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Abstract: Plastic additives, which impart various functional properties to plastics, are
susceptible to environmental release upon plastic waste disposal. Although these addi-
tives are subject to environmental degradation, our understanding of the degradation
processes involved remains limited. This review summarizes recent studies on the pres-
ence, degradation, and ecotoxicity of four plastic additive groups (i.e., phthalates, bi-
sphenols, organic phosphate esters (OPE), and brominated flame retardants (BFR)) to
identify future research directions. More studies have reported environmental residues
of phthalates and bisphenols than of OPE and BFR. Biodegradation studies primarily
focused on identifying the optimal removal conditions by examining various influencing
factors, such as initial additive concentration, temperature, and pH. Also, most studies
have largely focused on biodegradation of a single additive compound by single microbial
species. While the toxic effects of parent compounds of different plastic additives have
been reported, studies on the changes in the toxicity of plastic additives after bio-
degradation were limited. Therefore, future studies on plastic additives should take
into account the diversity of additives and the co-occurrence of different additives
and microorganisms to enhance understanding of plastic additive biodegradation in
the environment.

Keywords: Bisphenols, Brominated flame retardants, Organic phosphate esters, Phtha-
lates, Plastic additives
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3 S °F 10,0000 719] 2stEdo] TtAAE AREE AL UTH3].
AAE Bepres 34 2T o] o] BH0z 44 $EE - Achal ofd A4 BY B BN £3)
E o] ~¥|(phthalic acid esters, PAEs) A|E &3] t]FE L& o] E(dibutyl phthalate, DBP), T
€| o| E(diethylhexyl phthalate, DEHP) 53} H|AH&ER 7F4A|Q] H]AHE A (bisphenol A, BPA), &Z HlaF 714A
I | =(nonylphenol, NP)I} Z-& #|&(octylphenol, OP) 50| JUT}[5]. °] ¥ ZEEo|ERF 7tAA= E8F3H]d (polyvinyl
chloride, PVC), Z&] 9|2 dl(polyethylene, PE), Z&| X 2 W (polypropylene, PP), &&]of & | L& o] E(polyethylene ter-
ephthalate, PET) 5 oj2] &E2tAE FRANA E&He= Ao HIEHH6-8].
71E QS & &F T ETAE 7iaA 249 A, B 3 =4 gl it Uigell 23e wEAL AT,
A AEEe E9AY 7HaA AR A F2 A Z8) 2ol osf o]Fofxitk. ARt 7kaA] £49] ¥ 5 w5l &
A= Ao ® A2 Ho|th webA o] B =2 Tt 7taA £ F AREEol At oE g2 T 0|ER THAaA
HAHER 714A|, BEE3} 3 A (brominated flame retardant, BFR) @ -f-7] Q1AF of AF(organophosphate esters, OPE) 7}4
A= T, o5 &4 5 BETH Zafoll Higt 7€ AFE S Figure 12 2t thd &4 150 &3 SkEd
Iy &7 oA ol 7haAl E49] ElE QT AeHEd d3F watet #d AFE A FEskdth
ol T &F T HAEHe EAE kAl 4R 249 HEE A dor A7 yobd W= Altstith
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Figure 1. Chemical structures of (a) orthophthalates (https://en.wikipedia.org/wiki/Phthalates#/media/File:Phthalates.svg), (b) bis-
phenol A (https://en.wikipedia.org/wiki/Bisphenol_A#/media/File:Bisphenol-A-Skeletal.svg), (c) decabromodiphenyl ether (https://
en.wikipedia.org/wiki/Decabromodiphenyl_ether#/media/File:Decabromodiphenyl_ether.svg), and (d) bisphenol A diphenyl pho-
sphate (https://en.wikipedia.org/wiki/Organophosphate#/media/File:Bisphenol_A_diphenyl_phosphate.svg).
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OER0|ER 7t2H|

L O|ER 7taAle EtiE AE] ol AREE 7K § shold, ETtage /A4S
4 =717, P, O & TRt AlEell AREE AL Slo, EtAE AlE AR Hi7le ZEEolE

Eol7] A8l ZFA, At
EF =40 ot 44

2AE oI % rH10,11). ZEo|ER BAL 7], 2, 64 29, B, HHE 5 vt 4 dAoA dEHan
[12-15]. BetAE AxA]2 A}—wh = EﬂOIE% 27 % 714 QitH oz BAo)A AEE= 2218 DBPeL DEHPOITHIG,
1l £ o el A U B3 Al 2RAoIER ) dasle) ek ki o) 99 B ARe
AeHoz o o] Fam BAV m 4 AAER B2k A & 4 ATk o2 Sol, T gk 8o s0xo)A At

A|&of|A DBP, DEHP, UH|g IZ&tg|o] E(dimethyl phthalate; DMP), 1‘401139-.“13__] H| | L eH| o] E (diethylhexyl terephthalate;
DEHT) —E—o] AEEHATH18]. FF FH A FGoJAE= 7] A|FOA 0.1 ng/m’~28.025 pg/m’, EF A|Z0|A] 328 pg/kg~18.10
mg/kg, = & A|RolA] 0.014~85.99 pg/Le] DEHP7} HEE UTH19]. T3} v]=-4]&0]eF=(U.S. Food and Drug Administra-
tion, FDA)Oﬂ/\'] A|Aol= A4 Y| DEHP &8 52 6.0 pg/Lou, 20179 FE 2019E Ato] A A|AX 02 A<=of 4] DEHP7}

AEEHAULH, o] F Hi= B AR 7H w2 (640 pg/L)Ol SH7|% SFATH20]. TRt E9AE AEFS AMESt=

RGOV MER 515:0] Gel oA DBPS} DEHPZ} S5, ol gl Fol ol &EAS
A EYOl H|E o8 AT AS EYE ZEY0|ER %@_E‘é LHdE & A= uIett21). §5], DBP} 11 A

s AES 24 AE ARAA S0IE o] AEHUL, o] 2] ZFo|EF Bl HHFL oJuerH22.23).
olgA B A TPOlEF BUL 4 YBE ohfeh T ASL B3 AH] FHol e ZAI 4

W owrg ol fushs Ao LeA Jrh24l.

HIAH=RF 7haH|
HlAHER 7t e ZEHO|ERS} v R ESAE Y A4S S7HII7] As ARSEE 7HaAl F ShelHH2s).

3HgollA 7H &3] AEE= BPAE WEH] 13 AHEY 5 FolIs IS YERE 5= QltH26]. o]o]l BPAE A 5= A=
FAAIEC] WHEo1 %A, 1 9|2 H|AH s AF (bisphenol AF, BPAF), H|AH|= F (bisphenol F, BPF), H|AH& S (bisphenol S,
BPS) 50| Ut} o] H|AHE FAMAIES ol FA] 42X (epoxy resin) D E2|7HE |0 E(polycarbonate, PC) A| X0 AFEE = &2

ojt}26]. HIAHEF 7tadls EY A, t7] B0lA BF HEEE A0E YeWtH27]. S, Ak, &, T=r9] A7
A 4 El 11, °] & BPF, BPS, BPAF7} o] AZE|ItH26]. S=ollA RARRE 3071 EF Al&0A] 1459] H|AHER 7FA7}
AEEUL, 11 F BPA= 2270 AlROA FEE 0] 7P} 9] HEEE EE0IUTH28]. VRV E 7] S04 A7 28971
9] tj7] AlEolA BPF, BPA ¥ BPS7} HEH AR = 42 F AR 9 80.3%, 98.3%, 87.2%3TH29].

BES}

AR

= ﬂ AAI(BFR)= HAS Fofstz] As AA717], A 97 Sl FHAsH d7Hel= 7FaAlolHH30]. BFRS AE
EtAg o g AZHE AlFoE —‘—?‘H"L T U= %37t ‘21—T’—> SToIA= oldold STAE EAlSke Aol &Rl =
A3, E, of 2] FHEEAAE nglg 270] BFRO] AEHATH30], FFNA AAT 534 EF Az sarfol = =
H 2 I H] X 0| o] E (tetrabromobenzoate, TBB), SIAFE. EE‘ﬂZ@(hexabromobenzene HBB), g|7}E.2 2t of|gk(decabromo-
diphenyl ethane, DBDPE)O| A&, ZF E49] H3k-2 0.14 ng/kg, 12.62 ng/kg, 177.21 ng/kgC 2 UEFHTH32]. o]t
B deA AAlo] A7 ol T o, A4 Fohot 2L FFL /1L & o, oY B i ¥R 5 B A7
223t HoloH3]

I

R71 ALt | AE] THaH|

71 14t o] AE(OPE)= thet AlEollA ddA d 7taAl= g AR itk OPE= ETAE 9 HRHEA H7HA=
AREE7] Hi2el @528 JEE 5 e 7ol At34]. OPE § E&|od U4t (triethyl phosphate, TEP), Ato} E&|ud
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E/\Tﬂ(triphenylphosphine oxide, TPPO)> PE®} PPOJA] 82 =|7| % st TH7]. HIEY dticol9] 34 U 7 A& 377]0]4 EX]
(EEE0Y) A4 (tris(2-chloroethyl) phosphate; TCEP], EZ|A(1,3-HEE2-2-22 1) Q14 [tri(1,3-dichloro-2-propyl)pho-
sphate; TDCPP] G- 87} OPEZ} H&E|TH35]. OPEE A1354, oF 2=, o2, W] Ao 5 QoA faigt 4=
HEE 974 % A8 5 e A7/ o Wasiehe).

DEO|ER Jtan|e] H=etH Edff 7|=F 5 S elx}

AtA o g mego]ER 49 AEdl= T o|E o AHZtoA|(phthalate esterase)ol] 2J3f] ol A8 Ao Eofj=HA
A1ZHE T, BoibERE T o]E R o AH|Z (phthalate monoesters, PME)®} ZEAH(phthalic acid, PA) 5°] AJ/JEt}(37]. o]
3714 ZAA PAE ZF EFHE|FAHprotocatechuic acid; PCA)[37,38], 3,4-T] 5| EFA| HllZ0]|0] E(3,4-dihydroxybenzoate)
717_‘:] AAl 1E]7F 2 &, EFFFEE Al A (tricarboxylic acid, TCA) 3] 20]| Eoi7tt}17]. @74 A4 PAE ZE2YU-Z

2~ A (phthaloyl-CoA), HIZU-Z &4 A (benzoyl-CoA), AtO|Z&AL-1,5-T}0]Al-1-7F2EA-Z G4 A (cyclo-hexa-1,5-diene-1-
carboxyl—CoA)a A A 127t 99 3 ol D-REA A (acetyl-CoA)Q} o]AtElekA T eto] YA HETH38,39]. A& &
DBPE BAISIE §5) DEP7F 571} o 2cefolAle] oJs) H4-Eallo] Bi2e Zeeo]E (monobutyl phthalate, MBP)Z
Eaj|=ct. DEP gA] U3t A4S E3) Elﬂﬂ% IE 0] E(monoethyl phthalate, MEP)Z E3j€ 4= 313, MBP?} MEP H5&
7R aso] o8 PAR ESjHh 1 F PAL ©71EAS R o] PCAR E|E H40]. DEHPE B-AtSHS 53 DEPE AA
DMPE Eo=|AL}37,41], 7}=E3lE &oh Eioﬂ% SllA I=hy|o] E(monoethylhexyl phthalate, MEHP)Z 35| EITH37,41].
MEHP®} DMP= 785 E Bl PAR E9|E1, PA= E71EASIE 55 PCAZ EoflEt}(37,41]. T3}, DEHPE= 7HESiE
ol 2-o2 S A=(2-ethylhexanol, 2-EH)Z H3HE = §low, 2-EHE Aty S 53 2-0 € S AFAH(2-ethylhexanoic acid,
2-EHA)C & H%Hd 4 Qlrh(42].

AESHA Hel= 34 5 i8] 2@HE2 (endocrine disrupting chemicals, EDCs)2 A|A5H= Q. 7|20 2%, pH, U]A)
2 84w, 714 A8Ee molER BU9 72 W 7] B 5 o2l 2900 o JFS werua] B4 F we

o|ER 49 BETH o= 4 QW oF g v]go] i?ﬂ weto] Mol AR AL 7FXth= ZHo] QluH44,45].
Table 12 TAo|ER B0) Y Rojoh BAH /|E ATS HolZT) YT BY FF EL ol vgRY ALY

o183 Bl A7} olTojFoL), R AA| 87 Oﬂ A ZEHE DBPL DEHP SEHTF %o S5 42 w7
EE B ARl 2o AL AW, B SUolA DA 30-702 B Holstele ul s0-100%0] AP LL
HSTable 1). B3, EFOIAL] 2ot o] 0] 4E wjAoIAe Bajuct o 7]7t0] AAEE AL HATHTable 1),
A& E°], 50 mg/L DEHPE % 7] ¥ ¥ A|(mineral salt medlum)ﬂ] A& 3417 oo 100% E3|E 2} O L}, 50 mg/kg
DEHPE Q¥ EJoA= 1~2 %}—8—_ A FAE AA 58 T oF >80%7F E3|E L, o]F 5~30Y Alo]= & E3f
e 5o 2] oo B, ElA AHOE LY Bl medol=s BAo] PAZ HolEn S0
EXY pHE HAAA ZHFYCIER %;5:_1 EIE Woflsly] oz IR YT 5= QlrH46]. nABES o]&3t AETH
29 ooz A& 29 UHS EY W DEHPE Z3gt AT Atgl: Qlh47].

T ERF 29 Ao Eolle @44 820 2%, pH, 27|55k, "E F7F 5) % 3 8Rl@: 2755,

E49] 1z 5) 5 theFsl 9910 93-S wh=tl(Table 1). & 0], Bacillus sp. MY156 #F& 0|83+ DBP 23] &8
25°CY Wi ETH63.6%) 40°CH W(98.8%) =ATH40]. WBE hAF BHAolA] pH 272 A5Hetd A9, nlE JF 2 &
B AFLS WAL 29 AAR[1], Lk o]ER B BHELS L pH 6.0~80 HEINA %9k, o Hck pHF A
U =852 Hajgo] ZAasts A3 HATHTable 1). E3L 25°CY w, DBP7F HE0 8 EASF wj(63.6%) K.t} DEPS} &3
1(96.6%) DBP £-5}&0] Z7}5191rH40]. o] thEEO] 7|2 77} Tl mAEL o] 85 o]=o| AT QAT AR FA AL
ot e F=4o] EAsH| izl vAES o83t A= 5o Al &80l o] 7HA= ul7t A £t ofyzh T
T35 o] &% e} &3 #4FE oS} o &0l & 5 UH49]. A& E°1, Glutamicibacter sp. ZJUTW T HF+=
DBPE 100% H351= 9| 24A|7ko] AF O, Glutamicibacter sp. ZJUTWS} Cupriavidus sp. LH12] &3 3= 20417 oJUjo
DBPE 100% &35t tH49]. Gordonia sp. GZ-YC7 TY 2] 749, 48A|7F & DEHP &E3|&0] 84.2%% O, Gordonia sp.

:{o L
Ao o2 -
ot

L—ln%

7151_
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GZ-YC73} Cupriavidus sp. LH19] &% 3= 24A17F & 87.3%9] Eol&S HFIL, 48A17F & 100% &S HHTH49].

271520 49 Ao g kvt S7edol whet E5feo] Adthe B2 Elth(Table 1). 9IE S0°1, DBPO] 27] 5%
7F 5 mg/LY W= 59U & #5fE0] 98.9%AAIT, 100 mg/LY W= Z5[E0] 88.3%% HA5HATHS0]. MF7HA =, DBP S&=7t
50 mg/LolA] 1000 mg/LE Z7}3F w] DBP E8180] 29.9%0] A 252%% ZAsh= AT BATHs51]. ohl, gAER9 27155
7t g2 s B £x7F g A7 H a&F o= o|Fojd & ln(51]. AlE S°1, DBPY 27| 5X7} 50 mg/LofA] 1000
mg/LE Z718 | 27] 3A]7F 59| Bl &= 4.98 mg/L/hrof|A] 84.07 mg/L/hr2 F7F5l] = o Baj7t o a&%0
2 doldg SASHHT51]. EL o Aol 25~37°Co 2 YA = 29 JFET DEHPO| 27| F=7F &3
220 vAl= 9Fol © Arkal Harg Bf QUeH4s5]. ZEEo|ER S8 ZARE o7t AeE iAo m E3f7t offtH17].

Table 1. Previous studies on the microbial degradation of phthalate esters (PAEs)

. Detected
Microbial species Medium Ce]?]réc;:\:;?cz? Other conditions Degradation efficiency intermediate Reference
metabolites
10 mg/L DBP 1-20% inoculum >90% after 5d
97.8% (highest) at 5 g/L
Acinetobacter Mineral salt 10 mg/L DBP 5-100 g/L NacCl NaCl, 50% (lowest) at
baumannii DP-2 medium 100 g/L NaCl DMP, MBP, PA  [50]
5-200 mg/L o . 98.9% (at 5 mg/L) to 88.3%
DBP 17.4% inoculum; 5 g/L NaCl (at 100 mg/L) after 120 h
1000 mg/LDBP 4% inoculum; pH 8.0; 30°C >89.5%in 18 h
Arthrobacter sp. Basic inorganic Not provided [51]
ZuUtw salt medium 50'1?30;,”"9/ L 4% inoculum 25.2-382%in3h
pH 7-10 99.9% (highest) at pH 7
5 63.6% at 25°C,
50-500 mg/L 25-40°C 98.8% at 40°C
DBP increasing with increase
inoculum ODggp 0.2-1.0 from 0.2 to 0.6, no further
increase from 0.6 to 1.0
Bacillus sp. MY156 Brucella selective 947%in'5 d at 500 M/ DEP, MBP, PA, [40]
) medium . >24.7%Ino>da mg/L, PCA
>0-500 mg/L. DBP 100% in 60 h at 300 mg/L
inhibited at acidic pH (4-7)
300 mg/L DBP pH 4-10 and stimulated at alkaline
mixed with 100 pH (8-10)
mg/L DEP . 96.6% at 25°C,
25-40°C 93.2% at 40°C
>97%in 5 d, 99.2% (highest)
100 mg/L pH3-10 atoH8
dified basal DERP ° high p° fter3d
Bacillus sp. MY156 Moltl ie i asa temperature 25-40°C ighest at 30°C after 3 MEHP, PA, PCA [41]
salt medium >95%at 50-500 mg/L after5d,
50-600 mg/L DEHP <65% at 600 mg/L after 5d,
99.2% (highest) at 300 mg/L
Soil (nutrient soil : L .
Bacillus sp. DRL1 vermiculite 300 mg/kg Rice inoculated with DRL1 83.9%in30d MEHP, PA,PCA  [47]
—1:1vA) DEHP grown in the soil; 25°C
Bacillus megaterium Mineral salt 0-1.5 g/L acetate; 1.0-5.0% o
YJB3 medium 200mg/LDBP ) ilum; 20-40°C; pH 5.0-8.0 >82.5%in 5 d MBP, PA [52]
. 99.07% (highest) at pH 7.3
150 géﬂg‘g/ L pH 6-8; 25-37°C and 31.4°C and 420 mg/L
Comamonadaceae + . DEHP
; Mineral salt MEHP, PA,
Alcaligenaceae + medium >90% in 2 d at 100-1500 >-EH (45]
Pseudomonadaceae 100-3000 mg/L Not mentioned mg/L DEHP
DEHP >50% in 2 d at 3000 mg/L
DEHP
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Concentration Dizitzatzd
Microbial species Medium - Other conditions Degradation efficiency intermediate Reference
and chemical metabolites

Glutamicibacter sp.

ZJUTW + Mineral inorganic

500 mg/L DBP 30°C 100% after 20 h

Cupriavidus sp. LH1 salt medium
Gordonia sp. GZ-YC7 . 500 mg/kg PO o
+ Cupriavidus sp. LH1 Soil DBP 30°C; soil pH 5.98 100% after 6 d
Glutamicibacter sp. . . . .
ZJUTW + Mineral inorganic 1000 mg/L 30°C 100% after 48 h Not provided [49]
o salt medium DEHP
Cupriavidus sp. LH1
Gordonia sp. GZ-YC7 . I o i
+ Cupriavidus sp. LH1 Soil 500 mg/kg DBP 30°C; soil pH 5.98 70.8%in 14 d
Glutamicibactersp.  Mineralsalt g ) pgp Not mentioned 100%in 24 h
ZJUTW medium 9 °
) o MEHP, PA,
Mmere_]l salt 50 mg/L DEHP pH: 6.0, 70, temperature: 30°C; 100%in 3 d PCA, 2-EH.
medium salinity: 2-6% (w/v)
Gordonia terrae 2-EHA
[42]
RL-JCO2 red soil pH: 5.5-5.9; temperature: 30°C; MEHP, PA,
(contaminated 50 mg/kg DEHP relative humidity: 60%; presence 91.8%in30d PCA, 2-EH,
with DEHP) or absence: sterilization, RL-JC02 2-EHA
Gordonia sp. Shé + Mineral salt 500 mg/L DBP . >99%in3d MBP, PA
- 1% inoculum [53]
Pseudomonas sp.ShA  medium 500 mg/L DEHP 97.7%in 3 d MEHP, PA
preparation immobilized 20 mg/kg DBP: 93.34% after
Pseudomonas sp. Soil, mineral salt bacteria n-HAP/SA+DNB-S1 70 days
DNB-S1 medium 20 mg/kg DBP incubated at 25°C water 500 mg/L DBP: 69.9% after MBP, PA [46]
content 60% add DBP 70 days

Note: dibutyl phthalate (DBP), diethylhexyl phthalate (DEHP), dimethyl phthalate (DMP), monobutyl phthalate (MBP), phthalic acid (PA), diethyl phtha-
late (DEP), monoethylhexyl phthalate (MEHP), protocatechuic acid (PCA), 2-ethylhexanol (2-EH), 2-ethylhexanoic acid (2-EHA), nano-hydroxyapatite (n-
HAP), sodium alginate (SA).

HIAH=F 7tax o] MEetH 26 7| % 5 S lx}

Untx o2 BPAS AESHE Eol= A8 hydroxylation) Y02 A|ZET o]F A4S} 1M (oxidation), A7e] Atk
(cleavage), 7F5=5E-8l(hydrolysis), B4 T4 (dehydration) 502 QI35 Eaf AHEo] HAHL}E A& 5o, £A QA &gt
Proteus mirabilisi= TtFTr FEE BPAS £o1T 4+ UL, e &3l A= AR AR B0 lth54]. o] gt -Ake) B o
& A" &5l A=l 2-(3.4-H 5| EEA|HE)-2-(4-5Fo| EFA] ¥ ) L &2 3] 24H[2-(3,4-dihydroxyphenyl)-2-(4-hydroxyphe-
nyl)propanoic acid]2} 4-(2-(4-5lO|EEA|H ) T 2 0-2- )Wl A-1,2-T]-2[4-(2-(4-hydroxyphenyl)propan-2-yl)benzene-1,2-diol] ©]
QST o] F HE W 48] HHS AH HEEAHaceto pyruvate), H(phenol) 52| B8 A2 AHFATHs4]. Rhodo-
coccus equi DSSKP-R-0019] SI3F BPA 28] 79 ©A] A1t 302 AAFsto] 2,0 8144 So] ERAT ) 1 ZEBE{22-
bis(4-hydroxyphenyl)-1-propanol]#t 1,2-H| A (4-5F0] EZ A ¥ 'd)-2- L 2 ¥h&(1,2-bis(4-hydroxyphenyl)-2-propanol]& AJ/d5}l,
s}t AT At AL AA 4-5Fo] EE AWl 24K 4-hydoxybenzoic acid; HBA), 4-5}0] & A]o}A| E H| = (4-hydroxyacetophe-
none; HAP), 4-5}0| EZA|Hl 2 A H| 510 = (4-hydroxybenzaldehyde) S A3 5FRTH53]. +380]Q1 Trametes hirsuta La-72] F3- =
SAbs} 48 1A BPATZE 1,2-8]A(4-310] EE2A]Hd)-2- T 232 (1,2-bis(4-hydroxyphenyl)-2-propanol | & A3t 1, €4 I}
3} As} 198 AA HAPH 4-510] EZ A Hl 2 U] 510] = (4-hydroxybenzaldehyde) S A3AJ5TH56]. o8] £3) AEE %
HAPY} 4-hydroxybenzaldehydei= o2 AoA AFH EofAHECITH55-59].

71& dAfollAs E §, 2%, pH, 7 Bk, 8ol A7t 5 vlAHER 7HAAY BETE BEoflo] 93 F= ohdet
Qlz}o] thst ATE B uskil 911, ©]E Table 20 A2|5tATtH57,60,61]. TEH 0| ER BT} upd7iA| 2 7|2 BPAS] AETHA
29 A= F= vE viAOIA o]RolH L, 2 96AIZE 3l A2 S 11~100%2] 23E2 SRASFATHTable 2). HIF-E

o] BlaFER 7taAY] et Bfle 7taAld] w7t woHdaE 3 &80l BojAe AoE SRIHAH(SS]. &
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=0°], BPAZ} 5 mg/LY W 51.2%FH E5E0] 40 mg/LY W= 28.2%= FASIH L, 50 mg/LY &= 19.5%= ZASHATH55].
TEQL e AFolA= 10 mg/L BPAZF 15A7F 3 A Q] tf E3E 1O, 1000 mg/Lo] 735 72A7F T2 7% F =9 Edf&s
Hoj 5=t 57190l whet &of&o] aehE HolFQlh57]. BPA #afi&2 pHOll wabA = gehd 4= QUL pH #3lof wE
AFET= 4 BEo&S 7HA = pH 24 7= A2 2 YeuTH60,61]. A& S0, 3350l & 72! Funalia trogii=
pH 4.5, 55 % 65904 Z}Z} 87%, 99.3% X 75%2] BPA (7] % 50 mg/L) Eal&S YeFHTH62]. T2 Aol A Pseudomonas
sp. BG12= pH 79)14] 35%33% B38| pH 8904 60%E Z7} 1, pH 8ol 7FE =& B8-S 7FEthsl]. 1 2lo|= BPAS)

oS HAE Fol ¥ L71E ArH54,58]. SBA|0A

o i EE3t u]AE P. aeruginosa, Proteus mirabilis, P. stutzeri Y P.
aeruginosa®] 72A17F & BPA Eo&2 27 80.6%, 89.2%, 85.3% L 86.2%F u|AE Fof mat EolE&o] Esiti(54].

Table 2. Previous studies on the microbial degradation of bisphenol A

Experimental Degradation Detected intermediate

Microbial species Medium Concentration conditions efficiency metabolites Reference
Rhodococcus equi DSSKP-R-001 MSM 5,40, 50 mg/L - 51.2,28.2,19.52% - [55]
pH7.2 20+3%in 15d
Acinetobacter sp. KIMN BSM 100 mg/L -
pH 3-8 4-21% 1]
pH7.2 36+2%in 15d
Pseudomonas sp. BG12 BSM 100 mg/L -
pH 3-8 4-60%
Lactococcus lactis; - 39.1%in 96 h;
Bacillus subtilis; - 41.6%in 96 h;
: . . o
Lactobacillus plantarum; BSM 50 ug/L 44.2%in 96 h HQ, HBA, HAP, PP 58]
Enterococcus faecalis; - 453%in 96 h
Saccharomyces cerevisiae o
JD47-13C 5288C - >1:9%in 96 h
Pseudomonas aeruginosa; - 80.6%in 72 h;
Pseudomonas stutzeri; - 853%in72h; 3,5-dihydroxyhex-
. LB 20 mg/L . 2-enedioic acid, [54]
Pseudomonas aeruginosa; - 86.2%in 72 h; Aceto pyruvate
Proteus mirabilis - 89.2%in 72 h;
o
Funalia trogii SSF 50mg/ll  pH45,5565 °02375%In - 162
30 min
pH 5-8.5; 15-100%
Sphingobium sp. YC-JY1 TEM 100 mg/L - [60]
15-35°C 22.4-97.1%
Pseudomonas putida strain YC-AE1 LB 10-1000 mg/L - 7-100%in 72 h HAP [57]
Bacillus subtilis P74 TSB 10 mg/L - 92.7%in 48 h HAP, HQ, Catechol [59]
Bacillus subtilis EU334108.1 - 94.8%in72h
Citrobacter freundii KP844456.1 MSM 100 ug/L - 91.1%in72h [63]
Citrobacter sp. KF733674.1 - 88.9%in72h
Trametes hirsuta La-7 LCM 0.5 mmol/L - 97%in4d [56]
. - Nitrogen-limited
CA—|mmob'|I|zed Phanerochaeete synthetic growth 20 mg/L - 100%in 72 h [64]
chrysosporium 40299 medium

Note: mineral basal medium (MSM), basal salt medium (BSM), Luria-Bertani medium (LB), solid state fermentation (SSF), Trace element medium (TEM),
tryptic soy broth medium (TSB), liquid culture medium (LCM), hydroquinone (HQ), 4-hydoxybenzoic acid (HBA), 4-hydroxyacetophenone (HAP), 4-iso-
propylphenol (PP)

71 elih of| AE{2] M=sHH 23l 712 5l gk Qlxt

ro,

971 QU4 o A8 F E|HY QA (triphenyl phosphate; TPHP)S &35 2315 74 tud 914k (diphenyl phos-
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phate; DPHP), 2 :-5d Q1A (monophenyl phosphate; PHP)E AJAJ5t1L, o] & 42 tiE 4] TPHPY 7I-&E5| FAHEZE
{4 Ickes]. DPHPS} PHPE Q1413 WAl T12) Afole] oAE] Aol WA FEcHse). ollols Wiestol =% U5t
TPHP (monohydroxylated TPHP; OH-TPHP), t]5}0]=&-413} TPHP (dihydroxylated TPHP; 20H-TPHP) 52| oj&] £3f] Az
o) 43 % 931, OF-TPHPL: TPHPE] A5} TH§ 0.2 919} o). ol o] 71914t o8] 71aAe] o) Aol
Ao, StolS2 U3l BustolS B Ul A% 3 Sof oje] 3ol EFHHe7]. §7] A4 FHAAY ABIE 2o
e 7| QT Table 3] HeSict ofe] B9 DBEE FUE ALAS 0182 TPHP Rolo]H 5] AR O TPHP
€} 20H-TPHP7} /4= QL1L, ol= e 7] % 0] &4 (methyltransferase)ol| 213t HE 3} 7442 53l o] XItH66]. TPHPS] Z3f]

L OH-TPHPS} 20H-TPHP7} ZEX 08 AAEQIcHe6,67].

TPHPS] A9 TR AN S 71E AFE0] BT BASE 223%004 100%] 9IS B We5.66, 7]
QIAF o AE O] &3l Ef|A -S2E2XZ2H) X AHO|E|tris (2-chloropropyl) phosphate; TCPP]9] 9= 11 H E&0]
38.5%:, TPHPo] B8] AESHE Rolsl @ olfA X g AS AL 4 Arkes). TR ERS} 8| AHET A 1))
ob e AT} ol FolM A AT, FHAA FE, £, pHE 2L AT 7] QAL o AE THaAle] ABSE ool

13| FS FRI5HTH(Table 3). F7] QUi A AHE TRE 7EAAET HISSHA 7HaA] =7t S71da5 &5 a&°] 2o
A= 43S HAYtH65-67]. dlS S0, Aspergillus sydowii FJH-12 ©]-&3t TPHP 23[9 72, TPHP %7} 20 mg/LY wj
2L >90%H 2, 50 mg/LoAE 76.1%, 100 mg/Lo|A= 56.2%2 2380] 7HAtATH65]. EFolA Balst ALAY
GYYY] 4% TPHP 557} 1.5~3 pmol/LY W E5&-2 100%FR 2L} 15, 30, 60 umol/LY W= 242} 54.5, 34.8, 22.3%= Ao}
HEF66]. 171 AAE 7HeAl= pH 6~7 HANA 7MY #2 Bl EATH(Table 3). A GYYS] 79 pH 6~7 HANA

7H =2 80%2] TPHP ES|E K oJFR1I1[66], Pycnoporus sanguineus©] 2]+ TPHPS] E35|%= pH 9 (23.5%)E T} pH 6 (62.8%)

oA =Qtth67]. Aspergillus sydowii FJH-10] 2J3t TPHPL] E3j= pH 4~9 oA 90% oJAte] B8-S HoFATH65].

o

rir

=

Table 3. Previous studies on the microbial degradation of organophosphate esters (OPEs) and brominated flame retardant (BFRs)

Plasticizer Experimental Degradation Dz
Microbial species Medium Concentration - . intermediate  Reference
type conditions efficiency -
metabolites
. - 95%in4h
Consortium GYY
(Pseudarthrobacter 79.6%, 3 pmol/L pH6-7 80% DPHP, PHP,
TPHP  Sphingopyxis 9.1%, MSM 30°C 92.2% OH-TPHP, [66]
Pseudomonas 1.1% and 20H-TPHP
others) 1.5,3,15,30,60 ) 100, 100, 54.5, 34.8,
pmol/L 223%
30°C, 40°C 94.72,68.3%
OPEs 5mg/L
TPHP  Aspergillus sydowii FJH-1 MSM pH 4-9 >90% DPHP, PHP [65]
20, 50, 100 mg/L - >90%, 76.1, 56.2%
5 mg/L pH6,9 62.8,23.5% OH-TPHP,
TPHP  Pycnoporus sanguineus LCM 20H-TPHP, [67]
1,5,10 mg/L - 48,65,55% methylated TPHP
TCPP  Providencia rettgeri MSM 1 mg/L - 38.5% [68]
Liquid 47.7,46.9,43.2,38.2,
DBDPE Pleurotus ostreatus medium 5,10, 20, 25, 50 mg/L - 228%in 120 h [69]
2mg/L pH7 46.4%
BFR TBBPA Pseudomonas aeruginosa MSM 2mg/L pH4,5,9 <10% [70]
s
1,2,5-20 mg/L 35.6,47.5,20%
TBBPA Irpex lacteus F17 MSM 20 mg/L pH4,5 74.2,75.3% [72]
Rhodopseudomonas Modified van o PBCDOHs,
HBCD palustris YSC3 Niel medium 1,2,5mg/L 81.5,48.7,23.9% PBCDEs (71]

Note: triphenyl phosphate (TPHP), tri(2-chloropropyl) phosphate (TCPP), decabromodiphenyl ethane (DBDPE), tetrabromobisphenol A (TBBPA), hex-
abromocyclododecane (HBCD), diphenyl phosphate (DPHP), monophenyl phosphate (PHP), monohydroxylated TPHP (OH-TPHP), dihydroxylated TPHP
(20H-TPHP), pentabromocyclododecanols (PBCDOHs), pentabromocyclododecenes (PBCDEs)
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BE3} LHAR|o| WESHY 2ol 715 X 2 QUX}

gutx o g HES YA 9 Eol= BEESH o7 AZHTH69]. HESFHZZH| AT A (tetrabromobisphenol A;
TBBPA)Y] EaejitEo= A EHE3S) H|AH & A (tribrominated bisphenol A; Tri- BBPA) BLrtHE3} v AH+E A (monodibro-
minated bisphenol A; mono-BBPA), BPAZ} QItH70]. 7|4 SEAl AFGH BIAHER 7H4A o &5H= BPA7} &) AME=E e
{ A2 S 5 212, ol BHES Mol Sl A2 4 A0], T 18 WAL DDPES] $ HEE T
AR, 4150 44, A5 B4R Sol Busgly, ot DBDPES] Ba) Fze] BHEs 34, 415 34 @ 419 3ol
ESHE S oJu]slt}69]. SALE Z ALO|EZE T H|7H hexabromocyclododecane; HBCD) 2] Eajlof| A= HIELE 2 RALO|E 2 EH|7=
(pentabromocyclododecanols; PBCDOH)3} HlE}H 2 Wt Alo] 22 H| Al (pentabromocyclododecenes; PBCDE)©] A§AJ =11, PBCDOH
b WA 4 T b Bslslel PRCDEZ Y ECHL]

DR UAAE MR TR ST HEs B B, pH, 2% Sof thet 420t Bot GRS B 4
9t} 71E APoIAL KA 27] SE pHY} Bafe] mHE ogfz]:— Q731 GTHTable 3). 712 @014 HES YA
27| 57t Z715k) wek Bago] 74Ase Bt dE , H7tEE X HHd ofeH(decabromodiphenyl ethane;
DBDPE)9] 5%Z7} 5 mg/Loﬂﬂi 50 mg/L= Z71e o] B8] 47.7% ]/\1 22.8%7HA] Zr4asFTH6e9]. TS 7FAAQd TBBPAL
SE7 1, 2 mg/LoAE 242 356, 47.5%2] EolES HF O, o 2 53X 5~20 mg/L WA= E5E0] 20%= 7]'/\6]'
ATH70]. T2 7F4AA|Ql HBCDO %, 1 mg/LY o E5&0] 81.5%H 21}, 5 mg/LY W+ 23.9%= A TH72]. BEE35}H
dAAS] Bl pH 240 %E JFS E=TH(Table 3). 59|, &) v]gEof wet 22 pH A% E5&°] & 5 A
(Table 3). ol & S°], TBBPA+= pH 7014 46.4%2] E3i&Z H 2, pH 4, 5, 9°A= 10% RTECE E=|qleH70]. T
Ao A Irpex lacteus F170] 2|3+ TBBPA Hall= pH 404 74.2%2] E5&E, pH 594 75.3%2] Ea&S Ho] A9 pH
ZANA |9 B8-S HAN, 22 pH ZANA P. aeruginosa® th= E'—;—f_)_ B8-S 7HHTH72].

SotAE| JfAN SRo| HEl 54 S

IOEM0|ER 7tAN[C| 54 HEF

TRt AEoA 9 0| ER 7HAaAY] 54 FF AF7F HiE B vk A BT A(Danio rerio) BioFE 250 pg/Lo
DEHP2} DBP9]| 9647} i%‘fﬂ ZA3} DBPZO|A] 16.4%, DEHP oA 8.9%2] /AA|7} F+-E2H A H=ZS 7FHtH73]. E3H DEHP
9] B3| AFEQl 2-EHE A FEAS Gush=d, A=t A] vfotof] =EA7] 73S obAe=Zd of AH|2tolA| (acetylcholine ester-
ase, AChE)2] &4 3717} T = Qlon, naRtERtt £/do| o U tH74]. S (Daphnia magna)& TEHYO|ERF E4 0
1447 &35 A3}, AA Zo|7b 435993 DEP (10 uM), DEHP (1 yuM) @ DBP (1~10 pM)E= E8E o] 22l
F¥= 7HATH73]. DBP (0, 50, 250, 500 mg/kg/day)E U4l S B leEAA Hot HE =42 B7ISE 23 3 A9
AAYSFE O A AAL A7} BAJ e o] A& AJo] of7]E|ieh74]. ESE YAl 591 AF o] DBP (0.5, 5, 75 mg/kg/day)S ==
AlA ot A 569 F &3t A Ao RAghE AFsto] 22 BASE Ay}, A Ao o7 EAEsHATH77]. DEHP
(200 mg/kg)7} H7HE At= 2t E AE (polystyrene, PS, 100 mg/L)°] H7FH & &H|oto] 47} IF(hZ L, PS 15, DEHP
7%, PS-DEHP 18)03 Ui 945 AF o] tist B4 kS ZA}sH A, PS9 DEHP B5% W49} I ubA| . 2l DNAOJA]
Aet AEFAE fESto] &S ozl 29t 59 AR 9 =ERET B B2 &2 doF 78]

HIATIER THARIS] 54 B

HAER Fhad) B0 e AESA Bk B HOR, BPAYL b Hol ATEIglrHr-s2). A AT
A1) BPS, BPB 59| 54 gl B s Busy gris2). vAdER a4 Y B4S Selsi
See WAL, 34 B4 49 AYES WRITHs4ss). 54 Bl AHSIHE AR L e S BB, 7}

ol BE F2 ABZN(D. rerio)= B|AMHEF 7RAA| R oy} o2 Ed o] 4 Bt ARgEe BE Folttsel.

¥ o
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A2 4] j BPAS] HA] A lethal dose 505 LCx} 6.22 mg/LATHSS. 0] 2|0 of 3Ll 15| T2] (Xenopus lacvis)
£ olfef BPASH T 14|21 BPBY| S UIWHISS 1, BPAL 35 MY, BPBE 15 uMolA] HIAHo] 1009%83, o]
BPB/} BPATE O] 2 S48 /1S ulaeHs2]. debs BpAS oSk % SAHEEC] Bid %4 @7 o dasi

R/7| It ollAE] S HES} LHANQ| S J

71 it AAE O] =4 B7F A= TCPP, TPHPE ©]&3t 397t Walth 11 FolA = TCPP= &/ =/, TPHP=
g =/l diet 237t @ekTHe7.88]. 71 F AEEu = 54 B MY =4 H7IoIA ARGEUTH89). TCPP 5=7t S715Hd
A ABH] 0] 7|FEE 12.3~424%= A S7FSHATH90]. BE3t FAA § TBCOS] A% 7HaAY] = F71o] wet
ABetm o] AFFEL 185%5E 71.0%7HA], Auk THAES 20.8%00 A 64.4%7HA] Z7HATHI1]. A58l B2 (Mytilus gallo-
provincialis)E AM&-oto] TCPPL] AW &4 AFSH A5, 0.10£0.02 nmol/(g fat weight)7} 2] o] £XH 7oz Q=AU
[86]. &-F A(Ciona interestinalis)ES ©]83F TCPP E4 H7}o]A= v 3ke T (half maximal effective concentration; ECso)=
51.16 ug/mL, LCsp& 66.18 ug/mLE EILEQITH92).

Rt BetaE 7paA] HRS $28 S At 71E AR
YR ol Betad 7tAA HEE FIAE TgEolER,
BES GelAo] 8L Wo] 84 F 4%, AT B, 12w A B4 do] Bt

S
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1o w
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o] 4= Aol vg] tf @ol +F= At E3h Rt 200A vBES o8 E2taE TiaAl 4RSS Esee
7ol disiM = T o|ERC} HlAHERT 7haA o] AEsH &3 Aol WIS 771 it ol AE e} HEs) ddA
w23l 7= Aoz A2 "Holdltt ol Y o|ERS} BlAHER VAAE ALt 771 A4 o2He}
Aot 22 TE 7taAl 22 bt A& % A=cH &30 A A4t o 2ags uidtth &9, ndE
&3t AT FZ o] RofA] AFR oY, EtaY TtaA Y e Eo dAe 72 9 ndE F2 083
ol ot vdEe] &3] Heol deze vdE 232 ol8% A7 ¥ geol ERsit. HEo,
TolA Hopt stezE Tt 7haA el EdEl Sl EES e R o A+ ZEasith
FHoIH HEHe 2T 2 v52 d7E $Y67] "2, dA &0l EAlke W2 kel
3 A+E S 4= olsiT BoE vk ZEFCIER, HlAHER 771 A4t olAE ThaAeh Bl BES) ddA|
23 A=l digt =4 F3l

G FESiT. vlATER THAAS] A9 7P &5] ARSElE BPAE HiAISH] %t o EdE0] AAEEHUAN,

oA =dsc] et AEshd 23 3 54 A9 B0 webd dem 8 F ETAE VhaA 429 7 R
7taAY vde 9 AL, 7haAl 29 dE vk, dEHe VA 229 o, 7taA 22 B vidEY EF
5 AA 7 24E o Grgste] At £9E Zart ok B3 AR 34 FollAl 7kaA] EAC] Eaf7t A nXe
Fgoll dish o @2 A7 olFold Hark Qv AEchd oo 22 Ad 28 2 & § E2aH ThaA AE
= ord x
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