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Abstract: Anthraquinone dyes, which contain anthraquinone chromophore groups, are the second largest class of
dyes after azo dyes and are used extensively in textile industries. The majority of these dyes are resistant to degra-
dation because of their complex and stable structures; consequently, a large number of anthraquinone dyes find their
way into the environment causing serious pollution. At present, the microbiological approach to treating printing and
dyeing wastewater is considered to be an economical and feasible method, and reports regarding the bacterial deg-
radation of anthraquinone dyes are increasing. This paper reviews the classification and structures of anthraquinone
dyes, summarizes the types of degradative bacteria, and explores the possible mechanisms and influencing factors of
bacterial anthraquinone dye degradation. Present research progress and existing problems are further discussed.

Finally, future research directions and key points are presented.
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1 Introduction

Synthetic dyes are used extensively in textile,
paper, leather, plastic, pharmaceutical, cosmetic, food,
and other fields (Yagub et al., 2014; Wang et al.,
2018). With over 100000 commercially available
dyes, more than 7x10° metric tons of dyes are pro-
duced annually worldwide, of which the textile in-
dustry accounts for two-thirds (Das and Mishra, 2017).
Because of low utilization efficiency, approximately
2%—-50% of these dyes remain unused and are present
in processed effluents (Cui MH et al., 2016). These
synthetic dyes, which are either discharged directly or
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processed incompletely and then discharged into the
environment, are highly visible and affect the aes-
thetic merit, water transparency, and gas solubility of
the water body (Banat et al., 1996). Moreover, some
toxic substances in the dyes have threatened human
health by causing bleeding, skin ulceration, nausea,
and dermatitis (Lee et al., 2006).

The structural diversity of synthetic dyes is due
to different chromophore groups such as azo, an-
thraquinone, and triphenylmethane (Mishra and Maiti,
2018). Anthraquinone dyes are the second most used
dyes after azo dyes because of their low price, easy
accessibility, and good dyeing performance. Anthra-
quinone dyes have a complex and stable structure and
are more toxic to microorganisms and human cells
than azo dyes (Novotny et al., 2006). There are var-
ious treatment methods for anthraquinone dye deg-
radation which include Fenton oxidation (Khatace
et al., 2016), photocatalytic oxidation (Zhang and Lu,
2018), ozone oxidation (Lovato et al., 2017), ultra-
sonic catalytic oxidation (Samanta et al., 2018) and
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microwave catalysis (Park et al.,, 2018). However,
compared to these chemical methods, biological
methods are inexpensive and do not cause secondary
pollution, although biodegradation can be unstable
and time-consuming (Solis et al., 2012; Rybczynska-
Tkaczyk et al., 2018). Microorganisms have been
used to degrade anthraquinone dye, including algae
(Otto and Schlosser, 2014), fungi (Zhang et al., 2016;
Slosaréikova et al., 2017), actinomycetes (Linde et al.,
2014), and bacteria (Parmar and Shukla, 2018). In
comparison with filamentous fungi and algae, some
bacteria grow more rapidly at extreme pH and tem-
perature, with low nutrient concentrations and high
pollutant concentrations (Chen et al., 2007). There-
fore, bacteria may be more useful than fungi and algae
for anthraquinone dye degradation.

Several articles have reviewed the microbial
decolorization and degradation of synthetic dyes. For
example, Crini (2006) has reviewed the decoloriza-
tion and/or bioadsorption of various dyes in wastewater
by (dead or living) biomass. Ali (2010) described that
fungi, bacteria, yeasts, and algae could efficiently
degrade dyes. Recently, Mishra and Maiti (2018)
summarized three major classes of reactive dyes (azo,
anthraquinone, and triphenylmethane dyes) that could
be degraded by various bacteria. In spite of these
available review articles, a comprehensive study on
bacterial anthraquinone dye degradation is not availa-
ble. Bacterial anthraquinone dye degradation is a
complicated process that involves adsorption, deg-
radation, and enzyme catalysis. However, previous
reviews on anthraquinone dye degradation focused
either on a summarized variety of biological species
or on very specific pathway. More importantly, many
other researchers have focused on the isolation of
highly-efficiency bacteria for anthraquinone dye
degradation and have achieved good decolorization
effects. However, the mechanisms and optimal con-
ditions of anthraquinone dye degradation remain
unknown. This restricts industrial application. There-
fore, a more integrated review containing degrading
bacteria and their universal mechanisms of bacterial
anthraquinone dye removal is needed. In this review,
anthraquinone dye degradation by pure or mixed
bacteria is debated. Degradation mechanisms and
their main influencing factors are also discussed. The
review should provide useful information for an-
thraquinone dye wastewater treatment.

2 Structure and classification of anthraqui-
none dye

Anthraquinone dyes contain anthraquinone
chromophore groups. The anthraquinone chromo-
phore comprises two carbonyl groups on both sides of
a benzene ring (Table 1, a). Diverse anthraquinone
dyes are formed by changing the substituents (amino,
hydroxyl, halogen, and sulfonic acid substituents) that
are present. In addition, the properties and locations
of the substituents affect the anthraquinone dye color.
Electron-donating and electron-accepting substituents
have different effects, with the introduction of the
latter having little influence on color. In contrast,
electron-donating substituents (i.e. amino or substi-
tuted amino groups) significantly impact dyes with
color changing from yellow to red, purple, or blue
(Table 1, a—d) (Duval et al., 2016). Anthraquinone
dyes have been divided into four categories: (1) an-
thraquinone derivatives, such as Disperse Red 3B
(Table 1, e) and Acid Green 25; (2) heterocyclic an-
thraquinone dyes, such as Vat Yellow 28 (Table 1, f);
(3) fused ring anthrone dyes, such as Vat Green 1
(Table 1, g); and (4) heterocyclic anthrone dyes, such
as Pigment Yellow 24 (Table 1, h). Anthraquinone dye
color varies greatly because of its substituents, and
this is also the main reason why the same strains have
different degradation efficiencies for various dyes.

3 Bacterial degradation of anthraquinone
dyes

In previous studies, researchers have typically
isolated anthraquinone dye-degrading strains from
activated sludge and dyeing wastewater collected
near dyeing wastewater treatment systems or outlets.
An increased number of domesticated degradation
strains can accumulate in the sites contaminated with
dyes. The universal stepwise procedure for isolating
dye-degrading strains under laboratory conditions is
shown in Fig. 1.

A range of indigenous bacteria, including Ba-
cillus sp. (Wang et al., 2009), Pseudomonas sp. (Forss
et al.,, 2017), Shewanella sp. (Wang et al., 2015),
Aeromonas sp. (Ren et al., 2006), Rhodococcus sp.
(Roberts et al., 2011), and Klebsiella sp. (Xie et al.,
2016), have been isolated to degrade anthraquinone
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Table 1 Basic structures of several anthraquinone dyes

No. Chemical structure Dye CAS
(a) O‘IO Anthraquinone (Yellow) 84-65-1

Z \NH
(b) O‘O 1-(Methylamino) anthraquinone (Red) 82-38-2

Z \NH
© O‘O 1-[(2-Hydroxyethyl) amino]-4-(methylamino) anthraquinone 86722-66-9

o (Purple)

L
(d) O‘O 1-Amino-4-(methylamino) anthracene-9,10-dione (Blue) 1220-94-6
(e) @\ O‘O Disperse Red 3B 84-65-1
® Ol‘o O‘O Vat Yellow 28 4229-15-6

° CHy0y o °
(2) Vat Green 1 128-58-5
(h) Pigment Yellow 24 475-71-8

wastewater treatment system

G Optimizing the \

degradation conditions

]

| metabolites and proposing

% Analysis of intermediate
" the possible pathway

Degrading anthraquinone

Collecting wastewater Degrading anthraquinone  dyes by pure culture Exploring the key genes
and activated sludge dyes by bacterial flora I \ related to dye degradatij
E
Testing and analyzing Isolation of pure bacteria Polyphasic taxonomy
wastewater quality for dyes degradation identification of strains

Fig. 1 Stepwise procedure for isolating dye-degrading strains under laboratory conditions
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dyes. Some of these pure or mixed bacteria and their
degradation conditions are summarized in Table 2.
The main types of dyes that have been studied include
anthraquinone derivatives and heterocyclic anthra-
quinones, such as Remazol Brilliant Blue R and Re-
active Blue 19; as the bacterial degradation of fused
ring and heterocyclic anthrone dyes is yet to be re-
ported, their biodegradation may be difficult. The
reported optimum conditions for the bacterial degra-
dation of anthraquinone dyes have been in accordance
with their growth conditions. Most strains require
additional carbon and nitrogen sources to co-metabolize
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dyes, and degradation efficiency varies among dif-
ferent strains. Velayutham et al. (2018) isolated a
strain identified as Staphylococcus sp. K2204 that
could efficiently and completely degrade 100 mg/L of
Remazol Brilliant Blue R within 12 h. Tian et al.
(2016) isolated five strains from soil and sludge, in-
cluding Serratia sp. JHTO1, Serratia liquefaciens
PTO1, Pseudomonas chlororaphis PTO02, Steno-
trophomonas sp. PT03, and Mesorhizobium sp. PT04,
and S. liquefaciens PTO1 was the best strain as it
could decolorize 50%—-60% of Remazol Brilliant Blue
R within 336 h in Luria-Bertani (LB) medium.

Table 2 Anthraquinone dye-degrading bacteria strains

. Conditions (pH, ... .
Bacterial name and . Time Degradation .
Dyes (concentration (mg/L)) temperature, ¥ Culture medium
reference (h)  rate (%)
shaker speed)
Pseudomonas strain Reactive Blue 2 (100) pH=7, 35 °C, 48 1424 5 g/Lpeptone, 2.5 g/L yeast
GM3 (Yuetal,2001) Acid Green 27 (100) 150 r/min 60-84 extract, 2.5 g/L NaCl and
mineral solution
Aeromonas hydrophila  Reactive Brilliant Blue K-GR (50) pH=7.5, 30 °C, 36 85+7 MO synthetic medium
DN322 (Ren et al., Acid Blue 25 (50) 150 r/min 52 60+5
2006) Acid Blue 56 (50) (microaerophilic) 52 21+6
Shewanella decolorationis Reactive Brilliant Blue K-GR (50) pH=8, 30 °C, 11 93 Lactate medium
S12 (Xu et al., 2006) 150 r/min
Bacillus cereus strain Acid Blue 25 (100) pH=7, 37 °C, 6 96+4 MO synthetic medium
DC11 (Deng et al., Disperse Red 11 (50) 150 r/min 24 90+8
2008) Reactive Brilliant Blue K-GR (50) 24 8545
Acid Blue 56 (50) 48 20+4
Bacillus subtilis (Olaga-  Vat Blue 4 (300) pH=10, 37 °C, 12 100  Nutrient broth
nathan and Patterson,  Vat Blue 4 (500) 150 r/min 24 100
2009) Vat Blue 4 (700) 36 100
Enterobacter sp.F NCIM  Reactive Blue 19 (50) pH=7, 30 °C, 108 25  Nutrient broth
5545 (Holkar et al., 2014) Reactive Blue 19 (50) 150 r/min 90
Sphingomonas xenoph-  Bromaminic Acid (100) pH=7,30 °C 10 >96  ABAS-LB medium
aga QYY (Lu et al., 150 r/min
2015)
Escherichia coli DH5a.  Acid Blue 277 (300) pH=7, 37 °C, 16 >60 LB medium
(Cerboneschi et al., Acid Blue 260 (300) 150 r/min >80
2015) Acid Blue 40 (300) >60
Acid Blue 25 (300) >50
Acid Blue 43 (300) >20
Acid Blue 324 (300) >60
Serratia liquefaciens Remazol Brilliant Blue R (125)  pH=7, 30 °C, 336 50-60 LB medium
PTO1 (Tian et al., 2016) 150 r/min
Escherichia coli CD-2,  Reactive Blue 19 (100) pH=7,37°C 12 <40  Basal medium: 5 g/L
Klebsiella pneumoniae, glucose, 2 g/LL NH,4Cl and
Bacillus subtilis WD23 many inorganic salts
(Cui DZ et al., 2016)
Staphylococcus sp. K2204 Remazol Brilliant Blue R (100) pH=7,37 °C 12 100 Nutrient broth
(Velayutham et al., 2018) (static)
Staphylococcus hominis  Reactive Blue 4 (50) pH=7, 37 °C, 24 97  Nutrient broth
subsp. hominis DSM 60 r/min

20328 (Parmar and
Shukla, 2018)

* Data are expressed as range, mean, or meantstandard deviation (SD)
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Generally, the degradation efficiency of mixed
bacteria is better than that of a pure bacterium under
the same conditions, and this is likely because of
collaboration among the bacteria. Yang et al. (2017)
used a bacterial community (in which the dominant
bacteria were Proteobacteria and Firmicutes) to de-
colorize Active Blue 19 in nutrient broth. The decol-
orization and mineralization rates of 150 mg/L dye
within 48 h were 89.2% and 13.0%, respectively,
indicating that the bacterial flora could not com-
pletely degrade the dye, but instead degraded the
macromolecular dye into intermediate small metabo-
lites. Chaudhari et al. (2017) found that aerobic bac-
terial granules (ABGs), containing predominantly
Proteobacteria and Firmicutes, could degrade and
tolerate high concentrations of Reactive Blue 4 of up
to 1000 mg/L with a maximum decolorization rate
(Vinax) of (6.16+0.82) mg/(L-h). As shown in Table 2,
most of the isolated degradative bacteria can grow
and degrade dyes under aerobic conditions and pro-
duce decolorization enzymes under anaerobic condi-
tions. Firmicutes have been reported to be the domi-
nant bacteria under anaerobic or microaerobic condi-
tions (Balapure et al., 2014), and they could promote
anthraquinone dye degradation in the hydrolysis stage
(Wang et al., 2011). In addition, almost all functional
bacteria decolorize and degrade dyes only in a nutri-
ent medium, such as LB and nutrient broth medium.
A few strains can utilize dyes as sole carbon and ni-
trogen sources, and their decolorization rate is low.

4 Mechanisms of bacterial anthraquinone
dye removal

The decolorization of dyes by bacteria may re-
sult from adsorption or biodegradation. In the process
of adsorption, cell mats become deeply colored,
whereas those that retain their original color undergo
biodegradation (Ren et al., 2006). Many studies have
reported degradation pathways for azo dyes, but there
is little research focused on the bacterial degradation
mechanisms of anthraquinone dyes. Therefore, most
proposed pathways and intermediates of bacterial
anthraquinone dye degradation have not yet been
clearly elucidated.

4.1 Bacterial anthraquinone dye adsorption
mechanisms

The bacterial adsorption of dyes occurs when
dyes adhere to bacterial surfaces through covalent,
electrostatic, or molecular forces. In the process of
bacterial anthraquinone dye removal, the dyes are
usually adsorbed through the bacterial surface before
further degradation occurs; therefore, adsorption is
one of the crucial steps in dye degradation. Pepti-
doglycan has been reported to be an important factor
that affects the bacterial adsorption of dyes. The mass
fraction of peptidoglycan in the cell wall of Gram-
positive bacteria ranges from 40% to 90%, while that
of Gram-negative bacteria is only approximately 10%;
consequently, the adsorption capacity of the former is
5-10 times greater than that of the latter (Cai et al.,
2008). In addition, bacterial adsorption does not in-
volve chemical reactions in which the functional
groups on the surface of the cell wall play a major role
in the adsorption process. Du et al. (2012) tested the
functional groups of live and heat-treated Pseudo-
monas sp. DY1 using potentiometric titration and
Fourier transform infrared spectroscopy (FTIR) and
revealed the main functional groups as CH,OH, C-O,
P-0,, CONR,, CO-O-C, NH,, C-N, COO-, and PO, ,
while NH; played a prominent role in dye biosorption.

Current research on the adsorption properties of
dyes only compares living and dead cells. To inves-
tigate the dye adsorption of inactivated bacteria, the
decolorization properties of Acid Blue 277 by Bacil-
lus gordonae, Bacillus benzeovorans, and Pseudo-
monas putida (autoclaved at 110 °C for 15 min) were
studied, giving biosorption rates of 13%, 19%, and
18%, respectively (Walker and Weatherley, 2000).
Autoclaving increased the cell membrane permeabil-
ity and enhanced the adsorption capacity (Ogugbue
et al., 2012); however, the decolorization rate was still
mostly due to living cells rather than dead cells. Few
scholars have studied adsorptive decolorization due to
the production of large amounts of sediment, which
not only need to be treated further but also cause
secondary pollution. In future studies, reducing the
pollution caused by adsorption and using molecular
biology techniques to explore the mechanism of
bacterial dye adsorption would be necessary.
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4.2 Bacterial anthraquinone dye degradation
mechanisms

Biodegradation of dyeing wastewater is more
significant than adsorption for environmental protec-
tion. The bacterial degradation of anthraquinone dyes
is due to a reduction reaction in which the catalytic
cracking of the conjugated dye bonds is performed by
a reductase. After the loss of the chromophores, the
remaining complex polycyclic aromatic hydrocarbons
are decomposed into single rings or simple polycyclic
aromatic hydrocarbons (naphthalene, anthracene, etc.)
and are then finally completely decomposed into
carbon dioxide and water under aerobic conditions.

The first step of bacterial anthraquinone dye
degradation involves the dissociation of the small
molecular groups around the anthraquinone rings
from the parent compound under aerobic conditions
(Andleeb et al., 2012). For example, the main me-
tabolites of Reactive Blue 4 degradation by ABGs
were 4-amino-9,10-dihydro-9,10-dioxoanthracene-2-
sulfonic acid and 2-(4,6-dichloro-1,3,5-triazin-2-
ylamino)-4-aminophenol, as detected by high per-
formance liquid chromatography-high resolution mass
spectrometry (HPLC-HRMS). The proposed pathway
is displayed in Fig. 2 (Chaudhari et al., 2017). The
anthraquinone ring is gradually broken, forming
much smaller molecular compounds through oxida-
tion and hydrolysis. Sphingomonas herbicidovorans
FL can degrade 1-amino-4-bromoanthraquinone-2-
sulfonic acid into phthalic acid, 2-amino-3-hydroxy-
5-bromobenzenesulfonic acid or 2-amino-4-hydroxy-
5-bromobenzenesulfonic acid; a probable pathway
was proposed and is illustrated in Fig. 3 (Fan et al.,
2008). Andleeb et al. (2012) analyzed the complete
degradation pathway of Brilliant Blue K2RL using
liquid chromatography-mass spectrometry (LC-MS)
and found that the parent compound was initially
broken at the attachment site of the reactive group,
releasing the difluorochlorotriazine ring and anthra-
quinone moiety. Further cleavage of the anthraqui-
none metabolites led to the formation of small mol-
ecules such as benzoic acid. The above studies indi-
cated that the differences in anthraquinone decolori-
zation by bacteria were mainly due to the different
functional groups of anthraquinone. However, the
bacteria exhibited similar metabolic pathways, in-
cluding demethylation, hydrogenation reduction,
dehydroxylation, and other biochemical processes.

The anthraquinone ring was then broken into single
benzene rings, and the benzene rings were ultimately
cleaved to form linear small molecules.

However, several problems in the research of
dye degradation pathways still exist. First, different
kinds of anthraquinone dye degradation pathways
have not yet been elucidated, such as those of fused
ring and heterocyclic anthrone dyes, which may be
because of the complex structures and toxicities of
these dyes. Secondly, possible anthraquinone dye
degradation pathways have been suggested in the
literature, but many of these pathways are incomplete.
The dye degradation process may occur quickly under
eutrophic conditions, resulting in many intermediate
products that are difficult to detect; thus, these pro-
posed pathways are based on speculated intermedi-
ates. In addition, the detection of countless chemical
structures derived from anthraquinone dyes is diffi-
cult, making the capture of intermediate metabolites
challenging. Further studies should be conducted to
explore the degradation mechanisms of other new
anthraquinone dyes instead of the limited number of
simple anthraquinone dyes, such as Remazol Brilliant
Blue R, Reactive Blue 19, and Acid Blue.

4.3 Enzymatic anthraquinone dye degradation
mechanisms

Anthraquinone dyes (such as Reactive Brilliant
Blue 19 and Reactive Brilliant Blue 114) contain an
antioxidant dianthrone group, which is difficult to
degrade catalytically. Most anthraquinone dye deg-
radative enzymes have been isolated and purified
from fungi, but a few have been obtained from bac-
teria. Here, we discuss several enzymes that have
been found to decolorize anthraquinone dyes effi-
ciently. For example, the intracellular enzymes of
Pseudomonas GM3 mainly contribute to dye reduc-
tion (Yu et al., 2001). A purified Anabaena peroxi-
dase was found to efficiently decolorize anthraqui-
none dyes such as Reactive Blue 5, Reactive Blue 4,
Reactive Blue 114, Reactive Blue 119, and Acid Blue
45 with decolorization rates of 262, 167, 491, 401,
and 256 pmol/(L'min), respectively (Ogola et al.,
2009). Uchida et al. (2015) also identified a dye-
decolorizing peroxidase protein from Vibrio cholerae
(VcDyP), and its activity was assayed by monitoring
the degradation of Reactive Blue 19. To identify the
radical site of VcDyP, each of nine tyrosine or two
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Fig. 2 Proposed pathway for the biotransformation of Reactive Blue 4 by aerobic bacterial granules (ABGs)
This figure is modified from Chaudhari et al. (2017)
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Fig. 3 Proposed pathway of 1-amino-4-bromoanthraquinone-2-sulfonic acid degradation by Sphingomonas herbi-
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This figure is modified from Fan et al. (2008)

tryptophan residues was substituted, and the results
indicated that two distal residues, aspartic acid (Asp)
144 and arginine (Arg) 230, were essential for the DyP
reaction. These radicals moved to Tyr129 and Tyr235
during the degradation of dyes at pH 3-5 and to
Tyr133 at pH 6-10 (Fig. 4). Liu et al. (2017) found a
new bacterial laccase from Klebsiella pneumoniae that
could efficiently decolorize anthraquinone dyes. More
enzymes with potential value for the biocatalysis of
anthraquinone dyes are needed, because of their high
efficiency. Future research should focus on exploring

the mechanism of anthraquinone dye degradation by
enzymes rather than testing only enzyme activity.

5 Factors that affect bacterial anthraquinone
dye degradation

Anthraquinone dye degradation is significantly
influenced by a variety of operational parameters
including intrinsic factors, such as bacterial strain
characteristics, and extrinsic factors, such as pH,
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(b)
Tyr129 éj
)

‘;% His178
Thr277
\ Asp272

Fig. 4 Crystal structures of VcDyP
(a) a-Helices and B-sheets of a VcDyP subunit are colored
red and yellow, respectively. The heme is colored pink.
(b) Close-up of the heme-binding site and putative pH-
dependent radical transfer pathways at a lower pH (1) and
higher pH (2). Reprinted with permission from Uchida et al.
(2015), copyright 2015, American Chemical Society

temperature, carbon and nitrogen sources, availability
of oxygen, dye concentration and structure, metal
ions, ventilatory capacity, reducing power, and elec-
tron donors (Krishnan et al., 2017). In general, re-
searchers have investigated the impacts of different
factors to improve the efficiency of anthraquinone
dye degradation.

5.1 Effect of pH on bacterial anthraquinone dye
degradation

pH has a major effect on the decolorization ef-
ficiency of dyes, and the optimal pH for color removal
is often between 6.0 and 8.0. Otherwise, the decol-
orization rate would rapidly decrease under strong
acidic or alkaline conditions (Kobayashi et al., 2017).
For example, the VcDyP expressed in Escherichia
coli could degrade Reactive Blue 19 at a lower pH
(under which conditions Tyr129 and Tyr235 are in the
active site of the dye degradation reaction); however,
it lost its activity under neutral or alkaline conditions
because of a change in the radical transfer pathway
(Uchida et al., 2015). The pH affects the decoloriza-
tion and degradation rates in two main ways: (1) pH
changes the state of dye molecules in aqueous solu-
tion, which further affects dye absorption (He, 2009),
and (2) pH might also affect the cell membrane per-
meation efficiency, which has been found to be the
limiting step for bacterial dye degradation (Kodam
et al., 2005). A buffer is usually added to adjust the
pH value during biological processes in wastewater
treatment plants, and this could enhance bacterial

activity and improve the decolorization rate. However,
this method has greatly increased the cost of bacteria
degradation. Improving the pH resistance of bacteria
is necessary to enable their activity under variable pH
conditions.

5.2 Effect of temperature on bacterial anthra-
quinone dye degradation

During the process of dyeing wastewater treat-
ment, the growth, reproduction rate, and biodegrada-
tion activities of microorganisms, and also the solu-
bility of pollutants are affected by temperature
(Pearce et al., 2003). In general, the optimum tem-
perature range for bacterial decolorization of dyes is
in a narrow range and is consistent with bacterial
growth: temperature ranges between 25 and 37 °C
(Cui DZ et al., 2016; Velayutham et al., 2018). The
decolorization rate of Reactive Blue 4 by Staphylo-
coccus hominis subsp. hominis DSM 20328 increased
with rising temperature from 25 to 37 °C (the maxi-
mum rate was observed at 37 °C) and then decreased
with raised temperature to 55 °C, which may have
resulted in the loss of cell viability or the deactivation
of enzymes responsible for degradation (Parmar and
Shukla, 2018). At present, the biological treatment
systems of printing and dyeing wastewater treatment
plants usually stop working in the cold season be-
cause the low temperature reduces bacterial activity
and influences the degradation efficiency. In future
research, isolating strains that can tolerate extreme
temperatures will be essential.

5.3 Effect of external carbon and nitrogen sources
on bacterial anthraquinone dye degradation

The traditional activated sludge system used in
treating dyeing wastewater has a few dye-degrading
strains. The strains that are available have low activity
and require the addition of some nutrients, such as
carbon and nitrogen sources, to promote bacterial
growth and maintain the diversity of the microbial
community. Carbon and nitrogen sources typically
used in the laboratory include L-rhamnose, creatinine,
beef extract, glucose, sucrose, D-maltose, KNOs;,
(NH4),SO,, tryptone and yeast extract (Kurade et al.,
2016). However, more economical nutrients, such as
sodium acetate, industrial flour, urea, animal waste,
and ammonium chloride, are usually chosen for
dyeing wastewater treatment systems. This is one of
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the reason why the strains work efficiently in the
laboratory but not in actual treatment systems. In
future, laboratory studies identifying inexpensive and
readily available carbon/nitrogen sources for de-
grading anthraquinone dyes will be important.

In contrast, excess carbon and nitrogen sources
can also inhibit dye biodegradation efficiency, per-
haps through carbon catabolite repression (Crabtree
effect), wherein higher external glucose concentra-
tions limit the microbial tricarboxylic acid cycle
(Sadykov et al., 2013). Holkar et al. (2014) researched
the effects of different concentrations of glucose
(2-12 g/L) on the degradation of Reactive Blue 19 by
Enterobacter sp.F NCIM 5545, and they found that
the decolorization rate was low when the glucose
concentration was high, such as at 8 and 12 g/L. The
same results were obtained in other research (Wang
et al.,, 2009). In the process of anthraquinone dye
degradation, various strains have different carbon and
nitrogen sources; thus, balancing the exogenous car-
bon and nitrogen sources to enhance the dye decol-
orization rate and to reduce the inhibition of carbon
metabolism is necessary.

5.4 Effect of oxygen on bacterial anthraquinone
dye degradation

Oxygen is essential for the growth of aerobic
dye-degrading bacteria. While oxygen is converted
into water as an electron acceptor to generate energy,
it has a serious inhibitory effect on anaerobic bacteria
and even results in the loss of their physiological
functions. In the laboratory, the effects of oxygen
content on strain growth and dye degradation rates
have been generally studied using different fluid
volumes, shaker speeds, or anaerobic incubators.
There has been a lot of work on anthraquinone dye
degradation by aerobes, but little on anaerobes, as
shown in Table 2. In fact, there are some strains that
can decolorize anthraquinone dyes efficiently under
anaerobic conditions. For example, the decolorization
rate of Acid Blue 25 (100 umol/L) by Bacillus cereus
DC11 is more than 55% under anaerobic conditions
and below 5% under aerobic conditions, indicating
that the oxygen of the carbonyl group in the anthra-
quinone dye is a preferable terminal electron acceptor
under anaerobic conditions (Deng et al., 2008). In
actual printing and dyeing wastewater treatment sys-
tems, aerobic and anaerobic intermittence technolo-

gies (such as anaerobic-oxic (A/O), anaerobic-anoxic-
oxic (A*/0), and moving-bed biofilm reactor) are
often used to improve biodegradation efficiency.
Anaerobic processes are also important for printing
and dyeing wastewater treatment; therefore, further
understanding of anaerobic dye degradation mecha-
nisms will allow future low energy consumption
wastewater treatment systems and improved biodeg-
radation properties.

5.5 Effect of dye concentration and structure on
bacterial anthraquinone dye degradation

Dye concentration has a significant effect on the
dye degradation rate. If the dye concentration is too
low, the enzymes secreted from the degradative bac-
teria may not effectively identify the dyes; conversely,
if the concentration is too high, the dyes may be toxic
to the bacteria or block the enzyme active sites, re-
ducing dye degradation efficiency (Jadhav et al.,
2008). In general, the dye decolorization rate de-
creases with increasing dye concentration. Liu et al.
(2017) reported that the decolorization rate of
Remazol Brilliant Blue R reached more than 70% at
low concentrations (10-30 mg/L) and then declined
sharply, ultimately reaching only 15% at 200 mg/L.
Printing and dyeing wastewater can have variable
water quality, and the chromaticity difference can
reach more than 4000 times, which requires re-
searchers to cultivate and domesticate degradative
bacteria that can adapt to a wide range of dye
concentrations.

Dye structure also significantly influences the
decolorization rate. In general, dyes with simple
structures and low molecular weights are easily de-
colorized, while the decolorization rate is relatively
low for dyes with high molecular weights or complex
molecular structure groups. In addition, the nature
and number of the anthraquinone dye substituents as
well as their positions play a major role in the deg-
radation rate. Hitz et al. (1978) suggested that the
influence of single substituents on dye decolorization
is: =SO3>-NO,>—Br>-CI>-H>-NH,>-OCH3>-CH3>
—COOH>-OH. Itoh et al. (1993) found that the pig-
ment Violet 12, which has two hydroxyl groups, was
more readily decolorized than Disperse Violet 1,
which has two amino groups. New anthraquinone
dyes are researched and developed every year, but
laboratory studies are often limited to classic dyes;
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thus, little research has been conducted on the re-
lationship between anthraquinone dye structure and
degradation efficiency. In the future, the biodegra-
dation of new dyes in large quantities should be
considered.

6 Conclusions and outlook

The properties of dyeing wastewater include
complex composition, large chromaticity, strong
acidity/basicity, and high chemical oxygen demand. It
is therefore difficult to biodegrade when it contains a
matrix of dyes. Among the economical technologies
of anthraquinone dye removal, microbial systems
were the most practical in running expenses and
manpower requirements. In this regard, research has
mainly focused on the isolation of highly efficient
degradative bacteria, the purification of enzymes, and
the study of their characteristics. However, there is
quite a bit of research on degradation mechanisms and
this is crucial for the practical application of efficient
strains. Some studies have used molecular biology
methods to express a variety of specific functional
gene fragments in strains to generate bacteria with
stronger flocculation abilities and higher dye toler-
ances, but the environmental hazards of these bacteria
are unpredictable. In addition, nutrient broths, such as
LB broth, are often used in the laboratory to isolate
and study these highly degradative bacteria. When
these bacteria are used for actual dyeing wastewater
treatment, these strains demonstrated high specificity
for specific dyes, easily assimilated by indigenous
communities, and required constant addition of spe-
cific nutrients, increasing the cost of treatment.

Based on the importance of bacterial metabolism
and the main limitation of recent research, future
studies should focus on isolating strains that can uti-
lize anthraquinone dyes as the sole carbon and ni-
trogen source and also tolerate extreme conditions. In
addition, there should be more focus on new anthra-
quinone dyes which are being developed and applied
in dyeing plants every year. Finally, laboratory results
at pilot and large-scale studies to decolorize dyeing
wastewater should be implemented.

Contributors
Hai-hong LI and Yang-tao WANG co-discussed and
wrote the manuscript. Yang WANG, Hai-xia WANG, and

Kai-kai SUN were responsible for searching the literatures.
Zhen-mei LU contributed to the study design, writing and
editing of the manuscript.

Acknowledgments

We thank Adebanjo O. OLUWAFUNMILAYO (College
of Life Sciences, Zhejiang University, Hangzhou, China) for
checking the English language.

Compliance with ethics guidelines

Hai-hong LI, Yang-tao WANG, Yang WANG, Hai-xia
WANG, Kai-kai SUN, and Zhen-mei LU declare that they
have no conflict of interest.

This article does not contain any studies with human or
animal subjects performed by any of the authors.

References

Ali H, 2010. Biodegradation of synthetic dyes—a review.
Water Air Soil Pollut, 213(1-4):251-273.
https://doi.org/10.1007/s11270-010-0382-4

Andleeb S, Atiq N, Robson GD, et al., 2012. An investigation
of anthraquinone dye biodegradation by immobilized
Aspergillus flavus in fluidized bed bioreactor. Environ Sci
Pollut Res, 19(5):1728-1737.
https://doi.org/10.1007/s11356-011-0687-x

Balapure KH, Jain K, Chattaraj S, et al., 2014. Co-metabolic
degradation of diazo dye—reactive blue 160 by enriched
mixed cultures BDN. J Hazard Mater, 279:85-95.
https://doi.org/10.1016/j.jhazmat.2014.06.057

Banat IM, Nigam P, Singh D, et al., 1996. Microbial decolor-
ization of textile-dye-containing effluents: a review. Bi-
oresour Technol, 58(3):217-227.
https://doi.org/10.1016/s0960-8524(96)00113-7

Cai JL, Huang Y, Li X, 2008. Cytological mechanisms of
pollutants adsorption by biosorbent. Chin J Ecol, 27(6):
1005-1011 (in Chinese).

Cerboneschi M, Corsi M, Bianchini R, et al., 2015. Decoloriza-
tion of acid and basic dyes: understanding the metabolic
degradation and cell-induced adsorption/precipitation by
Escherichia coli. Appl Microbiol Biotechnol, 99(19):
8235-8245.
https://doi.org/10.1007/s00253-015-6648-4

Chaudhari AU, Paul D, Dhotre D, et al., 2017. Effective bio-
transformation and detoxification of anthraquinone dye
Reactive Blue 4 by using aerobic bacterial granules.
Water Res, 122:603-613.
https://doi.org/10.1016/j.watres.2017.06.005

Chen CC, Liao HJ, Cheng CY, et al., 2007. Biodegradation of
crystal violet by Pseudomonas putida. Biotechnol Lett,
29(3):391-396.
https://doi.org/10.1007/s10529-006-9265-6

Crini G, 2006. Non-conventional low-cost adsorbents for dye
removal: a review. Bioresour Technol, 97(9):1061-1085.
https://doi.org/10.1016/j.biortech.2005.05.001

Cui DZ, Zhang H, He RB, et al., 2016. The comparative study
on the rapid decolorization of azo, anthraquinone and



538 Li et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2019 20(6):528-540

triphenylmethane dyes by anaerobic sludge. Int J Environ
Res Public Health, 13(11):1053.
https://doi.org/10.3390/ijerph13111053

Cui MH, Cui D, Gao L, et al., 2016. Azo dye decolorization in
an up-flow bioelectrochemical reactor with domestic
wastewater as a cost-effective yet highly efficient electron
donor source. Water Res, 105:520-526.
https://doi.org/10.1016/j.watres.2016.09.027

Das A, Mishra S, 2017. Removal of textile dye Reactive
Green-19 using bacterial consortium: process optimiza-
tion using response surface methodology and kinetics
study. J Environ Chem Eng, 5(1):612-627.
https://doi.org/10.1016/j.jece.2016.10.005

Deng DY, Guo J, Zeng GQ, et al., 2008. Decolorization of
anthraquinone, triphenylmethane and azo dyes by a new
isolated Bacillus cereus strain DC11. Int Biodeterior
Biodegrad, 62(3):263-269.
https://doi.org/10.1016/j.ibiod.2008.01.017

Du LN, Wang B, Li G, et al., 2012. Biosorption of the metal-
complex dye Acid Black 172 by live and heat-treated
biomass of Pseudomonas sp. strain DY1: kinetics and
sorption mechanisms. J Hazard Mater, 205-206:47-54.
https://doi.org/10.1016/j.jhazmat.2011.12.001

Duval J, Pecher V, Poujol M, et al., 2016. Research advances
for the extraction, analysis and uses of anthraquinones: a
review. Ind Crop Prod, 94:812-833.
https://doi.org/10.1016/j.indcrop.2016.09.056

Fan L, Zhu SN, Liu DQ, et al., 2008. Decolorization mecha-
nism of 1-amino-4-bromoanthraquinone-2-sulfonic acid
using Sphingomonas herbicidovorans FL. Dyes Pigments,
78(1):34-38.
https://doi.org/10.1016/j.dyepig.2007.10.004

Forss J, Lindh MV, Pinhassi J, et al., 2017. Microbial bio-
treatment of actual textile wastewater in a continuous
sequential rice husk biofilter and the microbial commu-
nity involved. PLoS ONE, 12(1):e0170562.
https://doi.org/10.1371/journal.pone.0170562

He JX, 2009. Dye Chemistry. China Textile & Apparel Press,
Beijing, China (in Chinese).

Hitz HR, Huber W, Reed RH, 1978. The absorption of dyes on
activated sludge. J Soc Dyers Colour, 94(2):71-76.

Holkar CR, Pandit AB, Pinjari DV, 2014. Kinetics of biolog-
ical decolorisation of anthraquinone based Reactive Blue
19 using an isolated strain of Enterobacter sp.F NCIM
5545. Bioresour Technol, 173:342-351.
https://doi.org/10.1016/j.biortech.2014.09.108

Itoh K, Yatome C, Ogawa T, 1993. Biodegradation of an-
thraquinone dyes by Bacillus subtilis. Bull Environ
Contam Toxicol, 50(4):522-5217.
https://doi.org/10.1007/BF00191240

Jadhav SU, Kalme SD, Govindwar SP, 2008. Biodegradation
of Methyl Red by Galactomyces geotrichum MTCC 1360.
Int Biodeterior Biodegrad, 62(2):135-142.
https://doi.org/10.1016/j.ibiod.2007.12.010

Khataece A, Gholami P, Vahid B, et al., 2016. Heterogeneous
sono-fenton process using pyrite nanorods prepared by

non-thermal plasma for degradation of an anthraquinone
dye. Ultrason Sonochem, 32:357-370.
https://doi.org/10.1016/j.ultsonch.2016.04.002

Kobayashi T, Taya H, Wilaipun P, et al., 2017. Malachite-
green-removing properties of a bacterial strain isolated
from fish ponds in Thailand. Fish Sci, 83(5):827-835.
https://doi.org/10.1007/s12562-017-1102-4

Kodam KM, Soojhawon I, Lokhande PD, et al., 2005. Micro-
bial decolorization of reactive azo dyes under aerobic
conditions. World J Microbiol Biotechnol, 21(3):367-370.
https://doi.org/10.1007/s11274-004-5957-z

Krishnan J, Kishore AA, Suresh A, et al., 2017. Effect of pH,
inoculum dose and initial dye concentration on the re-
moval of azo dye mixture under aerobic conditions. /nt
Biodeterior Biodegrad, 119:16-27.
https://doi.org/10.1016/j.ibiod.2016.11.024

Kurade MB, Waghmode TR, Khandare RV, et al., 2016. Bi-
odegradation and detoxification of textile dye Disperse
Red 54 by Brevibacillus laterosporus and determination
of its metabolic fate. J Biosci Bioeng, 121(4):442-449.
https://doi.org/10.1016/j.jbiosc.2015.08.014

Lee YH, Matthews RD, Pavlostathis SG, 2006. Biological
decolorization of reactive anthraquinone and phthalocy-
anine dyes under various oxidation-reduction conditions.
Water Environ Res, 78(2):156-169.
https://doi.org/10.2175/106143005x89616

Linde D, Coscolin C, Liers C, et al., 2014. Heterologous ex-
pression and physicochemical characterization of a fungal
dye-decolorizing peroxidase from Auricularia auricula-
Jjudae. Protein Expr Purif, 103:28-37.
https://doi.org/10.1016/j.pep.2014.08.007

Liu N, Xie XH, Yang B, et al., 2017. Performance and micro-
bial community structures of hydrolysis acidification
process treating azo and anthraquinone dyes in different
stages. Environ Sci Pollut Res, 24(1):252-263.
https://doi.org/10.1007/s11356-016-7705-y

Lovato ME, Fiasconaro ML, Martin CA, 2017. Degradation
and toxicity depletion of RB19 anthraquinone dye in
water by ozone-based technologies. Water Sci Technol,
75(4):813-822.
https://doi.org/10.2166/wst.2016.501

Lu H, Guan XF, Wang J, et al.,, 2015. Enhanced bio-
decolorization of 1-amino-4-bromoanthraquinone-2-sulfonic
acid by Sphingomonas xenophaga with nutrient amend-
ment. J Environ Sci, 27:124-130.
https://doi.org/10.1016/j.jes.2014.05.041

Mishra S, Maiti A, 2018. The efficacy of bacterial species to
decolourise reactive azo, anthroquinone and triphenyl-
methane dyes from wastewater: a review. Environ Sci
Pollut Res, 25(9):8286-8314.
https://doi.org/10.1007/s11356-018-1273-2

Novotny C, Dias N, Kapanen A, et al., 2006. Comparative use
of bacterial, algal and protozoan tests to study toxicity of
azo- and anthraquinone dyes. Chemosphere, 63(9):1436-
1442.
https://doi.org/10.1016/j.chemosphere.2005.10.002



Li et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2019 20(6):528-540 539

Ogola HJO, Kamiike T, Hashimoto N, et al., 2009. Molecular
characterization of a novel peroxidase from the cyano-
bacterium Anabaena sp. Strain PCC 7120. Appl Environ
Microbiol, 75(23):7509-7518.
https://doi.org/10.1128/aem.01121-09

Ogugbue CJ, Sawidis T, Oranusi NA, 2012. Bioremoval of
chemically different synthetic dyes by Aeromonas hy-
drophila in simulated wastewater containing dyeing aux-
iliaries. Ann Microbiol, 62(3):1141-1153.
https://doi.org/10.1007/s13213-011-0354-y

Olaganathan R, Patterson J, 2009. Decolorization of anthra-
quinone Vat Blue 4 by the free cells of an autochthonous
bacterium, Bacillus subtilis. Water Sci Technol, 60(12):
3225-3232.
https://doi.org/10.2166/wst.2009.756

Otto B, Schlosser D, 2014. First laccase in green algae: puri-
fication and characterization of an extracellular phenol
oxidase from Tetracystis aeria. Planta, 240(6):1225-1236.
https://doi.org/10.1007/s00425-014-2144-9

Park H, Mameda N, Choo KH, 2018. Catalytic metal oxide
nanopowder composite Ti mesh for electrochemical ox-
idation of 1,4-dioxane and dyes. Chem Eng J,345:233-241.
https://doi.org/10.1016/j.cej.2018.03.158

Parmar ND, Shukla SR, 2018. Biodegradation of anthraqui-
none based dye using an isolated strain Staphylococcus
hominis subsp. hominis DSM 20328. Environ Prog Sus-
tain Energy, 37(1):203-214.
https://doi.org/10.1002/ep.12655

Pearce CI, Lloyd JR, Guthrie JT, 2003. The removal of colour
from textile wastewater using whole bacterial cells: a re-
view. Dyes Pigments, 58(3):179-196.
https://doi.org/10.1016/s0143-7208(03)00064-0

Ren SZ, Guo J, Zeng GQ, et al., 2006. Decolorization of tri-
phenylmethane, azo, and anthraquinone dyes by a newly
isolated Aeromonas hydrophila strain. Appl Microbiol
Biotechnol, 72(6):1316-1321.
https://doi.org/10.1007/s00253-006-0418-2

Roberts JN, Singh R, Grigg JC, et al., 2011. Characterization
of dye-decolorizing peroxidases from Rhodococcus jostii
RHAL. Biochemistry, 50(23):5108-5119.
https://doi.org/10.1021/bi200427h

Rybezynska-Tkaczyk K, Swiecilo A, Szychowski KA, et al.,
2018. Comparative study of eco- and cytotoxicity during
biotransformation of anthraquinone dye Alizarin Blue
Black B in optimized cultures of microscopic fungi.
Ecotoxicol Environ Safe, 147:776-787.
https://doi.org/10.1016/j.ecoenv.2017.09.037

Sadykov MR, Thomas VC, Marshall DD, et al., 2013. Inacti-
vation of the Pta-AckA pathway causes cell death in
Staphylococcus aureus. J Bacteriol, 195(13):3035-3044.
https://doi.org/10.1128/jb.00042-13

Samanta M, Mukherjee M, Ghorai UK, et al., 2018. Ultra-
sound assisted catalytic degradation of textile dye under
the presence of reduced graphene oxide enveloped copper
phthalocyanine nanotube. Appl Surf Sci, 449:113-121.
https://doi.org/10.1016/j.apsusc.2018.01.118

Slosar¢ikové P, Novotny C, Malachova K, et al., 2017. Effect
of yeasts on biodegradation potential of immobilized
cultures of white rot fungi. Sci Total Environ, 589:146-
152.
https://doi.org/10.1016/j.scitotenv.2017.02.079

Solis M, Solis A, Inés Pérez H, et al., 2012. Microbial decol-
ouration of azo dyes: a review. Process Biochem, 47(12):
1723-1748.
https://doi.org/10.1016/j.procbio.2012.08.014

Tian JH, Pourcher AM, Peu P, 2016. Isolation of bacterial
strains able to metabolize lignin and lignin-related com-
pounds. Lett Appl Microbiol, 63(1):30-37.
https://doi.org/10.1111/lam.12581

Uchida T, Sasaki M, Tanaka Y, et al, 2015. A dye-
decolorizing peroxidase from Vibrio cholerae. Biochem-
istry, 54(43):6610-6621.
https://doi.org/10.1021/acs.biochem.5b00952

Velayutham K, Madhava AK, Pushparaj M, et al., 2018. Bio-
degradation of Remazol Brilliant Blue R using isolated
bacterial culture (Staphylococcus sp. K2204). Environ
Technol, 39(22):2900-2907.
https://doi.org/10.1080/09593330.2017.1369579

Walker GM, Weatherley LR, 2000. Biodegradation and bio-
sorption of acid anthraquinone dye. Environ Pollut,
108(2):219-223.
https://doi.org/10.1016/50269-7491(99)00187-6

Wang H, Su JQ, Zheng XW, et al., 2009. Bacterial decolori-
zation and degradation of the reactive dye Reactive Red
180 by Citrobacter sp. CK3. Int Biodeterior Biodegrad,
63(4):395-399.
https://doi.org/10.1016/j.ibiod.2008.11.006

Wang J, Zhou Y, Li PL, et al., 2015. Effects of redox mediators
on anaerobic degradation of phenol by Shewanella sp. XB.
Appl Biochem Biotechnol, 175(6):3162-3172.
https://doi.org/10.1007/s12010-015-1490-9

Wang YP, Zhu K, Zheng YM, et al., 2011. The effect of re-
cycling flux on the performance and microbial commu-
nity composition of a biofilm hydrolytic-aerobic recy-
cling process treating anthraquinone reactive dyes. Mol-
ecules, 16(12):9838-9849.
https://doi.org/10.3390/molecules 16129838

Wang YZ, Pan Y, Zhu T, et al., 2018. Enhanced performance
and microbial community analysis of bioelectrochemical
system integrated with bio-contact oxidation reactor for
treatment of wastewater containing azo dye. Sci Total
Environ, 634:616-627.
https://doi.org/10.1016/j.scitotenv.2018.03.346

Xie XH, Liu N, Yang B, et al., 2016. Comparison of microbial
community in hydrolysis acidification reactor depending
on different structure dyes by Illumina MiSeq sequencing.
Int Biodeterior Biodegrad, 111:14-21.
https://doi.org/10.1016/j.ibiod.2016.04.004

Xu MY, Guo J, Zeng GQ, et al., 2006. Decolorization of an-
thraquinone dye by Shewanella decolorationis S12. Appl
Microbiol Biotechnol, 71(2):246-251.
https://doi.org/10.1007/s00253-005-0144-1



540 Li et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2019 20(6):528-540

Yagub MT, Sen TK, Afroze S, et al., 2014. Dye and its
removal from aqueous solution by adsorption: a review.
Adv Colloid Interface Sci, 209:172-184.
https://doi.org/10.1016/j.cis.2014.04.002

Yang F, Xie XH, Liu N, et al., 2017. On the effects and bio-
toxicity variations as a result of dye biodegradation by
bacterial consortium FF. J Safet Environ, 17(2):654-659
(in Chinese).
https://doi.org/10.13637/1.issn.1009-6094.2017.02.049

Yu J, Wang XW, Yue PL, 2001. Optimal decolorization and
kinetic modeling of synthetic dyes by Pseudomonas
strains. Water Res, 35(15):3579-3586.
https://doi.org/10.1016/s0043-1354(01)00100-2

Zhang H, Zhang S, He F, et al., 2016. Characterization of a

manganese peroxidase from white-rot fungus Trametes sp.

48424 with strong ability of degrading different types of
dyes and polycyclic aromatic hydrocarbons. J Hazard
Mater, 320:265-277.
https://doi.org/10.1016/j.jhazmat.2016.07.065

Zhang SC, Lu XJ, 2018. Treatment of wastewater containing
Reactive Brilliant Blue KN-R using TiO,/BC composite

as heterogeneous photocatalyst and adsorbent. Chemo-
sphere, 206:777-783.
https://doi.org/10.1016/j.chemosphere.2018.05.073

HXBE

B B: WEEEERRIET R

W B ARG T AR B P R R 1T T 0k
FHLER, DN BURR GS et R /K 1) S B 2 4R A 2
WAKYE. BT RER AW, 1 R A b
TOER G K & Fhgekl . SRTPIE ML, 2B
Wk R T HIMRIRE S AR SCUARRR YR
SR IR R, SRRk O HROE Y R R
Rk RS AR AR B R 2 R s WD PRI 4 B R B
P& R R AR PN EE 5 R U R 2R AR5 B Al
FRRIE T 33 Ji AT 1) R, %t 4 ] o A T )
HIRIEFE 7 1

R BEReRl; UBEPRAR; BRARMLEE; SRR



