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Abstract: The comprehensive toxicity of aromatic compounds during the anaerobic digestion of petrochemical
wastewater was investigated by quantitative structure activity relationship (QSAR). The aromatic compounds from
petrochemical wastewater stream were regarded to be significantly degraded through the active anaerobic microor-
ganisms, though its high concentration caused the effect fluctuation of anaerobic digestion process on water quality
of effluent. To understand the aromatic compound toxicity to anaerobic microorganisms, the toxicological method

of anaerobic microorganisms was conducted by sampling 48 h median effect concentration (48 h-EC,,) of aromatic
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compounds. Based on physicochemical and quantum chemical structure descriptors, the QSAR model about aro-

matic compounds was carried out by the multiple stepwise linear regression (MSLR). The inhibitions of aromatic

compounds on the anaerobic microorganisms were predicted by the model with relating the parameters of the octa-

nol water partition coefficient (logK, ), the molar refractive index (MR) and the molecular dipole moment («). The

results showed that R*(coefficient of determination) was 0.928 and contributions of model parameters were 51.30%,

27.63% and 21.07% respectively. According to the acceptable criteria, the model indicated with high goodness-of-

fit and robustness. Besides, the toxicity of aromatic compounds was correlated with logK,, and MR significantly (7

was 0.8105 and 0.7128 respectively).

Keywords: aromatic compounds; anaerobic microorganism; comprehensive toxicity; QSAR; petrochemical

wastewater

Ak AR B 3 AT A B Tl & K
WA, HEm A G 7w a . FEs
Yrie— K HAFEANE B ERE RS A LTS
e Xt B SR IAEE M A VU, &0
TG WA PUZ KA B J7 X 3 A AR Y b 1
(S AR PR Sl S AL A b A S A 5 PR A
Wik (an Gy S Al A0 DR AR AL A5 . Herp, IRAEH AR
ARG by 5 Al 1 40 B Ak, 25 ok R e SR e o T ek ) 8 1
ENRCE LY/ 3% N D e S E o 11 TR =
DRAEAEE W0t P18 5 A SRR vy Tk B 1 05 AL B
JBE K 250 FLTE A 7 A T A g 4 4 DT 5 e
KK, PRI B 2 O A 1A s DR AR A= P 1Y
PPt B AR A B S

AL G 1 3% — B PR 56 R BUR ALY P
it AT AR RN HL SRS 3% 77, & 0k 2 X R 5
TG W IR K AL B SE PR 5 oK, B AOE R
(quantitative structure activity relationship, QSAR) &
R JE— Pl o e T BT W RS S S A L
PRIEPEE G R0 40 BT 7 vk, W] SR L P S
A ™Y TR B 55 A Ak 0 B 7 M R /INEEAR
RFRPE B2 HA5 0 28 (Y Ak % S 80 &= 1k
S8 2 Qi) A RSN A 1 U R Vab i f e 7 Ed 1]
HHAMRM QSAR BIAL FIHRFLFE M 7 & &
ke NANIUE S S22 NTITRS 2 SR
BYREETE

Ry TIN5 AL A PR AR A W B BRI
EHMAT TIRAREY R AL, DL 19 FOF & fba
PI 48 h FROL AL (48 h-ECy ) ENFEA, 2T
20 NEE AR AL A AR, R 2 T8 AP &
4[] )5 (multiple stepwise linear regression, MSLR)7%
AL T LA YRS S5 S EOHE IR QSAR
AL

1 ## 57 % (Materials and methods)
1.1 SEEeAE
11,1 Bk

SR FHRALLIZE K, 1843 MR A A 02 K Ak 335 T
BEb KK, A2 75 4 (COD) M 4 000 mg-L™", H
Fi%98 NH,Cl1 #il KH,PO, #% m(COD): m(N): m(P)=
200:5: 1 f) Eb ) B i 1, R A s e % Zn™ |
Cu®* Mn*" .Co”™ Fl Ni**,
1.1.2 M5

R8BI F A B AT T R R T a5 K A B
(RTS8, 32 R0 U 1 9 e Pk TR (VS) | e [ 44
(TS)H1 pH 1H 3514 229% 432% F1 7.1, REMK
AT IRSETE 1.1 Irik Uz K ik 20 d, 25
HFIRERME Y S HIRE
1.1.3 H&HLEY

T DRE L 9 5 B 50 19 07 & B 9 (40 it
gyt 19 B FIA3R 3 26 R R R DL BRI
ARPAFER B GER FOR AR R R A
FEATY SR SLOR Y | [A) F DR X SRy | AR
FEORM XTSRRI | (RS R 3,5- T SR
2,4- "R 2,6- Ry AR O R A TR
Wy s RS AL AN 2,6- . L P M
1.2 JREMAEYF ALK

7E 250 mL A AR O A 200 mL BLHL% K
FIZER TS e TR B AR TR A5 VL, 100 2 1) 4 R Pk A7
AR (VSS) My 15 g- L7, [RIEFSY pH Ry 7.1+
0.1, FETHALI A BIEA0 1.1.3 F Tk 55 LA
Wy, A8 b 5 A A VR 3 5 100,500
1000.2 000 F14 000 mg-L™"', A SAEW I
WA 2 min, 2R J5 I ZE 2 B0 T, PRERIR P Ak F IR
SURES . B IH AL B T (35 £ 1) °C I 1E IR 5= 37 #%
(ZQTY-70N, i | rh ) i RAATH AL 48 h, I
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HRA RS E, BRI E 2 PR,
1.3 ik
1.3.1 E sk

TS.VS.VSS VUK pH # ML EH A T A&
(APHA)IARE T LA T e 5 R ™ ok I HE
KBTI
1.3.2 FdlEath ik

()T 48 h 5 EAE WX IR A AE Y
FIAMEI R SRIE A5 RN 48 h 45 4L AS [ e 58 1 100 o)
FRA Logistic Jr AT, $k15 48 h-EC,, {H",
i1 B i = = W (1 S

G,
I={1-22]x100% 1)
Gy

Arp 105 B AL P DR SRR AR W 1 P A 4 o %
(%); G, NLE A ¢ B2 R AMUE Y R R &
(mL); Gy %F BRAL ¢ i 2 IR AU 2R ) R B AU
(mL),
1.4 QSAR BAIF
L4.1 5T

R TSR S DT A P DA A Y #E R Y
SRS R T 20 D EARRIER RS, W &
AL SR 48 E S BEOK 53 L R 8 (logK,,) AT 3 3%
(n) JKHEHEE (log S) A B (heat of form, HOF)  JE&
IR (molar refractivity, MR)""! | [R5 A & 11k
2 WA e PR LA RE (Baowo ) AN BLIE
RE(ELumo) KI5 418 B BB (Eomo ) X AR 2 #1L
HHE(Exumo) 73 T 18 #% # (dipole moment, w) . 43
BEE (total energy, TE). 43 & /K /& L (molecular
volume, MV)  # 1L % (polarizability, o), H €% 1L %
(spin polarization, SP) % jii(zero point energy, ZPE),
AL (hyper polarizability, 8) . #t 71 2% HE (thermo-
dynamic energy, ThE)  #%5 & (heat capacity, HC) 4
(entropy, E, ). H 1A % i (self-consistent field energy,
SCFE)"?, Hifk 2 %38 i Chemoffice #% if) #5145, i
FAb2A S 808 i Gaussian 09OW B4 B9 % B 12 bR PR
W241kiZ R(DFT-B3LYP) /7 ¥ , 7 6-311G(d, p)/KF-
X EA G A A TR
1.4.2  QSAR BRI HE 5504

1 3R 3 5 F A G B HILAS il Tl 2
TINAE | FH R AR (4 50 58 7, e i o5 LA
YIVE RN . T 0B s 85 BE B EC,, (%
5 10 4 IS 09 % B A - 1gECy, . K MSLR #57
-1gEC;, 54 SEN 5 AL A Y FEPE ALY |

FFHANF 97 B E QSAR HEA . i FH i 5 25K
(R) J7 250 Br(F) H | 2 3 MK - (P A1 5 22 1 Ak
PRI (VIF) {3 F 411 458 280 P9 3 3 305 R 10 B — 0%
(LOO)HEAT A SR IE 5 ff FH 28 SUAG 3 28 B ( Q) FI-F-
PIZ XS A 22 (AMB) K BF 4 QSAR #5221 i Il fE
M ARG FR

test

Zi v, 1_3’ i)2
Q=1-2 2)

; (.yi_j/j)z

37 ABS(Y)
AMB=——— 3)

.y, HTIAE H -1gEC,, YLK H (mol -L™"); 3,
S T4 - 1gEC,, 19 FUMAE (mol - L")y, Ml %k
B rf1—1gEC,, I XM (mol - L™y ; n B ZE L&
YIry%cH .

BTN (935 FH 3 P El Williams [ (VB o £ 5% 25
SFCFHE) R R AED AR A% 2 (8) AT (E
(LA BB FTAT () AT

Yi=YVi

8= 4)
hX ?:1()1;'_5’1')2/(11_}7_1)

h=x] (X' X) 'x, ®)

" =3(p+1)/n ©)

At p IR A E AR R B x, ML E 0
AR ATAT ) & 5 X RN EREE AR AT B

FruEfb IR 22 0 46 XHE >3 B9IL & PRl h 35
B, TN % 55 5 Ak 5 0 5 25 A Y B P DU B
AR %) 7 I 2 AT HEAY, >R A Origin 2017 1 IBM
SPSS Statistics 25 #17 RS 4T,

2 ZR 51718 (Results and discussion)
2.1 HEGYREE AL
FFEAE W IR A AE P i B PR RN AT He 48
h-EC;, %R, Lk 5 FLG YR 48 h-EC,, {ELH
486 ~2 224 mg-L7'(E 1), EC,, fH W T REA M
Y ITRe L A2 I B PE RV, ECy, [ BRAIG, W5 75 1
AR R, T, R X IR SRR
Y B FE AR fm , X R T 5
MEEHHAIG 45 SRR, AR o0 IR AR )
FFE I = TR R T, X 5 T AT AR 5 e A
— 7 T, AR o ARy 2 o B A S SR A B K
I RE T AR ) b S O W A AR 4
AFHER . 59—, A VUL E W A Y A
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FERT DA i a5 M I RCR . R E R i
SER R R R 2 4%, S SO LB IR A AR
YIRS, D e S U MIPE R R i,
B P A SO0 A 30k S B Ok, 2R 1 25 S )
Z A,
2.2 FEAAWEETIMA QSAR £
2.2.1  FERFFOTIE R QSAR 1Y (144
R T ki o 22 W ELA A DGR {H e A A A A
5,08 140 iy 20 MRS ST 16 FhOYH
A YHEAT MSLR 208, RIHZ5 SR 035 1 fiis
M 1 AL B S ECAEON £ R A i
FEL(R ) WLF 2 38, 1A 3+ v 58 22 (SE) M Bifi 2
Bk, M= H 800 3 B R I R, 36
B KAE, IR SE B B e i, HIk, %4 logk,, .
MR Fil u NEAESE, A Y EEE BN A QSAR
RGN .

-1gEC,,=1.065+0.196logK, +0.154MR+0.028u  (7)
n=16,R*=0928 , F=47.581,P=0.000

2.2.2 fREAIRG G

ST NTRIIE, (1) B R N 0.928 3% 4 [A] 1
(% 3 £ P=0.000<0.05, F=47.581>Ilfi Bl F,,;
(3,14)=3.34, Ui B i 155 10 55 )1 R A 406 A B sy
~1gEC,, 5 logK,,, MR Fll w T4 B H 51 U5 75 7 A 2
FEAR . MAFE 2 AT logK,, MR Fl u =35 Z [l 1Y
HHSE R E5r A 0.745 0.116 F10.188,34<0.8"", H.
BRI VIF EA T 1~ 10 28], 53X Ui 3 4> [ 728 &
Z AN WA 2t | S GE T2 B i R A AR
AfPIESZ . BEALE) R2(>0.6), F(>15), P(<0.05)F1 VIF
(<10)E ¥4 J2 Fe / NGE T TR g fm o™

HI A SCRIREA BB M0 =19) , BUR I B — 12
(LOO)ZE SLIHIE XA RS AT R PR B, 225307, B
—IESURIERBRE R EU(Q],,) =0.8664>0.5 , FWIHL

K% Aniline

2,6- . Z KN 2,6-diethylbenzenaming F———
EQ@L%% Pentachlorophenol ]
X ) Hydroquinone

4R 1 Catechol

2.6- " E ARy 2,6-dichlorophenol F———"—

2,4- "G FK M 2,4-dichlorophenol

3,5- LA 3,5-Xylenol

[E) A LR m-nitrophenol

Y FEA S p-nitrophenol

LBAMIEA S} o-nitrophenol

X LR p-cresol

Jia] FR LT m-cresol

4B IEFL [} o-cresol

N2 Aniline

K14 Phenol

44 Chlorobenzene

C*
1 ZRM#2& Phenol
I

25 Benzene

X — 7 Para-xylene

CB:Q&L% 1 ,2-dichlor0benzene ———————

7K Benzene

1
0 500

1 i 1 1
1 000 1500 2000

48 h-EC_ /(mg-L™)

50

2500

1 EBEULAWM A8 h LBEKERE (48 h-EC,, ) (B

Fig. 1

F1 SHESEEMANTELEYESR

48 h median effect concentration (48 h-EC,,) value of aromatic compounds

K 7 (QSAR) #&E

Table 1 The quantitative structure activity relationship (QSAR) model of aromatic compounds
for multiple stepwise linear regression
] B8
R R SE
Models Parameters
1 0.753 0.734 0.119 logK,,
2 0881 0861 0.086 logK,,,, MR
3 0928 0.909 0.070 logK,,,, MR, u

T R Fon i R Ry TSN E R B SE RNl HARIERR 22 s logK,,,, R IEF-BEIK ML R MR SR BE/RITHT 3 p Fm 7 TABIRAE

Note: R* stands for coefficient of determination; Rﬁdj stands for adjusted coefficient of determination; SE stands for standard error of estimate; logK_,

stands for octanol water partition coefficient; MR stands for molar refractivity; u stands for dipole moment.
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RUEA R Re WA B i LAY,
.2.3 AT EE Sy

XEFANEAL SR, it X 2) @) 3, M5
Q.. =0.8288>0.7,AMB, .., Fl AMB, 3%} 1.003
1010, 3457 0.5 ~2 BTG, B QSAR BiAYE
BT A EEN TG T, %8I -1gEC,,
LB S TR X LL & 2 iz, 455 780 1Y) S g
{H-5 FRMAE A 22 38/ (17 =0.9282) , 1E HA JH A 0 w] L)

ARIS A3 B 5 T30 55 B Ak A P

A, A A Williams Bl 2081 T QSAR AR HL X} 55
A B Wy aE 1k U Y IS R Ve L (8] 3), 7KF 3R
IRFRAEAL T A 50 (H (+3), T BLHR 28 R R R FT
FHE(R =0.750), &3 o]0, Yl 288 At 4 v iy
A e SR T IS Y L, R B QSAR BEIAUXT T
it —1gEC,, HE5H S B L 56 & H 57 A 1k &
YN IR B A Y R PR S TSR

Fx2 HNAFEDEETERHEXEREREFEZBIKETF(VIF)
Table 2 Correlation matrix of each variable coefficient and variance inflation

factor (VIF) in the regression equation

logK,,, MR o VIF t
logK,,, 1.000 1425 6.744
MR -0.745 1.000 1513 3.632
n 0.116 -0.188 1.000 1.075 2771

T ¢ FORSHO [ BRI AR SO0 07 R 10 ST T 3R B SR ¢ (85 T S8 HZ AT 43 1L,

Note: ¢ represents importance of the parameters on regression equation; the contribution rate of the parameter to the equation can be expressed as the per-

centage of the ¢ value of a single parameter to the sum of the ¢ values of all parameters!'®’.

®3 HEASHUREBRIFLER

Table 3 Model parameters and model verification results

FELEY

—1gEC4,/(mol-L7")

Aromatic compounds togKow MR K FR(E A RE
Experimental values Calculated values Residuals
Il Z54E Training set

& Benzene 2.14 2.68 0 1.87 190 0.03
48 =47 1,2-dichlorobenzene 345 3.18 267 240 231 -0.09
Xt 1% Para-xylene 3.14 362 0 2.10 224 0.14
ZW; Phenol 148 2.84 141 1.90 183 -0.07

LB HEER ) o-cresol 225 331 124 2.03 2.05 0.02
] FF 32K m-cresol 197 331 141 2.04 2.00 -0.04
Xf L2 p-cresol 197 331 148 2.05 2.00 -0.04

SRS FEFEED o-nitrophenol 1.95 345 5.05 2.13 2.12 -0.01
X FEFEE p-nitrophenol 2.15 345 6.94 215 221 0.06
3,5- A 3.5-xylenol 247 377 1.50 2.18 217 -001

2 A- 5K 2 4-dichlorophenol 297 383 291 227 2312 0.05
2,6- A AW 2,6-dichlorophenol 2 64 3383 237 232 224 -0.09
47— Catechol 0.88 3.00 253 1.71 177 0.06

¥} 2~ Hydroquinone 0381 3.00 0 1.70 1.69 -0.01
FLE K Pentachlorophenol 471 530 172 274 285 0.11
2,6- L IEFENE 2 6-diethylbenzenamine 287 491 270 249 246 -0.03

TEE Test set

442 Chlorobenzene 286 3.18 1.79 203 2.16 0.13

[A A FEZE WG m-nitrophenol 197 345 141 207 2.02 -0.05
% Aniline 092 3.06 223 1.80 178 -0.03

T ECsy F/R LRI EE

Note: EC5, means median effect concentration.
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2.3 FHFEMASYREE SRR E L

QSAR BRI IR ]y 3 (7), R W J7 B A& Wy IR
SERA P BRI S logK,,, MR Hlu 5%, H -
IgEC,, ¥5 = WUiE b, M 2 A A, logK,, \MR
o X IHASE Y (1 5T R AR BB 40 1R 51.30% ,27.63%
121.07% , WA logK,, W] fEJE 5 55 & ik &Y%
PR RN BB,

H &l 4(a) P 1, logK,, 5 -1gEC,, {EH &k 3%
(¥ =0.8105), 5 FE Y HIEETERE logK,, 3% K

3.0
= ¥=0.9159x+0.1407 e
= 12=0.9282 .
23 .
== L7 e
=E nin s
%2 i
=g 200 gy
5 e
ey
‘,
i a— . '
15, 2.0 25 3.0

SLHE/(mol L)
Experimental value/(mol-L")

IgEC,, M {H S5t EEHE X

Fig. 2 Correlation between experimental and calculated

B 2

values of —-1gEC,,

WK, logK,, JBT 35 B Ak AW BT Bg b RN, T
T 0 A AT S RS Lo T2 TR, 95 7 Ak
B logK,,, #K, Hw G 68 1Bk, nT BE K 25 5
36 Ao 240 BELFEE AT 2R B ) P A FH A IR R

MR J& i FAECR SR 77 i 7 o AT
ST BAARXIE B B 2R, AT AE R A b E ARk
REYEERP ) i 4(b)rT A1, MR 5 -1gEC,, {HAHX
PR E 7 =0.7128), 5 & A YIS IRA AW dE
fifi MR 38R mHE K,

e &5 Training set !
® Tili4E Test set i
___________________________ L —
|
w 2 n |
= ] !
3 b :
wg o @" . :
A | |
=g L " I
=] ] 1
g o= !
©v D 1
I
3l
1
1
—4 1 1 L 1 L1
0.0 0.2 0.4 0.6 0.8 1.0
FoAHAE
Leverages

El3 QSAR #ZH) Williams
Fig. 3 Williams plot of the QSAR model

3.0 3.0 3.0
y=0.2481x+1.5339 1=0.3409x+0.9113 1=0.0416x+2.0175
_ =0.8105 — r2=0.7128 o~ " r=0.0695
= 25 = 23t = 25t
o J S e )
m 2.0 m 2.0 m 2.0r
- o0 N
¥ g < T -
= (b) . " ()
155 ) i 6 15 3 i 5 6 LS4 % 3
Bi/K#E logK | EEIRPTH (MR) ST EML AR (1)

Hydrophobic constant logK

Molar refraction (MR)

Dipole moment (1)

B4 FRSEH-1gEC,, HHEXIEE

E:(a) logK,,, 5-IgECs, MHIZENE;(b) MR 5

—1gECy, MMM ; (c) w H-1gECs, MMM,

Fig. 4 Correlation between model parameters and —1gEC,,

Note: (a) the correlation between logK_ , and —IgECs; (b) the correlation between MR and -IgECs,; (c) the correlation between u and -IgEC;,.

ow

o PRI T 5 75 Ak B W i sl A 0 200 AR 12 1) R
J1. B 4c)T A1, 5 -1gEC,, {HAH A B 3E (7
=0.0695), Su " HRGE T MU R IR FL R (TAML)/
H,0) 85 &AM YN E B R, &

B 2 TR AEBUAY [ 8 RHHHLC 5 I8 Ik,
BORDCHEIE AR B3, B, 4 o AR R 2
A

S A I Y FE o 5 S PR A e e
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PR, DTS R AKOK BT i i 3, At
FUA o PR AR A 4 7 B AR, AT A b B 4 48 h-
EC,, {HMFEAS, JEF AL RN 7 b 2= S5 W H AR 1
K MSLR 57 T QSAR #1570 R 4518,

(1)QSAR H#1y . ~1gEC,, =1.065+0.196logK,, +
0.154MR+0.028, R* =0.928 , I 8 ] JH F 5% F 1k
S EFEE RN (A" =0.750) , 44 B T3 e A4k 26
TP IK PR A AR A BRAL

Q)77 FALA YR DA AE Y B BEPE R e S
logK,,, MR Fil p A G, =35 XA Y DTmk AR BE 433l Ry
5130% 27.63% F12107% ,logK,,, T BESEF2M 5 &4k
BRI R N R R

(3)-1gEC,, {5 logK,, 1 MR M1t 8%,
435149 0.8105 1 0.7128 ; —IgEC,, 165 u #HRMEA
2 WESHAR R ARG,

BRAEEGE . 2801960—), ¥, #4542 507, £ 257
R AA B ERNTFE AR B IRA I BT 32,
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