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Abstract; The contamination and environmental fate of pharmaceuticals and personal care products (PPCPs) have
raised great concerns. Anaerobic degradation and transformation as the main natural reduction for hydrophobic
PPCPs in environment is particularly important. Here we reviewed the anaerobic removal fate of typical PPCPs in
the municipal wastewater treatment plants, mainly including sludge adsorption and anaerobic biodegradation. Sub-
sequently, the effects of chemical structure, microorganisms, carbon source, and redox potential on the anaerobic
degradation and transformation efficiency of PPCPs were summarized, of which redox potential played an impor-
tant role due to its special relationship with redox enzymes. Then, we focused on the anaerobic degradation and
transformation pathways of three typical PPCPs (sulfamethoxazole, benzotriazole and triclosan) under different red-
ox potential conditions. Finally, we presented the forward research challenges and proposed the future research pri-
orities in PPCPs anaerobic biodegradation: (1) Exploring the anaerobic co-metabolism mechanisms of PPCPs; (2)
Focusing on the isolation of PPCPs anaerobic degradation bacteria and the associated function analysis; (3) Investi-
gating the construction of anaerobic degradation bacteria culture system and in-situ anaerobic degradation of
PPCPs. This systematic review provides scientific basis for the management and control of PPCPs contamination.

Keywords: pharmaceuticals and personal care products; environmental fate; influence factors; anaerobic biodegra-

dation

Daughton £ Ternes™ T 1999 4F 1 K # Hi 254
5~ A\ $ B  (pharmaceuticals and personal care
products, PPCPs)ME &, =& 45 . AHAEH 254,
BINGTAE R S | 1k IR 24 R R 24 55 5 D KAtk
i B IR & KRG R R A NP AR —
K5 NFEH A G VI A7) 5T, PPCPs £
U R SN B e VAR U R Pu = AN T A B2
AT R, WF5E & B, PPCPs 78 )% KPR )2
KB H R K HESVRVRK FH K SR 2R RS A TR
JzK . KESr PPCPs AL aE M fa g, EA 2
DNIAER SRR B, AR AR R B v A Y o e
A F ng- L7 8] pg- L™K, R8sk TR ke s e
BE—AE ng- g7 KV, IR ER B (9 PPCPs, MU
SRR R G O AE XU | 18 2 s M N DS (gRE
WA 3R V5 Gl 2375 T Tt 245 T it 24 1 PR ) A% 1 3
I, X AN e vl v e U, BT Science 4%
1) 35 T 10 SRS i BB 2 A MR A1) 3 8 R 2 7
PR P A, A e I A AR R
IR WG AR S RGN RS, SiAh, A TR R
AR A T @ AEXT R B R F R &8
PEPT, PR PPCPs 1975 e B 5 51 [/ N Ah) iz %
T, TR B8 HeR T AR R A5 TS e A o B S R
BT G WA T 28 G0 M A S G B 4

BB BeE T PPCPs 1Y H FH 25 bR 7 A0 456 1 3
PR BB ) Ak SR AR (R 5 0 fig | 3 it
Ak RAEEARE: | b S A A i R L A A
) S W e e 1k (SRR A IR AR fie ) LA K ) Ak

- G BORSEN . b A W A 1 DR
ISR AR A 401 32 2 12 563, PPCPs
WA PR A DL 2 i 5 T8, BT A K&
FSEMFFT, 1 HFI%E T 25 Ao =k E b
He 4T 4 25% ULAY PPCPs, BT 5% & BILiX &8 PPCPs i
Zeer: S-GEARTIT = U ik i T W 0 i R
) I R 20 3R R A i 300 Wl M1 T IR SR R A
(G DM EE HLKTER) PPCPs A ZNIME IS,
65 170 43 A 7 IR AR B8 2 i SR BR B v, DR SRt A 0
fife T A L B A 7 =X I H RTET X PPCPs IR
AR PIRE R AL IR AR AT B, B L, SR AT
PPCPs IR AT A BB X, T HAE IR
B i R R e Akt B e R R SN
B F Z SR PPCPs (1975 Y B 5 A EEI# , A
Bt X i AIE 15 G BT AR 4R AR L LAY
PPCPs W28 T HAE TG /K AL H ) b i PR AR 25 B s
B, IF 45T PPCPs DRAAUREff 1 258 IR 2%, &
JSUTGN TR RO s = SR AR 3 Rl
I PPCPs 251k & W 1 IR S0 R i e Ak i 42, LU
PPCPs (1975 4 i H RNl

1 WHiEKLE f PPCPs WREEXRER
( Anaerobic removal pathways of PPCPs in urban
sewage treatment plants)

Bk PPCPs 572 % BE/7K 43 e R EU(K,,,,) i =5
R K,)SF Y PERT  FREE IR B2 pH {5540 5 R
AR 7T 3 O R/ s R (1 R B 1 NN
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LA UV-326 S5 G Y K, 7RIS 8
A & HE 2 5 AT 38 41% . 90% | 92% F 54% ([
DI Al A W5 & BT U6 R B 2 S 4 R
JK P PPCPs 7575 /K A BET i) £ 2L L BRis 42, K
W R ERDE AN EMBEY RS K,
TE-02 ~0.46 Z[R] A4 FUME 1 B 2 b2k &R FE TS 7K Ak
PRT B S G & BTG K A B S PR S 73.9% ~
86.2% NI W B R I5 IR AR 1) 35 Y Xl s 125 i
P AR F AR B AT BB Fh Al FL I A S P R 1A
555 A: W K R0 2% T & A 1 i VR T 5
P W E AT AR R EMN K, HUFRER
HeHiA: 2R 09 W AR I 55 B B 5 A2 4 ML) 4% U0 AH
Ko V5 e AR F AL T DR AR B i S PR W B AE T T
Wi PPCPs 43 i — 20 & A2 IR 480 1% if 5% 4k, Martin
PRI R IR BE X 2 Tk 2 Sy WSO IR K
Mg AFLDURE RIS T TS AE 245 PPCPs 76 IR 4AUTH
T2 R 2 TR B T2, teAh, 3
Prikar AN S 2 R T R R BRAL
FIARI A Y, AR T 2SR bR A a5
T TR T2 REAE A T2 E & TS
IKAEBRT 5 R —LEXfERE A% PPCPs HIA 80 TF-B .

2 PPCPs KRR UHEZEHNEZE (Main in-
fluence factors of anaerobic biodegradation of
PPCPs)
2.1 fk2#45F)(Chemical structure)

PPCPs HYAL A E5 FI P 1 H BT 57 A AR ]
W i 1, B RE 1 23 5% e PPCPs 1Y ZE ) 1T B fig

PEROS XA KA MAA Y, R L —
COOH ,—OH %5'F fe Al gt it o HOZ AL IR 34 hn Ak
el A T o 2R U] 23 AR A5 0 1) A 0 T I i
PEET . Musson 2554 FLAFSE T 4 Ff k22 25 F9 AN [F)
PPCPs YRR FEMRCR , KB LK A BR>TP A1 R
FEIBIR>XT SR I > A0 % 0% . S BEK A IR R R
¥ | —COOH ,—OH B R M, 2 I & i A= 1
AT R AR 5 TIPS A R S FE V& AR AR B b 5 Tk B N 21
Fe 6 SRS AR IR MBS 5y S IRR R AU %
B o B 43 5, IX R AIE  RE M AT REAE — E R |
ST 3 ARSI AR AT B S O R AR
FERCR B E LT oK IR™

2.2 4EY(Microorganisms)

TAE )2 PPCPs IR AR Al Ak 1) 2T
2R A B M T Re A ) T R AR X 4 5
PPCPs R 4R PR Sella Z5F 98 KB 3 Fh A
[Fi] 75 ) F it fre PP W AR (1 [ ik 80 R 25 S, T 0
Vo S5 R AF X R AT 108 A 7R i e F R G e s SR
Fehif . Wolfson Z55 % Lt o8 & S HAR AL &9
RIFHI G N BB A R R R A 20 T
R TR I 0 A U IS A TR AT RE 2 R I W
fRINBETARE, REMFITIESE, IR & B A T RE J 18 1)
i 1B AT A7 25000 AR 0 T G ) ) B AR AR . Chopra
A1 Kumar® DA E[EE IS BV 403575 7K Hh 43 85 3R A5 IR 4
T PRTEAS S48 S1(Bacillus drentensis strain S1), H:
X SR SEB (WU 300 mg - L) A R4 R A
RWORE K 93% . Ouyang SFMIZEMI IR 100 pwmol
- L7 i e F AR 0 B R e A A R R S

F1 HBGYEN APER(PPCPs) WIFE S REMMBUEER

Table 1 Difference between aerobic and anaerobic degradation of typical pharmaceuticals
and personal care products (PPCPs)
ety e AR BB % 2% ik
Compound Condition Degradation half-life/d Degradation efficiency/% Reference
Z 174 Aerobic 75.00 100 "
Naproxen JR4A Anaerobic 24.00 100
Xf Tk 2 AL Ty If-4 Aerobic 254 100
Acetaminophen JR 45, Anaerobic 1.16 100 2]
S-SRI =S 144 Aerobic 86.00 52 "
5-chlorobenzotriazole JR4. Anaerobic 26.00 86
173- i — 14 Aerobic 2.10 >96 (14]
17B-estradiol JR4H. Anaerobic 1.60 >96
i i FF I 1% Aerobic 399 >97 051
Sulfamethoxazole JR 4 Anaerobic 475 >97
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100
5 63 7 3.8
9.3 8.1 8 : N R
i 13.6 6.2 RIAREE A
4.1 77 Residual or discharge rate
. Gy
80 - 5 Degradation
m T Ve B
5. 45.6 Adsorption
52
e 60 |
=
B2 90 92
Rz 86.2
B2 ol 8.7 832
B 2 739
=
&
49.9 481 5
20 41
0 p e G ae, Lo, A g B, R %
Oty Hn, "y kg G Mg ey M Wi gy
&4 & G S8, Ty <, R .. O
Yo A, Py, 2, . ac Os, ‘a, R
20 7, 05, Of]o* %y, yc/’b ) e <y
2, *'30,}} (P‘?C[ g, /’12@ € e
B 1 BE PPCPs ZEHHiSA PHEEXRBRER T
Fig. 1 Main removal pathways and contributions of typical PPCPs in municipal sewage treatment plants!’ "

Y 7 21 A 4 5 38 58 47 5K 1 ( Desulfovibrio vulgaris
Hildenborough), fiffi fiie ¥ W I 1) e fift 30 SR 151 3k 90%
TP PHETT B 5 KA R TE AT e o B4
PIFPERELAT1# J BP3-1(Citrobacter amalonaticus strain
BP3-1), %} BP-32 mg-L ™ )RR A 983% .

BEA BT i A BRI | pH 1B B R 2 22 i 34
BE R R S5 W S A= 03 4 |, 2R 1M 52 . PPCPs [ R 48,
FEMRIARROR . 78— IR EE TS N oA 3 PR B
TR S T AE 4K, 5% 0 PPCPs (1) IR 480 e fife i 8™
SR, W AT B 5% BRI B2 XoF 8 43 PPCPs (1) R 42U fif
TCHA A, Carballa 2% BIF 5T K BUBR T A0 1% 5%
MPLLGRI AR R R EVEF v
IR WIS T2 e Tk e A I |
176-WE —FEHT 17 - £ R ME — 256 11 F PPCPs AR
AR SZ IR BE RS2, o — 5 T, S R 3AE
Ay AR pH AN [A] 30 S R YA T o A K
pH fE RS, X5 PPCPs 1 R 4 K& % AR 45 85 . Mao
GG R B, AR Y pH 254 T A UG B8 @ Xt it
JREEER WGE RV e PP R ) R i 5 56 I35 25 5%, >4 pHL
H2RH 7 ~8 B 2 P A R IR s

JE R Y) Bt (humic substances, HS)1E A H 2k ¥4
B P AEAE B s AE Y AR P 5 % S LR e
Hh 28 R R B AR P T B A L TR BB A S i &2

Fift PPCPs 14 DR A WA, DI i B T S8 AR 193 1 Bl
A W3l S I G A2 F s e e 2 R I A 2 Rl HS
AR R AR S TR A BT 2,4- R SR 1Y
PRAIA: YIS . HS 5200 PPCPs IR U AE W f
i) 5 AT BEAFTEZ B . (D)HS ARy, 7 IR E
B TE HS IR AR W) A — SN R L T 32 Ak
(N =Mk S8 A W) Z 18] 2 R A% 13 i 1, 3 3 52 W)
A=W TG S W ek AR B AR 0 XF PPCPs 11 i 1
PECY (2)HS REAE SR A W 09 AR R 1 5 (3)HSS AT
H 73 PPCPs e AL g 7 7 Wy i 58 Y i K Ak &
Y02 TH 5 M ) LLES n PPCPs 19 A= 9y 7l F FH
SRIMT , H RT3 T HS X PPCPs [R 48 fil A= 1) [ A (0 5%
WAL A A, A Rt — 2B AT

2.3 AMimg&f4(Additional conditions)

2.3.1 fxk(Carbon source)

I IAMEBRIE, f2 2 PPCPs 1Y IR A LA 5
FACT R Iz 4l H A6 6 A L3 32 A0 45
(1) R fige B 5 5 TR SRR AL , e st il A e e P A
FIF PPCPs fle LA 5 (2) gk v A1 T A1 e 0 i
PEFC A B A, 38 o R A o A T Y 0 00 DA T A
PPCPs [fift, AS[RIERIEXT PPCPs 1 PR A2 LA I R A
FABCR S 22 59 2, 1 AN n B 5 g L — A2
I, YR R S A B I T, 8 i HEY A ) IR
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FEf iy 4.53 d, Ml VE R AE AR IR BLRD A RRRARRSE .

Af il i FP Vs i R SR R A I i = 161 ™ 2.3.2 AfkiA R HL {7 (Redox potential)

SR , Baquero 55 ™V BIF 5 & IR >4 Iifs R 4 47 Ry 4G 38 AR R A2 X%t PPCPs 114 IR 48 9% it 7= A=
WU, R SPE AN TR 1 R BRACRREAL, U 2, ER o MERE AL 5 ) HRETERR 2 1Y 551 S A 3K
TG 3 i itk 5 A AR AR R AT A AR = PPCPs B, PR 2 W WMERR] 2R A BTERIR R 2R
Y PR AR R AR 503, T AN W) B Y0 L DR AR R (R 5] &R ARTF =ik 5-HT R =k 5 -G AR I =ik

®2 PPCPs EAER FRER R THIBERIE R
Table 2 Degradation of PPCPs under different anaerobic condition

[azx7] A WAk 22 1 /d R AR % 275 3k
Compound Condition Degradation half-life/d Degradation efficiency/% Reference
AR EhA I Sulfate-reducing —a 100
e s . .
) HFRER I JF Nitrate-reducing - 100 [54]
Caffeine
77 55¢ Methanogenic -2 <20
434 ) Manganese-reducing 66 100
A A JF Tron-reducing 24 100
Naproxen TRARELIA 5 Sulfate-reducing 87 100
HBEREL A Nitrate-reducing n.d.’ -2¢
Hiif Jii Manganese-reducing n.d.’ 18
IESEYN A JF Tron-reducing 381 52 "
Atenolol TRFRELIA 5 Sulfate-reducing n.d.b 19
AR EL IR 5 Nitrate-reducing 192 100
Hiif Jii Manganese-reducing n.d.b 20
ST SV IR Tron-reducing ndb 12
Propranolol BRARELIA 5 Sulfate-reducing n.d. -2¢
FHRERIA JE Nitrate-reducing 258 66
R KT ER Anaerobic control 144 36
TEIF = HIL R Tron-reducing 239 31
Benzotriazole iR EL A Sulfate-reducing 165 18
THAREL A JR Nitrate-reducing 315 24
PR KT EE Anaerobic control 57 61
5= TR I = BIB R Tron-reducing 41 76 13]
5-methylbenzotriazole AR ER AR Sulfate-reducing 88 47
FHFRELE R Nitrate-reducing 128 35
PR KT EE Anaerobic control 44 71
SR = AR JF Tron-reducing 26 36
5-chlorobenzotriazole TRFRELIA 5 Sulfate-reducing 96 45
MR EL A R Nitrate-reducing 78 53
PR TRFRELIA 5 Sulfate-reducing —a 56
TIE/R
HBREL A Nitrate-reducing -2 -9¢ [55]
Metoprolol
7= 5 Methanogenic = 52
%1% Fermentation -2 n.d.
TN A .
) WAL ER )5 Sulfate-reducing -2 80 [56]
Ciprofloxacin )
TR ERIA JE Nitrate-reducing -2 82

e =" SR ORI R E B 5 < n.d.” B8 S0 R U ORI 3) ;  R FRASCT Ay B850 BB P T3 DR MR sl e N 3 0 22

”

Note: ® “~" indicated that no data was given in the reference; ® “n.d. ” indicated that it was not detected during the experimental period; ¢ The negative

degradation efficiency may be caused by sludge desorption or small analysis deviation.
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FFCIE IR A VD AR AR AR R 251 T Rk
B G g SO G 28 A AR R R R A R R A
T MERE AR, R RRER IR AR T B AR A R 5
ZEIE R S B L0 A S AR R A R WP T 7 R
AT AR ASCR AR, T 6 B R 2k 140 J R i i 6 318
JR AT 1 S A e P AR A5 o
H T, ¢ PPCPs D4R B Al 0% 1 5% i PR 22 F
5835 i A ) B — A 5 ok 2 SR AN ] PR 2R 2 ]
BB, WARFE AR LM 250 PPCPs
Wep fire TR P 2R BB ok A T XTI ik T A LY
S S AR A TR Al pH (E R AR e AR S, A
I, AR T Jié PPCPs JR 48 A= W) R A ot 5 Bsf 1 S ]
RBARILL AT 2% F AR IR B AR R | 5 1B 22 I 2 AH B4R FE X
LR AL R () 2

3 BiE PPCPs B K & F% fi# # 1L i %% ( Anaerobic
biodegradation pathways of typical PPCPs)
ARSCUME IR At A A AR S E e
TR 5 XL F it o P WA T — e D) = A 3
TSR PPCPs S ], A48 .45 1T HAEA R E ALt
AT IR AR AR AR
3.1 il il B MR (Sulfamethoxazole)
itk i FF I A (sulfamethoxazole, SMIX) & — i it
FEERIHAE R 2 LU B A B 3 5 e It e 5
FEAl SR PR AR ZH (8 2), T AR Al Py
W TR FNGYT R, B ARSI LUS A
Aese A, HAESR G b 02 40 A1, % S AER

B EfEE, ML TR EBE T2, Rk
I%Bé’%mf?%tti%ﬂ%&r“ g 2R A E A )
T N A DR AR T S0 SMIX 1 22 6 20 SR A 4B
HAT, &1 X5 SMX 7 B R 58 8 B 45 14 Ak b T 45 1
TR E SR AL LB B R IT T — R SR AR B
gy i IA N SMX IR AR i e i i T
SEEME IR O—N HEWT Y, FEERA AR T, IR IR
DIRELA YK Fe(M )ik )ik Fe( 1), #E1i Fe( 11 )i
T SMX [ S BEME ER O—N BT ST i SMX
AR GRS, I SMX 76 57 R £6 346 J5 4% 1
FER A S5 1 F i STk 2R O—N i 0 Bt ML ) A
A, Jia EPIHFGEE—4 K B0 SMX FERR R Eh A i 5%
fF T SREmR IR O—N 4 B 24 1R v] fig S 1 DNHP fiK
#5438 )5 i (NADH-dependent reductases) r i75 53 , ]
W B R R I8 S i Y AL S, WA, 3 F 98 &
L SMX. 7 Bt R h 340 JiE 25 11 & 26 [ A, iy HL 7 Ak
ST o7 58 s ) Y R A R A% #FT#?H;ZEB&
O T BB IR AL AR R R A 2R AR
PR JF LA T B 3, B4k SMX T@%ﬁ@xm
JE 2 R A Y TR 3 348 T 4% T T S AL o AS [, {EL
HAR AR AL B R 2 F T 19 R A M4 i 4 5 DNHP
WA R A A AL E A B VIR, X
A B JE TR Ak J5 A 7 38 TR, 76 AIK S AL 8 R

ST R AR T AR i A A TR AT B A
lf'z SMX 7E AN [A] S8 A 18 J5 25 8T 118 TR 4 I it i

BE BRI AR B 2 A it — 2
E%?Eo

Pathway of SMX
A: O—NEEWTHE, FEEMFRFFIR Cleavage of N—O bond, Isoxazole ring opening

B: 2R T Acceptmg a second electron and two protons

C: ¥#3:1k Hydroxylation

SMX "\0

Ot :::::gpj

KA
No degradation
occurred

LB 26 P BRI A5 B AL A P 4059

Iron-Reducing condition )

Nitrate-Reducing condition )

\ AJ @MA

A

0] o Nr/
HN_@_I |t HN—@—% —Ni HNO% /7\ N
D\ OHl@\ l
HN /

ay O3 doon iy fal
HN- —NH,
HN ﬁfNH: z i : HN ‘.H‘ANH OH

Sulfate-Reducing condition 1234038

B2 REEEFEMN(SMX) EREELIERESE TAENREMRBRE B0s)

Fig. 2 Possible anaerobic degradation pathways of sulfamethoxazole (SMX) under different redox condition

[2340.,58,59]
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3.2 ARJf =ME(1H-benzotriazole)

ARIF =SSR AR P e I R — 2R 2R 4
WEHSCR iz S0 B 0 R AR TR R BRI 25
SO GAR B 37 JE b R0 R 2 700 A 7 e e 2R =
(1H-benzotriazole, BT)45#44N1& 3 7, f AR FRFI =
MEIREREA A, FERZE BT B9 KRB A, H7E
K Sk RN K AR T B AR R A
K, EAMFREN,BT &M AaEN R L
AL, AR AR PR XU H AT E X BT MR AR
ALt 9 IE A 2 A IR A58 2 B BT A4
Rt 5 LA TR A5 1 A G, HLILAE AN (] A AR Ak T
SN IR AN AR R (] 3) - i R 3 i 2 A
T, BT AUk A IEALIE Bl 1-H LRI = (B ; B iR
IS5 F T, BT BB & A2 N—N F A K %d
A AP il = W R e (C) BUER G 1 ik mae
(D) AEARF R AR R AT BT R ffG4 L
PR 2R AR (R LR R AR R[] AR ER 8
JR AR BT 150 & AR H BB R, 1 i R 58 RN
BROAJRAME N 2 N—N B2 5 R 38, epr Honl
REAY L IR AN [F) SR P i 25 T R AR E G BEAS ]
HETMT 3L BT BREAR % AR AN
3.3 =& (Triclosan)

=& (triclosan, TCS)/&—FP N T & B i
HIRTA , H— A8 2 A0 R BUR B R 30
— L3 5B T F | A A 2 A 3 ok ok
HHIERE(E 4), TCS BA B ARAIEM , FEE 4
W Z T A8 BRSBTS
TCS FLEA W) RN AR W 251 B R 1Y

HEBRB I Z 8 )2 KTk, BARAIFIEINN TCS
FEIR &6 25 1 F — M DL B% f#™, {1 Gangadharan
Puthiya Veetil 557" B9 & B AL R 46 14 i 2% 14 F1
PR S T ¥ 2 e A RN . TR SR
S B R R AR D 2% A A P R B 25 1R, TCS RE#E &
Az IR ST SR A S SR 3 T RS2 P A
FALE AL S, T Ying &%V % 3 TCS 16K
A M P DA i, T R ROM AR S AR TR LA
B I TR A A 7 i HEAE

i IR PPCPs [l 15 & B . AN R & b
R S5 PPCPs 114 IR 480 5 At 3 A2 A7 A Bk 5 T
it & PPCPs R4 R A tp i B 222 5 5T i A6 1
SRR AR A 2 8 0 T S M 2F I
PPCPs [ [ fft i fbig 4%

4 R 5RZ(Conclusion and prospect)

PPCPs & — K HA A 851 W IE M B A B
TR FEAL IS Y, HAE 32 90 PR 58 b 9 43 T AR
fif e e g AR A ME 52, #5858 PPCPs 7
IRBE AR e At A8 R e PR 22 A 29 R 45 T
SR MBI & PPCPs {75 Yk BELIKT A4S 2 AR $ 3L
PR AR 45 % . ZF PPCPs J& T i /K E 1k
B A Z NG AR 3 A 78 DR A Bl A oA
BE, DR W R fidp 2 L B A i Ak Ty =X I
AR BT PPCPs (1% DR AR AIFFE A 17— 114 ik
& Am7R T ARSFEE R AR AN S A T 5 RN AR
i R S R BB N &R, A T IR AR
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Fig. 3 Possible anacrobic degradation pathways of 1H-benzotriazole (BT) under different redox condition
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