar
o

m
at

ic
am

in
es

af
te

r
re

ac
ti

o
n

w
it

h
4

-d
im

et
h

y
la

m
in

o

b
en

za
ld

eh
y

d
e-

H
C

l;
q

u
an

ti
fi

ca
ti

o
n

o
f

to
ta

l
ar

o
m

at
ic

am
in

es
(T

A
A

)
u

si
n

g
b

en
zi

d
in

e
as

st
an

d
ar

d
];

D
C

M
2

:
d

ia
zo

ti
za

ti
o

n
-b

as
ed

co
lo

ri
m

et
ri

c
m

et
h

o
d

2
[d

ia
zo

ti
za

ti
o

n
-c

o
u

p
li

n
g

re
ac

ti
o

n
w

it
h

o
r

N
-(

1
-n

ap
h

th
y

l)
et

h
y

le
n

ed
ia

m
in

e;
q

u
an

ti
fi

ca
ti

o
n

o
f

T
A

A
u

si
n

g
su

lf
an

il
ic

ac
id

(c
h

em
ic

al
st

ru
ct

u
re

si
m

il
ar

to
o

n
e

o
f

th
e

ex
p

ec
te

d
A

A
)

as
st

an
d

ar
d

];
F

T
IR

:
F

o
u

ri
er

-

tr
an

sf
o

rm
in

fr
ar

ed
sp

ec
tr

o
sc

o
p

y
;

G
C

:
g

as
ch

ro
m

at
o

g
ra

p
h

y
;

1
H

N
M

R
:

p
ro

to
n

n
u

cl
ea

r
m

ag
n

et
ic

re
so

n
an

ce
;

H
P

L
C

:
h

ig
h

-p
er

fo
rm

an
ce

li
q

u
id

ch
ro

m
at

o
g

ra
p

h
y

;
L

C
:

li
q

u
id

ch
ro

m
at

o
g

ra
p

h
y

;
M

S
:

m
as

s
sp

ec
tr

o
m

et
ry

;
T

L
C

:
th

in
la

y
er

ch
ro

m
at

o
g

ra
p

h
y

;
U

V
–

v
is

:
u

lt
ra

v
io

le
t–

v
is

ib
le

sp
ec

tr
o

p
h

o
to

m
et

ry
;

&
R

el
at

iv
e

q
u

an
ti

fi
ca

ti
o

n
b

y
at

tr
ib

u
ti

n
g

th
e

m
ax

im
u

m

ar
o

m
at

ic
am

in
e

co
n

ce
n

tr
at

io
n

(1
0

0
%

)
to

th
e

h
ig

h
es

t
p

ea
k

123

156 Rev Environ Sci Biotechnol (2020) 19:149–190



Table 2 Comments on the fate of aromatic amines (AA) in sequential anaerobic–aerobic reactor systems treating azo dye-laden

textile wastewater (operational details in Table 1)

Azo dyesa AA removal

(%)b
Methodc Authors comments regarding AA fated Reference

AO10

AR14

AR18

[ 99 (An) LC–MS AA quantitative analysis using standards for the respective metabolites or

compounds having the same chemical formula but similar structure

Low metabolites recovery (\ 1%) at the end of An. Adsorption to

biomass and low recovery efficiencies have been ruled out

Further studies must be conducted to confirm the hypothesized ([ 99%)

anaerobic biodegradation of the intermediates

FitzGerald and

Bishop (1995)

AR18 [ 84

(4A1NS)

[ 50 (Total)

HPLC Except for 4A1NS, the other intermediates were not quantified due to

unavailability of authentic standards

Overall HPLC peak area analysis revealed that[ 50% of total dye

metabolites detected at the end of the An were removed during the Ae

The HPLC peak area decreased and shifted to lower RT during the Ae,

indicating the formation of less aromatic and more polar compounds

Koupaie et al.

(2011, 2013)

AR88 n.q. UV–vis,

TLC
1H

NMR

.1H NMR analysis indicated complete loss of aromaticity from the azo

dye after sequential anoxic-aerobic treatment

TLC and1H NMR revealed that the aromatic intermediates produced

under anoxic conditions were degraded to non-aromatic metabolites in

the Ae

Khehra et al.

(2006)

DBk38 52 (TAA) DCM1

GC–MS

Two of the four azo dye breakdown products (benzidine, aniline) were

recovered (95%) in the An, but not all were further mineralized in the

Ae

Low levels of AA and absence of breakdown products in GC–MS spectra

indicated that most of the AA were metabolized

Comparison between UV–vis scans of benzidine with the reactors’

influent and effluent indicated the complete mineralization of TAA

Sponza and Işik

(2005a)

86 (TAA)

45

(Benzidine)

HPLC–

DAD

GC–MS

DCM1

Only two of the four expected dye metabolites were detected (namely

benzidine), the authors suggesting that part of AA were removed in the

An

The area of the two HPLC peaks significantly decreased during the Ae,

but GC–MS showed that the azo dye was not completely mineralized

Toxicity of the Ae effluent were significantly lower than the An effluent,

suggesting complete aerobic mineralization of carcinogenic amines

The authors concluded that dyes could be mineralized in the system,

despite some residual presence of benzidine in the final effluent

Işik and Sponza

(2004b)

DR28 97 (TAA)

91

(Benzidine)

HPLC–

DAD

GC–MS

DCM1

Only 25% (as TAA) of the expected dye metabolites were recovered at

the end of the An, the authors suggesting that 75% were removed in the

An

The TAA recovered at the end of the An could be removed in the Ae

(91%). Only benzidine was identified by HPLC and GC–MS analysis

The decrease in the area of two HPLC peaks indicated partial aerobic

degradation of benzidine (confirmed by GC–MS) and an unknown

metabolite

The authors concluded that the system allowed nearly complete

biodegradation of the benzidine-based azo dye, leading to detoxification

Sponza and Işik

(2005b)

Mixture A n.q. LC–MS Two metabolites were degraded to below the DL in the Ae, with no trace

of AA polymerization or dimerization, their mineralization being

suggested

The structure of the two detected metabolites could not be identified,

owing to the lack of standardized MS-libraries for LC

Forss and

Welander

(2011)
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Table 2 continued

Azo dyesa AA removal

(%)b
Methodc Authors comments regarding AA fated Reference

Mixture B 37–87

(TAA)

DCM

HPLC

The authors concluded that the azo dyes were reductively decolorized in

the An and mineralized in the Ae

Benzidine, produced from the azo bond cleavage in the An, was

effectively removed in the Ae, as confirmed by HPLC with authentic

standard

Işik and Sponza

(2004a)

Mixture C n.q. FTIR
1H

NMR

GC–MS

Loss of aromaticity or fission of benzene rings from the dyes during the

Ae was indicated by FTIR and by the absence of peaks in the UV region

GC–MS showed that lower molecular weight aliphatic compounds were

formed, which indicated complete cleavage of AA into aliphatic

compounds

The disappearance of all signals at low field zone in1H NMR analysis

indicated the complete mineralization of dyes

Higher MW compounds were not detected, indicating the complete

mineralization of the WW, further supported by the decrease in toxicity

Balapure et al.

(2015)

RBk5 73 (Total) UV–vis The UV–vis spectral changes represent the disappearance of the azo dye

and concomitant formation of metabolites during the anoxic reaction

The decrease in the UV major absorbance peak indicated that the AA

formed in the anoxic reactor were significantly removed (73%) in the

Ae

Dafale et al.

(2008)

n.q. UV–vis The slight increase in the color during the Ae suggested the occurrence of

oxidation or polymerization of intermediate compounds formed in the

An

The authors concluded that the released intermediates were mineralized

in the Ae

Sponza and Isik

(2002)

62 (Total) UV–vis UV–vis results showed that the AA intermediate metabolites formed in

the An were further mineralized in the Ae (62% of degradation)

You and Teng

(2009)

n.q. LC–MS Partial mineralization of the fully hydrolyzed azo dye was achieved

Specifically, one of AA was mineralized (p-ABHES), but the other

metabolite (TAHNDS) was not removed in the aerobic stage

Libra et al.

(2004)

RO16 n.q. DCM2 At least the sulfonated AA formed under anaerobic conditions were

recalcitrant to biodegradation

Spagni et al.

(2010)

RR120 n.q. HPLC Two HPLC peaks were formed in the An, one of which corresponded to

orthanilic acid

Orthanilic acid (confirmed by standard) was further biodegraded under

aerobic conditions, while the second peak was recalcitrant to

biodegradation

The orthanilic acid was further degraded in the Ae of the two-stage

anaerobic/aerobic system, but not in the integrated anaerobic–aerobic

SBR

Paździor et al.

(2009)

RR141 n.q. HPLC The HPLC-detected compounds (none corresponding to the expected AA)

were aerobically removed or converted to highly polar compounds.

Toxicity of the effluent was eliminated after the Ae

This study qualitatively showed that AA-derivatives formed during the

An were degraded into more polar, non-aromatic by-products during the

Ae

O’Neill et al.

(2000)

RR5 n.q. UV–vis The intensity of peaks in the UV region was slightly reduced during the

Ae, the authors concluding that AA were not completely mineralized

Shaw et al.

(2002)
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indicating the loss of aromaticity (Balapure et al.

2015; Khehra et al. 2006); the decrease in FTIR

(Fourier-transform infrared spectroscopy) peaks asso-

ciated with aromatic structures (Balapure et al. 2015);

the detection of lower molecular weight aliphatic

compounds in gas chromatography coupled with mass

spectrometry (GC–MS; Balapure et al. 2015). More-

over, quantification of the expected azo dye interme-

diates through chromatographic techniques is limited

to the availability of the respective standard. Among

the reviewed studies (Table 1), authentic standards

have been used for 4-amino-naphthalene-1-sulfonic

acid (4A1NS; Koupaie et al. 2011, 2013), benzidine

(Işik and Sponza 2004a, b; Sponza and Işik 2005b),

orthanilic acid (Paździor et al. 2009), p-aminoben-

zene-2-hydroxyethylsulfonic acid and 1,2-ketimino-7-

amino-8-hydroxynaphthalene-3,6-disulfonic acid (Li-

bra et al. 2004). Except for the latter, all of these

metabolites were suggested to be mineralized in the

aerobic phase, based on HPLC, liquid chromatography

coupled with mass spectrometry (LC–MS) and GC–

MS analyses. On the other hand, some aromatic

Table 2 continued

Azo dyesa AA removal

(%)b
Methodc Authors comments regarding AA fated Reference

RV5 n.q. HPLC The two AA resulting from the anaerobic azo bond reduction were

detected by HPLC analysis, but not mineralized during the subsequent

Ae

Despite interconversions between the BBA and an unknown metabolite,

no effective biodegradation was observed along the operation

([ 810 days)

Prolonging the Ae resulted in partial conversion of the BBA into the

unknown metabolite, but the NBA remained practically unchanged

Lourenço et al.

2003, 2009

Remazol

Red

RR#

30 (Total) UV–vis

HPLC

Partial degradation of AA during the Ae was suggested by the 30%

reduction in the UV peak absorbance level

Four HPLC peaks (not identified) were detected at the end of the An,

three of which were absent at the end of the Ae

Batch tests using sludge acclimatised to nitroaromatics or azo dyes

revealed that only partial degradation of AA from Remazol Red RR and

from Remazol Blue RR was achieved, while autoxidation of Remazol

Yellow RR metabolites occurred during the Ae, forming a recalcitrant

product

Jonstrup et al.

(2011)

aAO: acid orange; AR: acid red; DBk: direct black; DR: direct red; RBk: reactive black; RO: reactive orange; RR: reactive red; RV:

reactive violet; #other reactive azo dyes (remazol blue RR and remazol yellow RR) were used in batch tests; Mixture A: mixture of

RBk5 and RR2; mixture B: mixture of RBk5, DR28, DBk38, DBr2 and DY12; mixture C: Mix of RR2, RR198, RR120, RB160,

RB13 and RB172
b4A1NS: 4-amino-naphthalene-1-sulfonic acid; AA: aromatic amines; An: anaerobic stage; Total: total azo dye metabolites; n.q.: not

quantified; TAA: total aromatic amines
cDAD: diode-array detection; DCM1: Diazotization-Based Colorimetric Method 1 (colorimetric analysis of total aromatic amines

after reaction with 4-dimethylamino benzaldehyde-HCl; quantification of total aromatic amines (TAA) using benzidine as standard);

DCM2: diazotization-based colorimetric method 2 (diazotization-coupling reaction with or N-(1-naphthyl)ethylenediamine;

quantification of TAA using sulfanilic acid (chemical structure similar to one of the expected AA) as standard); FTIR: Fourier-

transform infrared spectroscopy; GC: gas chromatography; 1H NMR: proton nuclear magnetic resonance; HPLC: high-performance

liquid chromatography; LC: liquid chromatography; MS: mass spectrometry; TLC: thin layer chromatography; UV–vis: ultraviolet–

visible spectrophotometry; &relative quantification by attributing the maximum aromatic amine concentration (100%) to the highest

peak
d4A1NS: 4-amino-naphthalene-1-sulfonic acid; AA: aromatic amines; Ae: aerobic stage; An: anaerobic stage; BBA: benzene-based

amine; DL: detection limit; FTIR: fourier-transform infrared spectroscopy; GC: gas chromatography; 1H NMR: proton nuclear

magnetic resonance; HPLC: high-performance liquid chromatography; LC: liquid chromatography; MS: mass spectrometry; MW:

molecular weight; NBA: naphthalene-based amine; p-ABHES: p-aminobenzene-2-hydroxyethylsulfonic acid; RT: retention times;

TAA: total aromatic amines; TAHNDS: 1,2-ketimino-7-amino-8-hydroxynaphthalene-3,6-disulfonic acid; TLC: thin layer

chromatography; UV–vis: ultraviolet–visible spectrophotometry; WW: wastewater
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amines cannot be quantified due to the unavailability

of an authentic standard. Moreover, the fate of

unidentified metabolites generated along the treatment

can be qualitatively assessed based on their chromato-

graphic peak area variation (O’Neill et al. 2000;

Sponza and Işik 2005b).

A sound comparison between studies testing the

biodegradation of the same azo dye is difficult because

of the differences in operational conditions. Although

using different reactor system configurations, inocula

and substrates, three studies focused on Reactive

Black 5 (Table 2) reported that the aromatic amines

resulting from the reductive cleavage of the azo dye

were mineralized (Sponza and Isik 2002) or signif-

icantly removed during the aerobic stage, with an

overall 62–73% removal yield (Dafale et al. 2008;

You and Teng 2009). However, while these conclu-

sions were based on UV–visible spectral results,

another study using a more accurate method for

analyzing the individual fate of azo dye metabolites

(LC–MS; Libra et al. 2004), concluded that only one

of the aromatic amines was mineralized, the other

being recalcitrant under aerobic conditions. Regarding

the treatment of Reactive Violet 5 (Table 1), biodegra-

dation of the resulting aromatic amines was reported

by Çinar et al. (2008), the aerobic removal yields being

92% for the benzene-based amine and 64% for the

naphthalene-base amine, according to HPLC analysis.

On the other hand, other studies specifically focused

on the fate of these aromatic amines showed that

despite the also observed decrease in the respective

HPLC peak area, effective biodegradation of the

benzene-based amine did not occur, as it was partially

converted into an unknown metabolite (Lourenço et al.

2003, 2009). Moreover, the naphthalene-base amine

remained practically unchanged in the latter studies,

being considered recalcitrant under the employed

conditions.

Contradictory conclusions regarding the biodegra-

dation potential of the same azo dye in anaerobic–

aerobic treatment systems may not only be

attributable to differences in the operational condi-

tions, but also to incomplete metabolite analysis or

inaccurate data interpretation. For instance, owing to

the low recovery of expected azo dye metabolites at

the end of the anaerobic treatment, as detected by LC–

MS or GC–MS, authors concluded that biodegradation

of the intermediates occurred under anaerobic condi-

tions (FitzGerald and Bishop 1995; Işik and Sponza

2004b; Sponza and Işik 2005b), which is unlikely. On

the other hand, You and Teng (2009) stated that the

azo dye metabolites formed in the anaerobic phase

were further mineralized in the aerobic phase, based

on a 62%-reduction in UV absorbance. Also based on

UV–visible spectral analysis, Sponza and Isik (2002)

finally concluded that the azo dye intermediates were

aerobically mineralized, despite previously hypothe-

sizing the occurrence of aromatic amine autoxidation

and polymerization due to the slight increase in the

color levels. Conversely, other studies using LC–MS

or GC–MS reported mineralization of aromatic ami-

nes as the formation of higher molecular weight

compounds was not observed, with no trace of

aromatic amines polymerization or dimerization

(Balapure et al. 2015; Forss and Welander 2011).

Overall, some studies suggested partial or even

complete mineralization of the aromatic amines, while

others reported that mineralization was not achieved

because the formation of new intermediates was

observed (Table 2). Moreover, the new metabolites,

such as polymerization or dimerization products

resulting from autoxidation of aromatic amines, may

arise during the aerobic stage without being properly

detected by HPLC, depending on the conditions of

analysis. Overall, despite most of the reviewed studies

further supporting the potential for biodegradation of

sulfonated aromatic amines, clear evidence for com-

plete azo dye mineralization was rarely provided,

requiring further investigation and more conclusive

data.

2.2.3 Treatment of azo dye-laden TWW in AGS

sequencing batch reactor (SBR) systems

2.2.3.1 AGS potential for TWW Aiming to achieve

complete mineralization of an azo dye, Kudlich et al.

(1996) immobilized, in alginate beads, azo dye-

reducing bacteria together with bacteria able to

mineralize the reduction products. Following this

unsuccessful attempt, the authors highlighted the need

for a more rigid and mechanically stable material that

would still allow the establishment of an oxygen

gradient, similarly to biofilms. In this sense, Tan et al.

(1999a) subsequently tested the use of anaerobic

granular sludge as a self-immobilization system

providing both anaerobic and aerobic microniches

when operated under aerobic conditions. Yet, the

aromatic amines formed upon azo dye reduction were
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not further transformed in the presence of oxygen.

This was attributed to the absence of a suitable aerobic

microbial population within the anaerobic granular

sludge capable of metabolizing aromatic amines.

Therefore, the authors indicated that addition of

adapted aerobic biomass would be probably required

to achieve azo dye mineralization (Tan et al. 1999b).

In this context, the solution for this problem might lie

on AG, which are self-immobilized, dense aggregates

mainly composed of bacteria and extracellular

polymeric substances (EPS), and are considered as a

special case of biofilm growth without carrier material

(Beun et al. 1999). AG are commonly cultured in

aerobic SBRs and their granular structure creates DO

and substrate concentration gradients along the radial

direction, leading to stratification in layers of different

microenvironments (aerobic, anoxic, anaerobic)

within each AG, thus allowing the co-presence of

different types of microorganisms and metabolisms in

the same tank (de Kreuk et al. 2005). As hypothesized

by Manavi et al. (2017), the channels present within

AG could be used for transport of dyes and organic

substrates into the anaerobic core region of the

granules, where (facultative) anaerobic bacteria

would reduce azo dyes using the reducing

equivalents resulting from the oxidation of the

organic compounds. Subsequently, the AG channels

would allow the resulting aromatic amines to migrate

from the core to the aerobic outer layers of the AG,

where they could be mineralized by aerobic bacterial

populations (Manavi et al. 2017).

Overall, in addition to the general advantages over

the conventional flocculent sludge, AGS has charac-

teristics that might potentially promote the complete

biomineralization of azo dyes. Specifically, the coex-

istence of aerobic and anoxic-anaerobic zones within

the granules (Winkler et al. 2013) and their enhanced

resistance to high organic loads and toxic recalcitrant

compounds (Franca et al. 2018) might be advanta-

geous for treating TWW. Furthermore, their superior

capacity to biodegrade toxic and recalcitrant pollu-

tants derives from the wide range of possible opera-

tional sludge retention time (SRT) values in AGS

systems (de Kreuk and van Loosdrecht 2004). In fact,

the operational SRT flexibility of AGS systems

enables the presence of a more diverse microbial

community within the SBR, namely slow-growing

populations, whose activity may be advantageous for

the degradation of recalcitrant compounds (Clara et al.

2005; Langford et al. 2005; Lourenço et al. 2015). In

addition, results from previous studies using flocculent

activated sludge for TWW treatment (Lourenço et al.

2000) suggest that systems with higher biomass

retention capacity are probably advantageous for

allowing the development of a more diverse microbial

population capable of degrading a broader range of

dyes. Accordingly, a study reported the biodegrada-

tion of a sulfonated aromatic amine (4A1NS),

described as highly recalcitrant, through the use of

biofilm reactors, which allow high biomass retention

(Koupaie et al. 2013).

Although using the AGS technology for the treat-

ment of high strength, dye-laden TWW offers great

promise for the above mentioned reasons, only few

reports have been published on the use of AGS SBRs

for this specific application, most of which using

synthetic TWW (Kodam and Kolekar 2014; Nan-

charaiah and Reddy 2018). Furthermore, although

biodegradation and biosorption are generally reported

as the dye removal processes in biological systems, the

mechanisms and metabolic pathways occurring in

AGS systems are still poorly addressed in the literature

and deserve more investigation (Rollemberg et al.

2018).

2.2.3.2 TWW containing a mixture of

dyes Intermittent anaerobic–aerobic SBR The

first published study on this subject (Muda et al.

2010; Table 3) reported on the development of stable,

mature AG with excellent settleability, in the presence

of a mixture of dyes. In terms of treatment

performance, the relatively low and inconsistent

decolorization yields were attributed to insufficient

microbial adaptation time to the recalcitrant dyes

(20 days), to possible aerobic formation of colored

autoxidation products from unstable aromatic amines

and/or to color removal through adsorption of dyes to

the biomass. In fact, as the formation of aromatic

amines was not assessed, the decolorization process

was uncertain, especially regarding the partial color

removal observed under aerobic conditions (ca. 17%),

which was suggested by the authors to derive from azo

bond reduction within the anaerobic core of the AG.

Moreover, despite not providing clear evidence, the

authors attributed the high oxygen uptake rate (OUR)

registered during the last aerobic stage to the

mineralization of the (unassessed) aromatic amines.
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In light of the low color removal efficiencies

obtained (Muda et al. 2010, 2012; Table 3), Muda

et al. (2011) optimized the treatment performance by

selecting a hydraulic retention time (HRT) of 24 h and

a long anaerobic phase; 3). The good AGS properties

observed under these conditions indicated that the

aerobic granular structure provided protection towards

the presumably high concentrations of dyestuff degra-

dation products (Muda et al. 2011).

In a similar SBR system (Ibrahim et al. 2010;

Table 3), the same research group reported on the

development of stable AGS, able to successfully

remove COD and color from a real TWW Similarly to

the previous studies, Kee et al. (2014) showed that best

treatment performance was achieved when the HRT

was increased to 24 h, using 24-h cycles with an 18-h

anaerobic phase followed by a 6-h aerobic phase.

Further increasing the HRT to 48 h led to a reduction

in the color removal yield, possibly due to autoxida-

tion of aromatic amine metabolites.

Sequencing batch biofilter granular reactor As

an alternative aerobic, granular-based system, a

sequencing batch biofilter granular reactor (SBBGR),

comprising a sludge bed where biomass grew in the

form of granules and biofilms (Lotito et al. 2012b;

Table 3), was reported to meet the COD limit for

discharge into the local sewer system, but the color

removal yields were highly unstable due to the wide

dye variability in the real TWW composition. Yet,

although the treatment levels were insufficient for

direct discharge into superficial water bodies, the

treated wastewater was apparently allowed into the

municipal sewer system (i.e., color not visible after a

40-fold dilution). Although the decolorization process

(biodegradation and/or adsorption) was not investi-

gated, the authors suggested that the high operating

SRT could promote the development of species able to

degrade dyes, and the presence of anoxic niches in the

sludge could allow the reduction of dyes. Yet, the

capacity of the system to effectively degrade azo dyes

and to detoxify wastewater should be assessed in the

future. The SBBGR sludge, described as a mixture of

biofilm and (aerobic) granules packed in a filling

material, was characterized in another study, revealing

good settling and dewatering properties (Lotito et al.

2012a).

This system was further studied (Lotito et al. 2014)

regarding the treatment of a mixed municipal-TWW,

corresponding to the influent of a biological reactor in

a WWTP. The good COD, nitrogen, TSS and surfac-

tants removal yields, as well as the partial color

removal yields (Table 3) achieved by the SBBGR

system alone, complied with the local limits for direct

discharge (i.e., color not visible after a 20-fold

dilution). Comparing with a conventional WWTP

(secondary and tertiary treatments, including biolog-

ical treatment, coagulation-flocculation and ozona-

tion), the SBBGR system produced an effluent of

comparable quality using a simpler treatment scheme,

with lower HRT (11 h vs 30 h) and sludge production,

which further supported the application of this aerobic,

granular-based system as a main treatment unit at

WWTPs treating mixed municipal-TWW (Lotito et al.

2014). Furthermore, microbial community analysis

indicated that Betaproteobacteria represented more

than 40% of the biomass, Actinobacteria and Al-

phaproteobacteria being other relevant groups in the

SBBGR. In addition, the presence of nitrifying and

denitrifying bacteria was confirmed, corresponding to

approximately 3% and 6% of active bacteria in the

bioreactor, respectively (Lotito et al. 2014).

Anaerobic–aerobic SBR More recently, Manavi

et al. (2017) reported color and COD removal yields

around 70%in an anaerobic–aerobic AGS SBR after

gradual adaptation of the mature AG to real dyeing

wastewater (Table 3). In addition, some color forma-

tion during the aerobic phase was hypothetically

attributed to the autoxidation of the dye reduction

metabolites. On the other hand, color removal during

the aerobic phase was registered when AG with sizes

above 0.3 mm represented more than half of the

biomass. In this context, the authors considered the

possible partial contribution of dye biosorption to the

surface of AG, but also suggested the occurrence of

azo dye reduction inside AG during the aerobic phase,

which was further supported by the presence of

cavities within the tightly linked bacterial structure,

potentially serving as channels for movement of dyes

and metabolic products within AG. Owing to the high

variability in TWW, and the limitation of the color

removal yield to 73% reported in this study, the

authors suggested that in addition to further optimiza-

tion of the SBR operational conditions, implementa-

tion of a subsequent physicochemical treatment might

be necessary for decolorizing textile dyes of types

other than azo dyes, which are presumably recalcitrant

under these operational conditions. Regarding AG

stability, exposure of AGS to the increasing
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concentration of the real dyeing wastewater, concomi-

tantly with the extension of the anaerobic-to-aerobic

phase duration ratio and HRT, enhanced EPS produc-

tion but reduced the granular mass fraction in the

sludge, which indicated the occurrence of AG disin-

tegration along SBR operation. In this sense, the

authors highlighted that further assessment of the AG

instability during long-term operation with real dyeing

wastewater is needed before this technology can be

considered for this application.

The use of real TWW (Ibrahim et al. 2010; Kee

et al. 2014; Lotito et al. 2012b, 2014; Manavi et al.

2017) or synthetic TWW containing a mixture of

several textile dyes (Muda et al. 2010, 2011, 2012)

better mimics the complexity of real environmental

conditions, which is essential to evaluate the potential

for AGS application to TWW treatment. However,

optimization of AGS SBR systems specifically

towards an efficient decolorization performance and

analysis of the underlying mechanisms requires the

use of simpler feed wastewater compositions. In this

sense, the subsequently reviewed AGS studies focused

on decolorization by employing simulated TWW

containing only one textile dye.

2.2.3.3 Synthetic TWW containing one azo

dye Anoxic and microaerophilic batch tests

Through the use of batch decolorization tests,

Kolekar et al. (2012) showed that AG were able to

completely decolorize up to 5 g L-1 of Reactive Blue

59 through azo bond reduction, as confirmed by the

disappearance of the azo dye peak in HPLC

chromatograms and emergence of new, unidentified

peaks at higher RTs. The azo dye biotransformation

products presented no genotoxicity, as opposed to the

parental dye, but the COD removal yield decreased

with increasing initial dye concentrations. In addition,

induction of azo reductase and cytochrome p450

levels in the dye decolorizing AGS suggested their

involvement in biodecolorization. Finally, although

exposure to this high azo dye concentration was

associated to significant changes in the microbial

community (except for the unaffected Acidobacteria

phylum), the azo dye decolorizing AGS were

characterized by a diverse microbial community

belonging to Alpha-, Beta-, and Gamma-

proteobacteria (Kolekar et al. 2012).

Similarly, a recent study (Sarvajith et al. 2018;

Table 3) reported that AGS was able to effectively

decolorize Reactive Yellow 15, stable and high azo

dye, total organic carbon, ammonia and total nitrogen

removal yields being achieved under microaerophilic

conditions (DO within 0.1–2.0 mg L-1). Furthermore,

this work confirmed that azo dye biodecolorization

and ammonia removal via the nitrite pathway occurred

simultaneously under microaerophilic conditions,

which is advantageous over the conventional nitrifi-

cation–denitrification process in terms of oxygen and

COD requirements (Sarvajith et al. 2018). In this

sense, the authors suggested that AGS operation under

microaerophilic conditions is promising for treating

dye-laden TWW either onsite in textile industries or

after dilution with domestic sewage.

Specifically regarding color removal, Sarvajith

et al. (2018) showed that Reactive Yellow 15 adsorbed

to the AG when a carbon source was absent, but this

was revealed to be a reversible and unstable process.

On the other hand, the azo dye was sustainably

decolorized in the presence of lactate and at DO values

lower than 0.5 mg L-1. Although the microaerophilic

conditions might allow both reductive and oxidative

reactions, thus potentially leading to complete azo dye

biodegradation, HPLC analysis was unsuccessful in

identifying biotransformation intermediates (Sarvajith

et al. 2018). Moreover, the presented general absor-

bance decrease in the UV–visible spectra

(300–800 nm) and lack of information regarding the

absorbance profile in the wavelength range below

300 nm, provided insufficient evidence to conclude

about the biodecolorization mechanism, thus requiring

further analysis. Nevertheless, the authors proposed a

metabolic pathway depicting lactate, azo dye and

ammonia–nitrogen (NH4–N) removal processes in an

AGS system, where lactate acted as source of reducing

equivalents for both azo dye and nitrite reduction.

Finally, this study showed that AGS recovered

good settling properties after initial granule break-up

due to changes in operational conditions (i.e., switch

in the carbon source from acetate to lactate, as well as

exposure to the azo dye and low DO), which also

induced a shift in the AGS bacterial community

(Sarvajith et al. 2018). Specifically, while acetate-

fermenting bacteria were eliminated, the bacterial

community became enriched in specific microorgan-

isms previously associated with azo dye decoloriza-

tion (e.g., laccase producing Streptomyces sp.,

Vagococcus sp., Enterococcus sp., Bacillus sp., Bre-

vibacillus sp., and Staphylococcus sp., as well as
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Rhodococcus sp. and Stenotrophomonas sp.). Like-

wise, comammox microorganisms, namely Nitrospi-

rae, were detected in the Reactive Yellow

15-decolorizing AGS.

Mechanically stirred anaerobic–aerobic SBR

According to Moghaddam and Moghaddam (2016;

Table 3), mature AGS removed more than 85% of

COD and around 54% of color deriving from Acid Red

18 in an anaerobic–aerobic SBR. Similarly to Manavi

et al. (2017), despite the fact that most of the

decolorization occurred during the anaerobic phase,

presumably through azo bond reduction, significant

color removal was further registered during the

aerobic phase, its contribution (ca. 25%) to the overall

color removal yield increasing when larger AG were

observed, potentially providing larger anaerobic cores

(Moghaddam and Moghaddam 2016). Moreover, the

contribution of dye adsorption onto AGS for decol-

orization was insignificant (less than 8%). In this

sense, Moghaddam and Moghaddam (2016) hypoth-

esized that Acid Red 18 could reach the AG inner

layers, where anaerobic microorganisms performed

azo dye reduction during the aerobic phase (DO in the

range of 5–6 mg L-1; oxidation–reduction potential

around ?150 mV), coupled with the use of tightly

bound-EPS (TB-EPS) as carbon and energy source.

On the other hand, UV–visible spectra analysis

(200–900 nm) revealed that the AGS was unable to

further aerobically degrade the intermediates pro-

duced from Acid Red 18 reduction (namely the

recalcitrant aromatic amine 4A1NS). While the

developed granules presented a stable and compact

structure in the treatment of synthetic wastewater

containing 50 mg L-1 of azo dye, AG disintegration

occurred when the dye concentration was doubled and

the system’s color removal yield deteriorated to 30%

(Moghaddam and Moghaddam 2016). In addition to

the AG instability, the decreased color removal

efficiency was attributed to the presence of excess

loosely bound-EPS (LB-EPS) on the surface of AG

resulting from the azo dye shock load, possibly leading

to AG pore clogging and consequently to reduced dye

penetration and decolorization in the AG inner zones.

Overall, despite the well described presence of

anaerobic and anoxic regions within AG (Winkler

et al. 2013), color removal by AGS under aerobic

conditions has only been significantly observed in few

studies, though in relatively low extents when com-

pared to the removal yields registered under anaerobic

conditions (Manavi et al. 2017; Moghaddam and

Moghaddam 2016; Muda et al. 2010). Moreover, none

of these studies confirmed (e.g., by HPLC) that the

observed aerobic decolorization effectively resulted

from azo bond reduction occurring in the anaerobic

core of AG during the aerobic phase, which would

imply that azo dyes diffused into the AG center. In

fact, color removal has mainly been reported during

the anaerobic phase, indicating that the use of

combined anaerobic–aerobic AGS processes is more

appropriate for the treatment of dye-laden TWW. In

this sense, most of the studies addressing this partic-

ular application also included an anaerobic phase

during initial AGS formation, irrespective of the

presence of dyes during this period (Table 3). How-

ever, the majority of the studies investigating granu-

lation and AGS system performance have been

conducted in aerobic or anoxic-aerobic cycles (Franca

et al. 2018). Therefore, there is comparably less

information regarding the development and especially

the long-term stability of AG under anaerobic–aerobic

cycles, which requires further study (Manavi et al.

2017). This is especially relevant when mechanical

stirring is used during the anaerobic phase. Most of the

studies previously reviewed promoted anaerobic con-

ditions either through liquid recirculation (Muda et al.

2010, 2011), static conditions (Ibrahim et al. 2010;

Kolekar et al. 2012) or nitrogen gas sparging (Manavi

et al. 2017). As further reviewed, in addition to

Moghaddam and Moghaddam (2016), a mechanically

stirred anaerobic phase to promote azo dye reduction

was only employed by another research group (Franca

et al. 2015, 2017; Lourenço et al. 2015; Mata et al.

2015), which operated SBRs with the lowest reported

height-to-diameter ratio (H/D = 2.5; non-tubular reac-

tors), representing a potential advantage in terms of

full-scale implementation.

Mata et al. (2015) were the first to report the use of a

stirred anaerobic–aerobic, non-tubular SBR for the

development and operation of AGS in the treatment of

a synthetic TWW (Table 3). The granulation period

was similar to those of most of the literature studies

employing tubular SBRs, but the produced AG were

smaller (Table 3), possibly due to lower selective

pressure (H/D = 2.5) and higher shear stress (me-

chanical stirring). In addition, better granulation was

achieved in the presence of Acid Red 14, in compar-

ison to a dye-free control. High overall color and COD

removal yields were achieved under two 6-h
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sequencing batch cycle strategies (Table 3), but higher

initial decolorization rates were obtained using in a

single anaerobic–aerobic reaction phase. HPLC anal-

ysis proved that decolorization was a result of

complete azo bond reduction, producing a stable aro-

matic amine (4A1NS) in stoichiometric amounts,

which was not aerobically degraded, similarly to

another study (Moghaddam and Moghaddam 2016).

Finally, Mata et al. (2015) suggested that prolonging

the aerobic phase (and consequently the exposure to

shear stress and the famine period) could possibly

further improve granulation and COD removal

performance.

In light of AGS application to treat real TWW,

Manavi et al. (2017) raised the question of whether AG

should be developed in wastewater containing no

dyes, with the advantage of granulation not being

adversely affected by them or other potentially toxic

components, or whether it should occur in dye-

containing wastewater, in which case the microbial

community within AG would adapt sooner to the

TWW components and potentially perform better in

its treatment. Overall, formation of AGS has been

successfully performed using uncolored synthetic

wastewater (Chaudhari et al. 2017; Manavi et al.

2017; Moghaddam and Moghaddam 2016), dye-laden

textile synthetic wastewater (Kolekar et al. 2012; Mata

et al. 2015; Muda et al. 2010, 2012) and real TWW

(Ibrahim et al. 2010; Kee et al. 2014), with varying

granulation times (20–180 days, 30–87 days and

42–112 days, respectively). Furthermore, Franca

et al. (2015) used mature AGS, previously developed

with real wastewater in a municipal WWTP (Frielas

WWTP, Portugal), as inoculum for treating a synthetic

TWW in a lab-scale SBR.

Following the study of Mata et al. (2015), Franca

et al. (2015) studied the effect of Acid Red 14 on the

performance of an anaerobic–aerobic AGS SBR

system (Table 3). High shear stress caused by

mechanical stirring resulted in initial disintegration

of the large AG used as inoculum (with sizes up to

5 mm, harvested from a bioreactor treating domestic

wastewater) giving rise to small, compact granules

(sizes up to 1 mm) with excellent settling properties

(Table 3). Overall, the dye and its breakdown products

negatively affected neither biomass growth in the

reactors nor treatment performance, as COD removal

yields higher than 80% were attained in both the dye-

free (control) and dye-fed reactors after 14 days of

operation. Moreover, up to 77% of COD removal was

registered during the anaerobic phase, being correlated

with an increase in the abundance of Defluviicoccus

vanus-related glycogen-accumulating organisms

(GAO), known to be able to take up saccharides

anaerobically. The decrease in the anaerobic-to-aero-

bic phase time ratio, when compared to the previous

work (Mata et al. 2015; Table 3), allowed the com-

plete bioconversion of the aromatic amine (4A1NS),

identified as primary dye reduction product, along the

aerobic reaction phase (when the SRT was above

25 days), without compromising the high color

removal efficiency during the anaerobic phase. Yet,

the stable dye reduction yields (above 90%, reached

after 11 days of operation) suffered a 30% reduction

during a 2-week period, when daily biomass harvest-

ing was conducted to control the SRT at 15 days.

These results highlighted the importance of SRT

control flexibility in AGS systems for the development

of a more diverse microbial population with the ability

to remove color through azo bond reduction and to

further mineralize the resulting aromatic amines.

Finally, the capacity of the system to deal with shocks

of high dye concentration and organic load in the feed

was successfully demonstrated, as granule stability,

high color and COD removal yields were sustained

(Franca et al. 2015), in contrast with a previously

mentioned study (Moghaddam and Moghaddam

2016).

By comparing the anaerobic–aerobic AGS SBR

system described by Franca et al. (2015) with an

anaerobic–aerobic CAS SBR treating the same

wastewater, Lourenço et al. (2015) reported that

similar color removal yields (75–80%) were attained

in the two systems but with higher anaerobic and

overall COD removal yields in the AGS SBR. The

superior AGS performance is possibly related with the

protective effect provided by the granular structure,

alleviating the apparent inhibitory effect of the azo dye

towards the organic load removal by CAS. In addition,

detoxification of the wastewater was only observed

during the aerobic reaction phase in the AGS SBR

system (after 70 days of operation), where at least one

of the azo dye metabolites (4A1NS) was aerobically

biotransformed (Franca et al. 2015), as opposed to the

CAS SBR, where the same metabolite remained

unconverted (Lourenço et al. 2015). These findings

further highlighted the better performance of the AGS

system comparatively to conventional anaerobic–
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aerobic SBR technology based on floc-forming bac-

teria. Overall, according to this comparative study, the

three main practical factors supporting the application

of the AGS technology for TWW treatment in

replacement of flocculent biomass SBR are as follows

(Lourenço et al. 2015): (1) the excellent settling

properties of AGS allow shorter SBR cycles with

similar color removal and higher COD removal yields;

(2) the granular structure increases the tolerance to

toxicity and to high organic loads; (3) the excellent

biomass retention of AGS systems allows bioreactor

operation at higher SRT values, possibly favoring the

establishment of a more diverse microbial population

with the potential ability to biodegrade recalcitrant

aromatic compounds such as aromatic amines.

In terms of stability, Franca et al. (2015) also

reported that granule break-up after long-term oper-

ation only occurred in a dye-free control SBR, and not

in a dye-fed SBR operated alongside it. The authors

suggested that the azo dye may play a role in

improving AG stability by acting as electron acceptor

and thus promoting heterotrophic growth in the

anaerobic core of AG. In fact, fluorescence in situ

hybridization (FISH) analysis confirmed the compact

structure of the dye-fed AG, microbial activity being

apparently maintained in the granule core, as opposed

to the dye-free control (Franca et al. 2015). As

highlighted by Manavi et al. (2017), stability of AG

during long-term exposure to dye-containing wastew-

aters is an important issue that deserves further

investigation, as well as the AG disintegration effect

associated with the presence of high azo dye concen-

trations (Moghaddam and Moghaddam 2016). In this

context, Franca et al. (2017) compared two feeding

strategies regarding the capacity of anaerobic–aerobic

SBRs to deal with disturbances in the composition of a

simulated TWW containing the azo dye Acid Red 14

(Table 3). Both a statically fed, anaerobic–aerobic

SBR and an anaerobic plug-flow fed, anaerobic–

aerobic SBR (where the biomass contacted more

thoroughly with the feed during the fill stage) could

cope with shocks of high azo dye concentration and

organic load, the overall COD and color removal

yields being rapidly restored to 80%. Yet, the shock

loads had a negative effect on AG integrity and aerobic

bioconversion of the amine metabolite (4A1NS) was

not observed along the 315-day run. Switching from a

hydrolyzed starch based to an acetate based feed

deteriorated AGS stability. In addition, although COD

uptake was minimal in the plug-flow feeding stage, the

fraction of COD removed anaerobically was generally

higher in the plug-flow fed SBR. Overall, the latter

recovered more rapidly from the imposed distur-

bances, revealing a higher capacity to deal with

substrate-related variations. These results further

highlighted the need for more research to ensure

long-term AGS stability during the treatment of azo

dye-laden TWW.

Aerobic SBR Differently from the aforementioned

studies, Hailei et al. (2010) developed AG bioaug-

mented with a specific fungal strain (white rot fungus

Phanerochaete sp. HSD) able to form micro-myce-

lium pellets and to degrade azo dyes using its

manganese peroxidase system (Table 3). Specifically,

by seeding an aerobic SBR with micro-mycelium

pellets and CAS, granulation was achieved faster than

in an SBR seeded only with CAS, probably because

the small pellets served as primary matrices acting as

nuclei for initial AG formation (Hailei et al. 2010).

However, 92% of the analyzed mature AG did not

have a micro-mycelium pellet as nucleus. In terms of

treatment performance, the bioaugmented AG pre-

sented a higher tolerance and decolorization efficiency

towards the azo dye (Eriochrome Black T)-laden

synthetic TWW, when compared to CAS and conven-

tional AG under the employed operational conditions

(aerobic reaction). Since the contribution of adsorp-

tion was not relevant at the tested dye concentrations

(Table 3), the authors proposed that the bioaugmented

AG probably removed the dye Eriochrome Black T

through azo bond cleavage and further degradation of

the generated aromatic amines by manganese perox-

idase, the activity of which was detected in the SBR.

2.2.3.4 TWW containing one non-azo dye In

addition to azo dyes, which are the most prevalent

class of dyes used by the textile industry, AGS has also

been studied regarding the decolorization of other

types of dyes. For instance, Chaudhari et al. (2017)

showed that AGS was able to effectively decolorize an

anthraquinone dye at concentrations up to 1 g L-1

(Table 3), mainly via initial reductive conversion,

producing non-toxic metabolites. Specifically, results

indicated that AGS effectively removed halogenated

and amino groups from the dye, a Reactive Blue 4

biotransformation pathway by AGS being suggested

(Chaudhari et al. 2017). Regarding the microbial

community in AGS, exposure to Reactive Blue 4
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promoted the presence of several groups, among

which Proteobacteria (Alpha-, Beta-and Gamma-),

Firmicutes and Bacteroidetes were highlighted for

being able to tolerate the dye and for potentially being

involved in its degradation (Chaudhari et al. 2017).

These results supported the potential application of

AGS for biotransformation and detoxification of the

recalcitrant anthraquinone dye Reactive Blue 4.

In a previous study (Ma et al. 2011), AGS was

successfully developed in an anoxic-aerobic SBR fed

with a synthetic wastewater containing a cationic dye

(Methylene Blue; Table 3), which was decolorized

during the anaerobic and aerobic phases, with very low

contribution from dye adsorption onto AG. In this

context, the authors suggested the use of AGS

technology for the pre-treatment of industrial wastew-

ater containing Methylene Blue.

2.2.3.5 Dye removal through adsorption onto

AGS Among the literature regarding the use of

AGS for the treatment of TWW, some works were

specifically focused on the removal of textile dyes

through adsorption onto AG. Overall, researchers have

explored the opportunity for using excess AGS

produced during wastewater treatment as cheap

sorbents for removing contaminants from wastewater

(Nancharaiah and Reddy 2018). As previously

reviewed (Adav et al. 2008), post-separation from

the treated water, stability of biosorbents and

regeneration after use are some of the drawbacks

that limit the application of suspended adsorbents for

the removal of dyestuffs from industrial wastewater.

On the other hand, the high surface area, porosity and

good settling properties of AG are attractive

characteristics for removal of dyes and metals from

wastewater through biosorption (Adav et al. 2008). In

fact, AG have been rated with a three-fold higher

maximum adsorption density than sludge flocs,

regarding the cationic dye Rhodamine B (Zheng

et al. 2005). Accordingly, Gao et al. (2010a)

concluded that inactive (non-living) AGS could be

effectively used as a low-cost, alternative biosorbent

for the removal of Acid Yellow 17 dye from

wastewater. The same authors also studied the

competitive biosorption of Yellow 2G and Reactive

Brilliant Red K-2G onto inactive AG, indicating that

amine, hydroxyl and carboxyl groups were the main

functional groups involved in biosorption of these

dyes (Gao et al. 2010b). More recently, other studies

successfully demonstrated the use of inactive AGS in

the adsorption of Sunset Yellow FCF (Zhang et al.

2016b), Methylene Blue (Wei et al. 2015), Methyl

Orange and Crystal Violet (Huang et al. 2018).

Furthermore, Wei et al. (2015) distinguished

between the contributions of EPS and sludge in the

adsorption of Methylene Blue onto AGS,

corresponding to 9.4% and 80.7%, respectively, of

the overall effect. In addition to AGS biosorption, the

same research group also analyzed the use of acid

TiO2 hydrosol as self-cleaning eluent for biosorbent

recovery and photocatalytic dye degradation (Huang

et al. 2018), the results supporting the combination of

AGS biosorption and photocatalysis for dye-

containing wastewater treatment.

2.2.3.6 Full-scale application Overall, the reported

studies support the use of AGS in the treatment of dye-

laden TWW, further research being necessary to

achieve maximal and consistent biodecolorization and

detoxification of these wastewaters before the scaling

up of this specific application. Most of these studies

were still done at laboratory scale and used synthetic

wastewaters, reports on pilot-scale and full-scale

implementation of anaerobic–aerobic AGS SBRs

being still scarce. Li et al. (2014) reported that the

full-scale AGS SBR at Yancang WWTP (China)

treating a wastewater composed of 30% sewage and

70% industrial wastewater from printing, dyeing,

chemical, textile and beverage industries exhibited

excellent performance in terms of COD and NH4-N

removal, but color removal was not assessed. In

addition, AG remained stable during long-term

operation (Li et al. 2014), denoting the resistance of

AGS to the toxic nature of these wastewaters.

Furthermore, microbial community analysis of

mature and stable AGS collected from a WWTP

treating the same type of wastewaters (Haining,

China) indicated that AGS was primarily composed

of Planctomycetes, Proteobacteria and Bacteroidetes

(Liu et al. 2017). Euryarchaeota phylum was found to

constitute the majority of the archaea in AG while,

more specifically, Methanosaeta genus was dominant

in flocs. The higher diversity of bacteria and archaea in

AG (vs the higher diversity of fungi in flocs) suggested

that bacteria and archaeal microorganisms uniquely

associated to AG may play a key role in their structure

formation and stability, being maintained in the

123

Rev Environ Sci Biotechnol (2020) 19:149–190 171



system by the long SRT values employed (Liu et al.

2017).

3 Engineered nanoparticles (ENP) in the textile

industry

3.1 Application and environmental concerns

Application of ENP in woven and non-woven textiles

(e.g., rainwear, protective clothing, sportswear and

automobile interior fabrics) represents one of the

fastest developing process branches. The textile

industry has recognized the excellent characteristics

that ENP confer to textile materials, such as antimi-

crobial and protective properties, enhanced stain and

water resistance, as well as increased ability to absorb

dyes and change wettability (Rezić 2011).

The widespread and growing application of ENP in

commercial products, namely in textile goods, has

recently raised awareness regarding the implication of

the likely high ENP concentration in the environment

and its impact on human health (Brar et al. 2010). In

fact, the release of ENP into the environment may

occur during their synthesis, their incorporation into

products, during the use of these goods and, finally,

upon their recycling or disposal (Rezić 2011; Fig. 1).

According to Rezić (2011), the most important sources

of textile ENP released to the environment are

considered to be textile industry wastewaters and

waters from large hospital or hotel laundries. The ENP

pathway in a wastewater treatment plant (WWTP)

depends on the physiochemical properties of the ENP,

and their residence times in the different WWTP

compartments, as well as on characteristics of the

wastewater (namely, pH and suspended solids con-

tent) and its sludge (Brar et al. 2010). The subsequent

fate of these contaminants can either be associated

with the sewage sludge, potentially affecting soil

ecosystems upon land application and incineration, or

with the discharged water, eventually compromising

life in aquatic ecosystems (Brar et al. 2010). Due to the

potential long-term contamination of the aquatic and

soil ecosystems with ENP if these escape from

WWTPs, an understanding of the presence, behavior,

fate and impact of ENP in wastewater and wastewater

sludge along their treatment systems is urgently

needed (Brar et al. 2010).

3.2 Silver nanoparticles (AgNP)

3.2.1 Characteristics and antimicrobial mechanisms

AgNP have been the most commonly used nanoma-

terial in consumer products (from antibacterial socks

and nasal/throat sprays to beauty creams, toothpastes

and vacuum cleaners), being one of the fastest-

growing product categories in these industrial sectors

(Sheng and Liu. 2017; Zhang et al. 2016a). Globally,

the amount of AgNP applied in textiles has been

estimated as 36 tons (Windler et al. 2013). Specifi-

cally, AgNP, clusters of zero-valent silver (Ag0) with

at least one dimension within the 1–100 nm range,

provide antimicrobial and antibacterial characteristics

to textiles, which is especially advantageous for

medical, healthcare, hygiene and sports applications

(Zhang et al. 2016a). Several antimicrobial agents

have been used by the textile industry in antimicrobial

finishing processes, such as metal salts and peroxy-

acids, in order to minimize microbial growth on

textiles and its associated negative effects (namely,

unpleasant odor, stains, decolorization and contami-

nation). However, AgNP, as well as other ENP (TiO2

and CuO), have presented superior antimicrobial

action in terms of efficiency and durability (Radetić

2013).

Textile 
materials

Textile 
industry

Washing

Disposal
Water/Air/Soil

pollution

Usage

Human exposure 
to ENP

Fig. 1 Release of engineered nanoparticles (ENP) from textile

materials into the environment throughout their life cycle
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The strong antimicrobial activity of AgNP is non-

specific, covering a broad range of microorganisms

even at concentrations below 1 mg AgNP L-1 (Zhang

et al. 2016a). The toxicity of nanoparticles varies with

their physicochemical properties, namely surface

characteristics (area, porosity, charge, surface modi-

fication and coating), size, shape, composition, chem-

ical structure, and reactivity, being also dependent on

several environmental conditions, such as pH, ionic

strength and light (Rezić 2011).

Depending on the degree of Ag? release from

AgNP, the toxicity of AgNP can be derived from the

toxicity mechanisms of silver ions (Ag?; ion-related

toxicity) and/or silver particles (AgNP; particle-

related toxicity), their respective contribution for the

overall toxicity being still under debate (Sheng and

Liu 2017). Yet, the release of Ag? from AgNP is

generally regarded as the main toxicity effector

(Fabrega et al. 2009; Peretyazhko et al. 2014; Zhang

et al. 2016a, 2018a), and occurs in aqueous solution

under oxic conditions, through a dissolution reaction

where DO acts as an oxidant to produce a soluble

silver oxide (Huangfu et al. 2019).

Owing to its high affinity for sulfur and phosphorus

compounds, the ion-related toxicity generally involves

Ag? binding to proteins, peptides and/or DNA,

leading to enzyme deactivation, membrane perme-

ability disruption and accumulation of intracellular

radicals, resulting in microbial growth inhibition, cell

death and lysis (Huangfu et al. 2019; Zhang et al.

2018a).

Regarding the particle-related toxicity mechanism,

AgNP have been shown to enter the cell, where,

similarly to Ag?, Ag0 at the surface of AgNP

potentially interacts with proteins and DNA mole-

cules, consequently disrupting key metabolic pro-

cesses. The cell internalization process of AgNP can

occur through direct penetration of the cell membrane

(nonspecific binding), resulting in direct physical

damage (Huangfu et al. 2019), or endocytosis through

specific receptor-ligand interactions (Nel et al. 2009).

In this context, the toxicity of AgNP results from

the combined effects of three interconnected toxicity

pathways involving (1) the release and uptake of Ag?

with consequent cellular enzyme deactivation, (2) the

generation of reactive oxygen species (ROS; oxidative

stress-related toxicity mechanism) on the surface of

the AgNP or by the action of Ag?, (3) cell membrane

damage and permeability disruption inflicted directly

by AgNP or indirectly by Ag? (Sheng and Liu 2017).

Further investigations are required to fully understand

the toxic mechanisms of AgNP (Zhang et al. 2018a).

3.2.2 Fate of AgNP in wastewater treatment plants

(WWTPs)

An increased amount of AgNP is expected to be

released into domestic and industrial waste streams

due to its extensive application in consumer products

(Hoque et al. 2012; Sheng et al. 2018). In general,

studies suggest that the majority of AgNP in consumer

products will reach WWTPs, which represent impor-

tant barriers to prevent nanoparticles from directly

entering the environment (Blaser et al. 2008). Accord-

ingly, Zhang et al. (2016a) indicated that AgNP

concentrations the influent of full-scale municipal and

industrial WWTPs are generally in the lg L-1 order of

magnitude (up to 15 and 193 lg L-1 total silver,

respectively).

The various possible AgNP transformation path-

ways under the complex conditions present in real

water environments make it difficult to assess their

fate in WWTPs, and consequent environmental risk.

The transformations that ENP generally undergo in

aqueous environments include oxidation, dissolution,

adsorption, aggregation and sedimentation. Specifi-

cally, Zhang et al. (2018a) reviewed four major

chemical environmental AgNP transformations (ox-

idative dissolution, photoreduction, sulfidation and

chlorination) that impact the fate and toxicity of AgNP

under aqueous conditions. Recently, Huangfu et al.

(2019) reviewed the possible interactions between

ENP and microbial cells. Accordingly, Fig. 2

schematically summarizes the different chemical,

physical and biological processes involved in the

interaction between AgNP and microbial cells in a

biological wastewater treatment system, as subse-

quently explained on the basis of the literature

assessing AgNP fate in WWTPs.

As previously stated, the bactericidal activity of

AgNP is in a major part attributable to the release of

Ag? through oxidative dissolution under oxygen-rich

aqueous conditions, depending on the DO and pH

(oxidative dissolution is hindered under anoxic or

alkaline conditions). In oxic water solutions, the

oxidation of AgNP surfaces by O2 or H2O2 to generate

Ag2O is a slow and rate-determining step for the

subsequent, relatively quick dissolution of Ag2O
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(Fig. 2). Moreover, as the formed Ag2O can adhere to

the AgNP surface forming a Ag2O shell surrounding a

AgNP core, it can protect AgNP from further oxida-

tion and decrease the surface available for dissolution.

On the other hand, dissolved Ag? can be reduced by

dissolved organic matter (such as phenol, quinone,

ketone and hydroxyl groups) to form AgNP under

(simulated) sunlight irradiation, through photoreduc-

tion (Yu et al. 2016; Fig. 2). Therefore, oxidative

dissolution of AgNP and photoreduction of Ag? will

occur simultaneously, reaching a dynamic equilibrium

(Peretyazhko et al. 2014).

The natural presence of sulfur in aqueous environ-

ments allows the direct or indirect sulfidation of

AgNP, owing to the high affinity of AgNP and Ag?

towards sulfur (Fig. 2). Specifically, the high sulfide

concentrations present in anaerobic environments

typically allow the direct transformation of AgNP

into Ag2S nanoparticles (direct sulfidation). On the

other hand, under low sulfide concentrations, Ag?

previously formed from AgNP oxidative dissolution

can rapidly precipitate with sulfide (indirect sulfida-

tion), the formation of Ag? being the rate-determining

step. Owing to the fact that Ag2S nanoparticles are

thermodynamically more stable than AgNP and that

Ag2S can block the surface of AgNP, sulfidation

decreases the overall concentration of free Ag?,

diminishing the associated toxicity level (Zhang

et al. 2018a). Moreover, Ag2S precipitated on the

AgNP surface has been shown to form Ag2S

nanobridges, linking neighboring AgNP, thus con-

tributing to AgNP aggregation (Levard et al. 2012;

Fig. 2).

Although AgNP are mainly reprecipitated as Ag2S,

indirect chlorination of AgNP can occur in seawater or

chloride-rich water as Ag? resulting from AgNP

oxidative dissolution precipitates in the form of AgCl

(Fig. 2). Although sulfidation and chlorination can

generally mitigate the toxicity of AgNP by decreasing

the availability of Ag? species and their release from

AgNP, the transformation products (Ag2S and AgCl)

are still bioavailable and toxic to some organisms, and
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Fig. 2 Chemical, physical and biological mechanisms involved in the interaction between silver nanoparticles (AgNP) and microbial

cells. DOM dissolved organic matter, EPS extracellular polymeric substances, ROS reactive oxygen species
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have high stability, resulting in long-term persistence

in the environment (Zhang et al. 2018a). Similarly, the

reaction of Ag? with phosphate or simple, common

organic molecules relevant in aqueous environmental

media (e.g., glucose or soluble microbial products) has

been found to have a decelerating effect on AgNP

dissolution (Loza et al. 2014). These environmental

transformations of AgNP progress simultaneously in

complex aquatic environments. Yet, the oxidative

dissolution of AgNP represents a primary step for most

of the other chemical processes (except for direct

sulfidation), the DO playing a vital role in AgNP

transformations.

Effective AgNP toxicity in the biological unit of a

WWTP is dependent on the AgNP transformations

occurring during transport through sewage networks

and inside the bioreactor (Zhang et al. 2016a). Kaegi

et al. (2013) showed that AgNP are transported in

sewer systems without substantial losses to the sewer

biofilm, the extent of AgNP sulfidation strongly

depending on the AgNP size and on sulfide availabil-

ity. Moreover, the vast majority of the AgNP were

retained in the activated sludge flocs by heteroaggre-

gation, irrespective of AgNP size and coating. In this

sense, the authors suggested that measures to reduce

TSS in the effluent should be implemented in order to

avoid the associated AgNP escape from the WWTP

(Kaegi et al. 2013).

The retention of AgNP in activated sludge has been

associated to extracellular polymeric substances

(EPS), which can biosorb both Ag? and AgNP, acting

as a permeability barrier to hinder ENP intracellular

penetration, thus attenuating toxicity (Geyik and

Çeçen 2016; Huangfu et al. 2019; Fig. 2). In fact,

research has suggested that most ENP are effectively

removed from wastewater by being embedded within

the EPS-rich, porous structure of biofilms through

hydrophobic interactions (Huangfu et al. 2019;

Fig. 2). The level of interaction varies with the ENP

coating and the biofilm surface porosity. Specifically,

the hydrophobic behavior of PVP-coated AgNP led to

stronger retention in EPS than the hydrophilic citrate-

coated AgNP (Xiao and Wiesner 2013). The biofilm

surface porosity depends on EPS properties, which in

turn vary with the biosludge type (Gu et al. 2014) and

the ionic strength of the medium (Huangfu et al. 2019).

In addition, retention of AgNP in EPS through

precipitation of Ag? onto EPS has also been suggested

as a mechanism for ENP removal from wastewater. In

fact, organosulfur compounds from EPS can play a

role in the formation of sulfides, which can react with

silver thiolates to produce Ag2O (Huangfu et al. 2019).

In addition, thiols can strongly interact with AgNP and

influence the rates of sulfidation (Levard et al. 2012).

Finally, complexation has also been proposed, as

several EPS functional groups (e.g., carboxyl, hydro-

xyl, ether, amine and sulfhydryl groups) can act as

binding sites for ENP and dissolved metal ions.

Similarly, in case of endocytosis of AgNP (biological

mechanism), the latter have been shown to bind to

intracellular polymeric substances (IPS; Huangfu et al.

2019), such as sulfur-containing proteins and phos-

phorus-containing substances (e.g., DNA) and release

Ag?, which can lead to the deactivation of cellular

enzymes and DNA and generation of ROS (Morones

et al. 2005; Fig. 2).

3.2.3 Effect of AgNP in WWTPs

Owing to their strong antimicrobial properties, the

presence of AgNP in WWTP has raised strong

concerns and controversy regarding their potential

adverse effects on wastewater ecosystems and biolog-

ical wastewater treatment performance, potentially

deteriorating contaminant removal effectiveness

(Zhang et al. 2016a). In general, the ecotoxicity and

extent of the negative effects of AgNP on wastewater

treatment efficiency depend on several factors related

to AgNP and to the treatment system (Sheng and Liu

2017; Sheng et al. 2018; Zhang et al. 2016a):

• AgNP properties (including size, shape and surface

coating): larger, spherical and PVP-coated AgNP

tend to have weaker bactericidal action. Generally,

small AgNP can cause the severest damage on cell

membranes through direct contact because of their

large surface area to volume ratio and consequent

high chemical activity. However, larger AgNP

with a lower reactivity on the surface can persist

and gradually release Ag? for prolonged periods in

the environment, inducing potential long-term

ecological hazards (Huangfu et al. 2019).

• Reaction conditions: anaerobic conditions inhibit

Ag? release from the surfaces of AgNP and enable

the steady conversion of AgNP to Ag2S (lower

solubility and toxicity), thereby minimizing the

toxicity effects of AgNP on wastewater microor-

ganisms. As a result, AgNP generally do not affect
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the performance of anaerobic bioreactors (Zhang

et al. 2016a).

• Presence of potential ligands in the WWTP:

binding of AgNP or released Ag? to dissolved

organic carbon and inorganic ions (namely sulfide

and chloride) lower their bactericidal effects.

Particularly, sulfidation has been shown to play

an important role on the fate of AgNP, significantly

reducing their toxicity in wastewater treatment

systems by converting AgNP to Ag2S through

reaction with sulfide (Kaegi et al. 2013; Levard

et al. 2012).

• Type of culture: mixed cultures are more resistant

to the adverse effects of AgNP than pure cultures

due to microbial functional redundancy that main-

tains the process stability of a wastewater treat-

ment system (Zhang et al. 2016a). In fact, the

application of high AgNP concentrations (mg L-1

levels or higher) can cause major shifts in the

bacteria community structure without significantly

affecting the reactor performance (mainly COD

degradation and nitrification).

• AgNP dose and time of exposure: higher concen-

trations of AgNP often result in more significant

adverse effects. On the other hand, the dissolution

of Ag? from AgNP in sub-lethal concentrations

has been proposed to contribute to the tolerance,

resistance and stimulus-driven response of

microorganisms to AgNP (Sheng and Liu 2017;

Zhang et al. 2016a). Therefore, it was concluded

that microbial functional redundancy and adapt-

ability towards AgNP considerably alleviate its

adverse effects on wastewater treatment perfor-

mance, namely in full-scale WWTP (Zhang et al.

2016a).

• Physical structure of sludge: bacteria located on

the surface of sludge flocs are more exposed to

AgNP and at greater risk than the bacteria inside

the flocs, which are better protected. Accordingly,

microorganisms in attached-growth bioreactors

(biofilm/granular sludge) are less susceptible to

AgNP exposure than in suspended-growth biore-

actors (flocculent sludge; Gu et al. 2014; Sheng and

Liu 2011). Specifically, AgNP has been shown to

alter the microbial community and the floc prop-

erties of an activated sludge sample from either a

full-scale or a lab-scale suspended-growth biore-

actor at relatively low silver levels (below 1 mg

L-1). On the other hand, the better resistance of

biofilms to AgNP is generally attributed to the

protective effect of the EPS matrix. Furthermore,

high biofilm bacterial tolerance is often observed

when AgNP (up to 200 mg L-1) are added to

mature biofilms, but AgNP can inhibit biofilm

formation if sufficiently high concentrations are

applied (Sheng and Liu 2017).

• Bacterial species: susceptibility of microorganisms

to AgNP has been considered species-specific, as

different wastewater microbial species/groups are

differently affected by AgNP (Zhang et al. 2016a).

In general, heterotrophic bacteria responsible for

organic matter removal are more resistant to AgNP

when compared to autotrophic bacteria, namely

nitrifying bacteria (Choi et al. 2008). Specifically,

it has been reported that ammonia-oxidizing bac-

teria (AOB) are more susceptible to inhibition by

AgNP than nitrite-oxidizing bacteria (NOB) and

organics-oxidizing heterotrophs (Sheng and Liu

2017; Sheng et al. 2018). Consequently, AgNP

usually have stronger adverse effects on nitrifica-

tion than on COD removal in wastewater treatment

systems (Liang et al. 2010; Zhang et al. 2016a).

Furthermore, AgNP have been shown to differ-

ently affect the phylum Chloroflexi, which is

filamentous and possesses important functions in

activated sludge, and nitrifying bacteria such as

Nitrosomonas spp. and Nitrosococcus spp. (Zhang

et al. 2016a).

• Treatment system/reactor configuration: transport

of AgNP before the biological treatment process

contributes to reducing the AgNP adverse effects

by significantly decreasing their concentration and

changing their chemical structure. Specifically, the

sewer collection network is estimated to transform

10–95% of AgNP into silver complexes and

precipitates (e.g., Ag2S) with lower ecotoxicity

(Kaegi et al. 2013; Zhang et al. 2016a). In addition,

preliminary and primary treatment processes in

full-scale WWTPs have been shown to partially

transfer AgNP to sludge (e.g., through heteroag-

gregation, adsorption, settling/sedimentation),

prior to the biological treatment units (King et al.

2015). For instance, approximately 35% and over

97% of the influent AgNP were removed during the

mechanical processes of nine full-scale WWTP

and the primary treatment in a pilot-scale WWTP,

respectively (Impellitteri et al. 2013; Li et al.

2013). In contrast, only a small portion of AgNP
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(approximately 10%) was removed in the sewer

channel and primary clarification in a lab-scale

wastewater treatment study (Hou et al. 2012; Kaegi

et al. 2013). In this sense, direct addition of AgNP

to lab-scale bioreactors without a sewage collec-

tion system and/or a preliminary/primary treatment

process has stronger adverse effects on microor-

ganisms and may deteriorate the reactor perfor-

mance at sufficiently high concentrations (mg L-1

levels or higher; Zhang et al. 2016a). Zhang et al.

(2016a) reviewed several studies regarding the

potential effects of AgNP on the performance and

microbial communities of SBRs. In general, AgNP

at mg L-1 levels do not significantly affect

wastewater microbes or long-term reactor perfor-

mance of an SBR. Despite the apparently low

susceptibility of SBRs to AgNP, the effect of

AgNP in a continuous-flow reactor performance

can be different from that exerted in an SBR, owing

to the distinct physiochemical environments pre-

sent (Zhang et al. 2016a).

Due to the many factors determining the ecotoxicity

and detrimental effect of AgNP in wastewater treat-

ment performance, studies have reported different

consequences in biological treatment systems exposed

to AgNP. For instance, Jeong et al. (2014) reported a

decrease in the microbial community diversity and

wastewater treatment efficiency after 50 days of

AgNP supplementation. Similarly, addition of AgNP

(1–5 mg L-1) caused phosphorus removal deteriora-

tion and microbial community changes, subsequently

stabilizing with persistent exposure to AgNP (Yuan

et al. 2015). Moreover, 1 mg L-1 AgNP was reported

to inhibit nitrification by 47% after more than 1 month

of bioreactor operation (Liang et al. 2010). On the

other hand, long-term (3 months) addition of 1 mg

L-1 of spherical, PVP-coated AgNP in activated

sludge bioreactors fed with a synthetic municipal

wastewater was suggested to contribute to a higher

microbial diversity and biomass concentration, with-

out significantly affecting pollutant removal (COD

and ammonium removal maintained above 90% and

99%, respectively; Sheng et al. 2018). In fact, recent

studies focusing on long-term effects of AgNP in

WWTP, indicated that although an acute inhibition by

AgNP is often initially observed, the system subse-

quently recovers (Sheng et al. 2018). Accordingly, in

the presence of minimal Ag? dissolution from AgNP,

the microbial community diversity and function have

been maintained in activated sludge after long-term

wastewater treatment (Sheng and Liu 2017). Simi-

larly, continuous, long-term AgNP loading at low

concentrations (0.1 mg L-1 or lower) had minimal

impact on activated sludge wastewater treatment

process, as the microbial community structure and

abundance, as well as the effluent water quality were

not affected, despite the significant increase in the

copy number of a silver resistance gene (Zhang et al.

2014).

Overall, in light of the full-scale treatment system

configuration, microbial functional redundancy, and

microbial adaptability, Zhang et al. (2016a) argue that

AgNP at environmentally realistic concentrations (lg

L-1 or lower) do not cause significant risks to

wastewater microorganisms and have minimal

adverse effects of on the performance of a full-scale

municipal WWTP. Yet, long-term monitoring of the

AgNP toxicity in full-scale WWTP should be further

investigated, as well as the long-term impacts of AgNP

transformation products formed in sewage

ecosystems.

3.3 Treatment of ENP-laden wastewater in AGS

SBR systems

Sheng et al. (2015) showed that exposure of biofilm

samples from a full-scale rotating biological contactor

treating municipal sewage to high AgNP concentra-

tions (200 mg L-1) reduced the biofilm community

diversity but did not significantly alter the microbial

community functions. Furthermore, LB-EPS was

shown to play a key role in the reported high resistance

of biofilms to AgNP toxicity (Sheng and Liu 2011). In

fact, sludge from attached-growth bioreactors, namely

biofilm reactors, has been generally rated with higher

resistance to AgNP than sludge from suspended-

growth bioreactors, such as CAS bioreactors (Zhang

et al. 2016a). Overall, this effect has been associated

with two major aspects (Tang et al. 2018): 1) physical

structure, i.e., strong bacterial cohesion and EPS

provide a dense physical barrier against exposure of

the biofilm inner cells to ENP; and 2) community

structure, i.e., adaptation mechanisms such as prolif-

eration of resistant individual strains, community

resilience and functional redundancy are accentuated

by microbial diversity and interaction within aggre-

gates. In this context, AGS, described as a self-
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supported form of biofilm, is therefore regarded as a

promising solution for the treatment of AgNP-laden

wastewaters, namely those produced by the textile

industry. Yet, although several studies have focused

on the interactions of AgNP with flocculent activated

sludge (Sheng and Liu 2017; Sheng et al. 2018; Zhang

et al. 2016a), reports on the fate and effect of AgNP in

AGS treatment systems are rare.

Gu et al. (2014) were the first to present results on

the fate and effect of AgNP in AGS systems (Table 4),

comparing them with flocculent sludge systems. In

general, results indicated that homoaggregation and

sedimentation played an important role in removing

AgNP from the liquid phase, the presence of biomass

further increasing the AgNP removal through biosorp-

tion and co-sedimentation. Yet, at high concentrations,

AgNP formed large aggregates and a smaller propor-

tion of nanoparticles adsorbed to the sludge, homoag-

gregation being the main contributor for AgNP

removal under these conditions. Specifically, floccu-

lent sludge was more efficient in removing AgNP

(30–58%) than AGS (3–9%), probably due to the

former’s larger specific surface area favoring adsorp-

tion. This study also showed a higher release of Ag?

from AgNP (10 mg L-1) in the presence of flocculent

sludge when compared to AGS (12% vs 7% of total

silver, respectively). This difference was attributed to

the higher adsorption of AgNP onto flocculent sludge,

leading to a better dispersion of small AgNP with

higher effective surface area for Ag? dissolution.

Conversely, the comparatively low adsorption of

AgNP onto AGS probably led to a higher concentra-

tion of AgNP in the liquid, resulting in AgNP

homoaggregation into larger particles, which tend to

release less Ag? due to a lower surface area.

In terms of AgNP inhibitory effects, AGS was more

resistant to AgNP toxicity than flocculent sludge, after

both short- and long-term exposure (Gu et al. 2014). In

fact, short-term (12 h) exposure to AgNP (1–100 mg

L-1) only inhibited the rate of ammonia oxidation

(21–25%) in the case of flocculent sludge, indicating

that nitrifying bacteria were more protected in the AG,

the latter’s granular structure potentially hindering the

diffusion of AgNP and Ag? into them. On the other

hand, the probably low level of toxic stress associated

with exposure to low concentrations of AgNP appar-

ently stimulated denitrification in both sludges, since

denitrifying organisms are generally located in shel-

tered, anoxic zones (Winkler et al. 2013). Moreover,

while the flocculent sludge’s OUR was negatively

affected by low AgNP concentrations (1 mg L-1),

AGS only exhibited OUR inhibition at higher AgNP

levels (50–100 mg L-1). However, this OUR inhibi-

tion effect in AGS was not observed after long-term

exposure (22 days) to the same AgNP concentration,

possibly due to adaptation mechanisms.

In contrast to the insignificant microbial activity

inhibition in AGS, long-term exposure of flocculent

sludge to AgNP (5 and 50 mg L-1) further inhibited

the rate of ammonia oxidation and OUR, in addition to

negatively affecting denitrification (Gu et al. 2014).

As hypothesized by the authors, the granular structure

provided protection for microbes against toxic com-

pounds not only by retarding their contact with AgNP

but also due to the possible binding of EPS to

dissolved Ag?. Nevertheless, observation of cells in

AG under live/dead staining suggested that AgNP or

the released Ag? can penetrate into the core layers of

AG and cause toxicity to the innermost cells. Based on

the observed independent generation of ROS and

release of lactate dehydrogenase (indicator of mem-

brane permeability and integrity), the toxicity caused

by AgNP was attributed to the oxidative stress induced

by small AgNP (\ 10 nm) and by the released Ag?, as

well as to cell membrane damage caused by both small

and large ([ 10 nm) AgNP, probably through physical

penetration or chemical reactions.

In a subsequent study, the same research group

further analyzed the long-term (69 days) effect of

exposing AGS to AgNP (Quan et al. 2015; Table 4).

Although high COD and NH4-N removal yields

([ 98%) were maintained, the AGS microbial activity

was negatively affected by the presence of AgNP from

operational day 36 on, namely in terms of rate of

ammonia oxidation (33%), respiration rate (18–46%)

and denitrification rate (7%), in addition to a reduction

in the activity of specific enzymes involved in nitrogen

removal (ammonia mono-oxygenase and nitrate

reductase). Similarly to that reported by Gu et al.

(2014), the registered inhibition levels were indepen-

dent of AgNP concentrations, probably due to the

greater tendency of larger and more concentrated

AgNP to aggregate, leading to reduced AgNP

bioavailability or Ag? release from them (Quan

et al. 2015).

In terms of sludge properties, SVI values gradually

increased in the AGS SBR during the first month of

exposure to AgNP, as compared with the AgNP-free
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control, the latter retaining higher biomass concentra-

tions thereafter (Quan et al. 2015). On the other hand,

long-term exposure to AgNP did not significantly

affect the AG shape and size, only slightly larger

dimensions (ca. 900 lm) and a looser structure than in

the control AG being noted. Finally, the dominant

microbial population remained stable despite slight

changes in the microbial community structure, denot-

ing the good shelter that the granular structure

provides to bacteria more vulnerable to toxic

environments.

In spite of the overall AGS tolerance to AgNP and

absence of acute toxicity, the authors warned of a

possible chronic, long-term toxicity effect resulting

from the cumulative adsorption of AgNP onto AGS

(Quan et al. 2015). In fact, large AgNP aggregates

were found on the surface of AGS and trapped within

the EPS matrix. Furthermore, AgNP were shown to

accumulate in AGS along the exposure period,

stimulating the preferential production of extracellular

proteins (PN) over extracellular polysaccharides (PN)

in EPS as a response to the toxic stress, similarly to the

AgNP long-term effect observed in anammox granules

(Zhang et al. 2018b). In addition, although AgNP were

primarily found in major amounts in EPS, the silver

content remaining in the AGS fraction after EPS

extraction became more relevant at the end of the

operation. These observations suggested that the

continued silver influx into EPS, which served as

initial barrier against AgNP and Ag?, can eventually

result in silver binding to cell membranes or penetrat-

ing into cells. Accordingly, the cell integrity in AGS

was damaged and oxidative stress increased at high

AgNP dosage. In addition, dead cells were found

distributed from the periphery to the core of AG, the

dead-to-live cells ratio being significantly higher

(21–31%) than that of the AgNP-free AGS control,

confirming that long-term exposure to AgNP resulted

in chronic toxicity to AGS and led to cell death.

More recently, Bento et al. (2017) characterized the

interaction of AgNP with AGS (Table 4) in an

anaerobic–aerobic SBR treating a synthetic TWW

containing the azo dye Acid Red 14 and 10 mg L-1 of

AgNP. Nuclear microscopy analysis showed that

AgNP typically clustered in agglomerates (\ 10 lm)

distributed throughout the biomass granules and

external EPS, being preferentially associated with

the latter. This observation is in accordance with the

two previous studies (Gu et al. 2014; Quan et al. 2015),

where the role of EPS in the capture and physical

retention of AgNP was also highlighted, 500-nm

clusters of silver being observed on the surface of AG

(Gu et al. 2014). Furthermore, a different study

reported the capacity of AGS to produce and retain

palladium nanoparticles, Pd(0), through reductive

precipitation of Pd(II) ions under fermentative condi-

tions (Suja et al. 2014). This observation introduces

the hypothesis of Ag? reduction back to Ag(0) also

occurring in the EPS of AGS.

In addition to the three reviewed studies focusing

on the behavior and effect of AgNP in AGS systems

(Bento et al. 2017; Gu et al. 2014; Quan et al. 2015),

only three reports were to date found in the literature

regarding the interaction between AGS and other ENP

(He et al. 2017a, b; Li et al. 2015), specifically zinc

oxide and titanium oxide nanoparticles (ZnO-NP and

TiO2-NP, respectively), which are also used by the

textile industry (Rezic 2011). For instance, He et al.

(2017a) investigated the response of AGS to increas-

ing concentrations of ZnO-NP along 180 days in an

aerobic-oxic-anoxic SBR (Table 4). In terms of AGS

properties, while settleability was not affected by the

presence of ZnO-NP, the EPS content and its PN-to-

PS ratio significantly increased. Moreover, exposure

to ZnO-NP triggered a shift in the microbial commu-

nity structure (especially at the phylum and genus

levels), which became predominantly composed of

Proteobacteria and Bacteroidetes. Furthermore, while

the relative abundance of GAO and AOB decreased,

ZnO-NP induced the accumulation of NOB, denitri-

fying bacteria, polyphosphate-accumulating organ-

isms (PAO) and denitrifying PAO, the latter two being

more resistant to ZnO-NP, even at high concentrations

and under long-term exposure. This allowed an

efficient biological phosphorus removal performance

to be maintained along the experiment, in parallel with

an enhanced COD removal. On the other hand, ZnO-

NP led to the inhibition of both nitrification and

denitrification, which is in accordance with the

decreased relative abundance of AOB.

The same experimental system was further evalu-

ated regarding the effect of ZnO-NP shock loadings on

AGS (He et al. 2017b; Table 4). Similarly to the

reported ZnO-NP long-term effect (He et al. 2017a),

shock loading of these ENP stimulated the secretion of

EPS (especially PN) and COD uptake, having no

effect on the total phosphorus removal, but inhibiting

nitrogen transformation (including nitrification and
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denitrification). Accordingly, this study also showed

that ZnO-NP significantly increased the OUR and

caused acute inhibition of the rate of ammonia

oxidation, but also increased phosphorus release and

uptake in AGS. Overall, both studies indicated that

nitrification and denitrification were more vulnerable

to ZnO-NP when compared to COD and phosphorus

removal (He et al. 2017a, b).

Similarly to ZnO-NP, TiO2-NP also represent a

relevant, emergent pollutant in wastewaters, namely in

those generated by the textile industry (Rezic 2011). In

this sense, Li et al. (2015) studied the effect of TiO2-

NP on the formation of algal–bacterial AG (Table 4).

The presence of TiO2-NP (10–50 mg L-1) was shown

to enhance the granulation process, stable and compact

algal–bacterial granules being formed and maintained

for 100 days. Conversely, in the TiO2-NP-free SBR

(control) the granulation rate was lower and AG

gradually lost their structural stability after 90 days of

operation (mainly due to algae overgrowth). In terms

of treatment performance, the nitritration efficiency,

as well as the organics and phosphorus removal yields

were not affected by the presence of TiO2-NP, which,

in turn, significantly improved nitratation efficiency at

concentrations above 30 mg TiO2-NP L-1. In this

sense, the authors suggested that TiO2-NP supple-

mentation might be a strategy to prevent AG disinte-

gration, enhancing the long-term stability of algal–

bacterial granules, possibly through stimulation of

EPS secretion and inhibition of filamentous over-

growth. Irrespective of the presence of TiO2-NP, the

AG microbial community was predominantly com-

posed of Actinobacteria, Bacteroidetes (Flavobacte-

ria and Sphingobacteriia), Nitrospiraceae, and

Proteobacteria (Alpha-, Beta-, Gamma- and Delta-

proteobacteria).

Overall, although some promising results have been

published regarding AGS resistance towards ENP, the

potential for AgNP chronic toxic effects has been

highlighted. In this sense, longer operation times are

required to further assess the long-term impacts of

AgNP on the physical stability, biochemical properties

and microbial community of AGS. Moreover, the

AgNP fate, transformations and toxicity mechanisms

also deserve more investigation.

4 Concluding remarks and perspectives

Textile companies typically discharge their wastew-

ater into municipal WWTPs without proper pre-

treatment, because sophisticated wastewater treatment

technologies are unaffordable for small to medium-

sized textile companies, which constitute the majority

of the textile plants. As environmental protection

becomes a global concern, textile industries are

looking for efficient, environmentally friendly and

economically attractive TWW treatment solutions

capable of diminishing their environmental impact.

In this context, a biological treatment process such as

the AGS technology, which allows efficient municipal

wastewater treatment with a reduced footprint, lower

investment and operational costs, stands out as a

potential solution. Overall, this review aimed to

provide relevant support for the application of the

sustainable and cost-effective AGS technology in

TWW treatment, specifically regarding azo dye

biodegradation and removal of ENP.

The studies conducted so far on the performance

and efficiency of AGS SBR systems in terms of COD

and color removal from TWW constitute a valuable

starting point for further studies with simulated TWW,

focused on different variables relevant for the textile

industry and ultimately with real TWW. Most of the

studies on AGS application to the treatment of TWW

operated SBRs under anaerobic and aerobic condi-

tions, in cycles with a minimum of 6 h, for periods

shorter than 200 days. Synthetic TWW containing

different types of substrates, and real TWW were used

with good COD removal performances, denoting AGS

resistance to toxic compounds. Similarly, different

types of azo dyes were tested, with color removal

yields above 80% being achieved in systems employ-

ing an anaerobic reaction phase, namely when includ-

ing a mechanical mixed phase for best decolorization

efficiency (complete azo dye reduction achieved in a

1.5-h mixed anaerobic phase). The analysis of the azo

dye breakdown products, only performed by some

studies, revealed that AGS has the capacity to further

degrade azo dyes, when compared to CAS, probably

by favoring the establishment of a more diverse

microbial population with the potential ability to

biodegrade recalcitrant aromatic amines.

Overall, anaerobic–aerobic AGS SBRs have been

shown as appropriate systems for stable organic load

removal and decolorization of azo dye-laden textile
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effluents, including the ability to further biodegrade

some of the recalcitrant aromatic amines originated

from azo dye reduction. In this sense, future research

into the application of AGS to TWW treatment should

mainly focus on: (1) optimizing anaerobic–aerobic

SBR reaction conditions and hydrodynamic regimen

with emphasis on granulation and decolorization; (2)

optimizing reactor geometry, feeding system design

and type of impellers to achieve the most effective

feed distribution and mixing conditions, aiming for

optimal AGS stability and cost-efficient treatment

performance; (3) conducting longer operational stud-

ies to properly evaluate the long-term stability of AGS

and treatment performance in anaerobic–aerobic

SBRs fed with TWW; (4) evaluating the resistance

of AGS to prolonged idle periods and its reactivation

performance, owing to the discontinuous production

processes and irregular wastewater discharges typical

of the wet processing textile industry; (5) evaluating

the potential aerobic biodegradation of aromatic

amines, aiming to achieve dye mineralization in

addition to decolorization, in order to avoid the

persistence of potentially toxic dye intermediates;

(6) quantifying the risk associated with the persistent

metabolites by evaluating the degree of wastewater

detoxification along the treatment process, in order to

conduct an ecologically relevant assessment of the

treatment efficiency; (7) elucidating the azo dye

biodegradation pathways and involved mechanisms,

which would contribute for the development of

efficient TWW treatments; (8) analysing variations

in the AGS SBR microbial community diversity and

their correlation with specific changes in the SBR

treatment performance, namely regarding the fate of

aromatic amines, aiming to identify specific microbial

consortia essential for aromatic amine biodegradation;

(9) evaluating the capacity of AGS to deal with

variable TWW compositions, namely organic and dye

shock loads; (10) increasing the complexity of the

wastewater by introducing other typical TWW com-

ponents (e.g., other dyes, surfactants, soaps, waxes,

salinity, AgNP, etc.) in order to adjust the treatment

process, before eventually testing the system in the

treatment of real TWW, and proceeding to scale-up.

Besides the onsite TWW treatment in textile

industries, considering the co-treatment of these

wastewaters with domestic sewage after a pre-treat-

ment is also essential in view of the practical

application of AGS technology for the treatment of

dye-laden TWW. In this context, simultaneous

biodegradation of residual textile dyes and nutrient

removal (i.e., total nitrogen and total phosphorus

removal) should be further studied. Although one

major advantage of the AGS technology is the

possibility to remove COD, nitrogen and phosphorus

in a single system, the impact of azo dyes and resulting

aromatic amines on nutrient removal efficiency

deserves more investigation owing to their possible

toxicity to key microbial groups (e.g., nitrifying

bacteria), consequently compromising the nutrient

removal efficiency. In addition, the potential compe-

tition between the azo dye and nutrients for reducing

equivalents during the anaerobic phase could eventu-

ally decrease the decolorization or phosphorus release

performances.

The increasing application of diverse ENP in

different industrial fields will inevitably cause their

release into industrial and municipal WWTPs, poten-

tially affecting their biological treatment systems.

Preliminary studies have shown that AGS is more

resistant to AgNP toxicity than CAS, representing an

advantage for the treatment of AgNP-laden wastew-

aters, namely those produced by the textile industry.

The fate and effect of AgNP in AGS treatment systems

should be further studied, namely by conducting

longer experimental runs to assess a possible chronic,

long-term toxicity effect on aerobic granulation, AGS

stability, microbial community diversity and TWW

treatment performance resulting from the cumulative

adsorption of AgNP onto AGS. Moreover, although

adsorption of AgNP onto AG (preferentially associ-

ated with external EPS) was shown, the fate of AgNP

in the AGS system (e.g., aggregation, adsorption,

dissolution, precipitation, and sulfidation) requires

further investigation, namely through qualitative and

quantitative analysis of silver in the biomass, EPS and

treated effluent along the operation. Finally, in the

context of resource recovery from wastewater, the role

of EPS as recovery platform for AgNP should be

assessed. In addition to AgNP, studying the impact

and fate of other ENP relevant for the textile industry

(e.g., TiO2-NP) in the AGS SBR system is of utmost

interest.
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