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Computational simulation and prediction for adsorption of aromatic
pollutants on gibbsite mineral particle surface

LIU Zhishan MA Fangfang XU Qian XIE Hongbin ™
(School of Environmental Science and Technology, Dalian University of Technology, Dalian, 116024, China)

Abstract Understanding the adsorption behavior of aromatic pollutants on the surface of mineral
particles is significant for evaluating their atmospheric fate and impacts. The adsorption energy (£,4;)
is a crucial parameter to describe the adsorption behavior of aromatic pollutants on the surface of
mineral particles. However, only limited aromatic pollutants (i.e., naphthalene, anthracene, toluene,
phenol, et al.) have so far been studied. In view of the large amounts of aromatic pollutants in the
atmosphere, it takes lots of work to evaluate the E,4, values of aromatic pollutants on the surface of
mineral particles one by one. Therefore, it is necessary to establish a high-throughput prediction
model to predict the £, 4, values of aromatic pollutants on the surface of mineral particles. Herein, we

employed first-principles calculations to investigate the adsorption mechanism of 21 aromatic
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pollutants on gibbsite (001) surface. Results indicated that three types of interactions including
hydrogen bonds, O —H---n bonds and O —H---X (X = Cl/Br) are formed between 21 aromatic
pollutants and gibbsite (001) surface. The calculated E,4 values are in the range of —12 —
—30 kcal-mol ™. Based on the calculated 21 E, 4 values, a quantitative structure-activity relationship
(QSAR) model for predicting the E,4, values of aromatic pollutants on gibbsite (001) surface was
established. The model has good goodness of fit, robustness and predictive ability, which can be used
to predict the E, 4 values of aromatic pollutants containing —CH;, —OH, —COOH, —NO,, —NH,,
—CHO, —F, —Cl and —Br functional groups. The results expand current understanding of the
adsorption mechanism of aromatic pollutants on the surface of mineral particles, and provide a
foundation for investigating the atmospheric transformation of aromatic pollutants on gibbsite (001)
surface in the further.

Keywords aromatic pollutants, gibbsite, adsorption energy, first-principles calculations,
quantitative structure-activity relationship (QSAR).
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A, W B E — A AR Ak 4 4 0K 2 18 1) HY I 5 NO, S i 2E i HONO Y fig 22 81K, Liu 550 & 90K [
TE MgO Pk K1 1) SO,, 18 i 5 NO JE B [ TA Sz i 1k 4 [SO,~NO] 455 bl i, 42 #F NO [n]
NO, k. Pk, T 15 e Wy AE a0 Py Rons 2R 18 W AT A % T IEA R E 4 e i B 8 = 2 3.

JF TS R e KA — 2R H A T5 ey, Hoh 55 B Rl A o S R YA ALY R B Y
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T b O A R S A s e U LSRN, BRTICE AN B T S IS R (ZE L LB PR R
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7. A e ) TS TR R T 5 A W S Y AR ) RO R T 1) E g (H. A TS5 H-T5 PEOC R (QSAR)
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QSAR A,
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F— A IR I E AT =K 4 (001) T L AW BT, IR AR B By fHL. B, B2 T35
THENHY 21 A Eygs (8, R Z2 502 ME 01 (MLR) J5 ¥, #2570 55 7 W5 G W0 7 =K 4841 (001) Tl |
Eqqs TELY QSAR B, AIFFE 45 J X T 18 9 55 A e 15 Y W 7 i W Ok 262 1L I B AT S 1) B AR R A B 220
S, IF HoA i — 20 8 7 05 B e 5 G IE =K AR A7 (001) T b A R AL BEE T LAl

1 W58 71 (Research methods)

1.1 G585 W5 e AL A 1) B 308 BORD = 7K 45 A AR50 i A 2
FEFEERY ZREE R, ARBFSEEECT 21 NS EA R PER I B TS SR AR AW, AR
LI (PAHs)  BUCIR (FARN\Z ) | —IES, PRILE 1.
1 20N HFBIGRY I IR, TR CAS 5

Table 1 Classification, name, molecular formula and CAS number of the 21 aromatic pollutants

PIES

HFR

sy

Classification Name Molecular formula CAS
F S C¢Hy 00071-43-2
% CyoHs 00091-20-3
ZRFIPAHSs B CHjo 00120-12-7
8 CHjo 00085-01-8
Vil Ci3Hjo 00086-73-7
F oK C,Hg 00108-88-3
ENL) C¢HO 00108-95-2
iR C,H 0, 00065-85-0
B %S C¢HsNO, 00098-95-3
NIl CgH,N 00062-53-3
o< C,HsO 00100-52-7

iTEAWS .

R CeHsF 00462-06-6
TR C¢H;Br 00108-86-1
SR C¢H;Cl 00108-90-7
1,2-— 50K CgH,Cl, 00095-50-1
1,2,4- =4 C¢H;Cly 00120-82-1
1,2,4,5-PUGHE CeH,Cly 00095-94-3
TR C1,H;0, 00262-12-4
— I 2,7- RIS C12HeC1L0, 33857-26-0
2,3,7,8-PUGRAR X e C,H,CL,0, 01746-01-6
2,6- SR Rk C1,HCLO 60390-27-4

KB A JE T A bR B H Saalfeld 2500 Hig 36 9 SR ZE A, A S ER: a = 0.8684 nm, b =
0.5078 nm, ¢ = 0.9736 nm. g T S ANHET H AR A b = /KA A Y BELSEIAR R, SR 2 % 4 % 1 1 JE P B8 2
Mg #e. i F = K484 (001) T A9 R M RE /DN, PTRRE AAAE T F AR AL 34, DR Gk % 26 T SR F 9% 0%
T 15 G e = KR R L BT A A, A T Sk )2 5 2 2 e AR BV, W 2 O e
T 1.5 nm M ELZS 2 M AR KA A (001) MR AL b 341 55 64 > ALJR T 192 4~ O J/ #1192 4~
H &+, WA 1.

1.2 HE Tk

AR SO A — PR JRE R VASP 5.4.4 3547 T A 0% BEZ sRBEE (DFT) T 7E A 45 F
ALBT, {8 ] Perdew 2P0 42 H A4 X BB BE I UL ( GGA) 1Y) Perdew-Burke-Ernzerhof (PBE) {2 pR i 1A 38 6 56
B R T AR 55 AH BAEH, SR A Grimme 5557 32 1 19 D3 J7vA X B AE AL AH BAE A TR IE . SR
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I T8 i 5L 20 (PAW) 538 B9 55 - () AR B FHE 40, 4R IBT BB A 400 eV, i HLPHIX A 1< 1> 1Y
T AL FEGS AR, BT AT R 29 SR/l i, e 1 AT WO SIbRfE 73 i &R 107 eV 1 0.4 eVeonm ™,
ISR TR B85 T R TR 5 SO, 18 = /KAR A i 1 ks 2 i L Ay % AL ML 12,

(A) (B)

<

Bl 1 =sK4$84(001) Y Ja A A
(AR EAE, (B) WAL 60, LEMAERSHIFR Al O F1H JFEF

Fig.1 Periodic model of gibbsite (001) surface
(A) main view, (B) top view; the purple, red, and white balls stand for Al, O, and H atoms, respectively
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TE=IKE AT (001) T B B ARG PR IAZ BRAL AR D0 B RS A BT Y. g fELAR T3 28 2R

Ed ZEA_B_EA—EB (1)

Hrfr, Eng 2 =/KE8 41 (001) T8 A5 1605 Y W B G AR R IW BB 1E, E FI E 43 5128 =K 5841 (001) T
FAA I B RS W e .

L 9% B2 22 (Ap) & 45 L 1l T 53 A1 W B AS) 28 v A2 78 AR VR ™ -0 BRI, A5t T
21 D5 G Y TE =K (001) TH b fe s e W B A U1 Ap, /3 AT B4 5 =K 4841 (001) T 2Z [A] i
FHEAEH, IFE L VESTA BAFHEA T o] IAL. Ap AT HE AT

Ap =pas—pa—ps (2)
o, pacg B =IKER A (001) AT T 15 S 2 G AR R AU T 5, pa A1 pp 4351 = 7K 4541 (001) T

%ui/\ﬁ%‘ﬁ%m Je T
1.3 QSAR Fifl

Oy FHERTF A e 5L QSAR AU [ S B AL IR . AHIF 9% 1R £E 10 2 TR A AT A0 45 = T E b
£F . Dragon i i 75 F1 B AL 2= S50 1 %, AR W55 R H Gaussian 09 #4197, 7 M06-2X/6-31+G(d,p)
PSR T O T 21 A5 B el Y M i 44, IO ARAS 20 i 45 5 S rh S U b flR 1, 48
AR, A3 | SR A FLE RE . AR IR 8 T #LERE. U35, R Dragon 6.0 R AFIHE T
21 NI YWY Dragon $iiA 4. 18 12 % A EPI suite 4.0 304 A1 SCHk A 3% 7 AR5 55 B 15 YL ¥ 1)
PERAL 2 SR LBl ALFE 1E 2 BE-25 SO0 T R BT (1gKo) I Rl A H 8R (1gKyy) . A iR PRl 7 =X
HBHeA F] 1gKox F 1gKyy BY SZHAE, W% EPI suite 4.0 2 2F AT P . i), #3 T B A3 38 21 4D Eyy
A, F B 4:1 (09 LE BT BERL 53 R DI 2R B TN R4, SR A MLR 53k, Sl 57 JUil 5 4 i 0 Je 7 =K A
(001) T | Eyqs fEIY QSAR AL, Ja % 5 I i REL(R ) » ITIT AR IR 22 (RMSE), 2 — 1538 URIE R AL
(QLoo) FIANTSEAIE R EL () HIPEIE A QSAR MR L4 . 7 . Fofd btk LA K W0 68 F1. S5 ok, 36+t
BARESR 2 (0) FIFLATE (1) £5 2] Williams [, ZEAEFERY ) 7 FH k1),

2 5 54718 (Results and discussion)

2.1 21V ANDS TG JeWIAE =K A (001) THT = B I8 ) 754 5 Wi i g
2 BT 21 N5 TS Y WA =K 5840 (001) TiT b i) fe ke s W B A B BT LR Y, BR ki AR 2
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Ab, FA A B R (AN ZR 1 2R B R | A BT | 2R e L R R B ) Yk b 2 o — 7K 45 4 (001) 1T L.
X R 2R IR LA IS AT AT AE =K AR A (001) T8 L. 3@ 741 43 B 21 405
F s YA =K AS A7 (001) T L A W FfE#4 289 (18] 2) Fies 28 5 22 (18] 3), R BO5 F TS 4 5 = /K4
A (001) [ = [a] (A0 B AR £ B4 FE =25 O—H---n . A8 A O—H-- X (X=CUBr) M HEAEH. Hrh,
AL AT IR0 W B 2 e O—H---m B IR 3 i, B RRD W8 32 22 fh X — 2R A AR H i —
KPR E = IRIRBN Y, Gk 2 PR, BLah, AR — 1A T A A R % Bader LT (3R 2), &
LT TS5 G 5 =K AR A (001) T2 8] 9 L g 5 A5 S AR /1N, 6-0.039 e—0.057 e 2Z [8], P 2Z [a] 1 4
HAEH FEIR T e Z M B ), PR O—H--n . S8 O—H---X (X = CU/Br) M A
VB R 55 B 505 e W AE — K50 (001) 17 _E W B A =22 SRR 2556 oA, ] LA 5 B i 15 Y e
KR (001) 1T Ao R B T P BRI, 55 22 PR D R A A B b ) W RIS R AR R,

pe pe pe k. pe pe pe pe pe pe pe h e & 5 & 5 R S pe
# # & 3 % LiES HKE
Benzene Naphthalene Anthracene Phenanthrene Fluorene Methylbenzene Phenol
o OB cone< - | ol prowe ‘ evsec oo
PR M - v M vy T ded b de:
& & &% if ¢ HE\E«H | P LY S ¢ FLTeTeT
""‘(’“ Le Le Ae A&e e pe 1 4 A A ‘\' b L ke e pe Lo ke
Ei T i KR A e £ S
Benzoic acid Nitrobenzene Aniline Benzaldehyde Fluorobenzene Bromobenzene Chlorobenzene
A ‘ o ‘ r— oo oo oot Caramococ
Y Y TP Y v M
xxxxxxx 3
T T R s s 4 e ¢ T 4 4 4 A
g e S R ke e e e pe 1 pe pe m pe i h e & 5 & 5 &
1,2- &% 124-Z40% 1,2,4,5- &% TR I 3R 2,7- &/ 2,3,7.8- PG4 2;6;:%1%
12- 1,2,4- 1,2,4,5- Dibenzo-p-dioxiin FEHRT e FIR g IR
dichlorobenzene trichlorobenzene tetrachlorobenzene 2.7-dichlorodibenzo  2,3,7.8-TCDD 2,6-dichlorodi-
benzofuran

-p-dioxin

B2 20 AR R e KA (001) T I 10 RS R iy 7
Fig.2 The most stable adsorption configurations of 21 aromatic pollutants on the surface of gibbsite (001)
F2HN T 21 AT TS B AE =K 8 A (001) T I S5 i W U B, B °TRAE 1, 05 &

W5 B W AE = K85 A (001) T L [ E,qq (ELFE—12 keal - mol™ 2 —30 keal-mol™" 75 {2 [0], 7EJEFE4E (vdW)
AFEL AR I FE PO R A, 2 3805 IR 7E =K B8 (001) T 1Y Eq (AR, R Z IR IF IS =K A
(001) i =2 [B] F AH ELAE I B8 1 Ah, 07 BR A0 B e 23 52 00 05 75 6 15 e W0 TE =K BR A (001) THT E 1) E g, 1L,
WK ZEFNEAE =K A (001) A Eygs (BIUT . 7K > 28 > 8, RUIDFIR B 2, 55 & 575
JeWpde =K4547 (001) T 1 1Y Eyq THBAIR, W FBE 1 BER, X 5 Dang 552 KB 45 3R —20. 5340, X
BE A e 2 R T D5 B 55 Qe WD AE =K 85 40 (001) T B AW B, 51 G, R Ege (R TR, X 5
Yu S5O BT AR — B AEAHR A, AN [ S L ) IO X 05 7 1 15 e W e =K AR A (001) 1T F- 1Y
R B EL AT AN [] ) G2 ARG, 36 3 B2 1h A 5 2 18] BT JE I ) A LA PR BN ) S B . il n, PP A8y 1
—CH; BUCHEA E A s e, S 305 =K 4 (001) T E ) O—H #EZ 8] HEEIE i O—H- =«
B, ANBEIE VS TR I A —OH USRI K i —NH, ORI & A a i fpE s, el S =
AKEBAT(001) T 11y O—H HEZ MG W] LUE i O—H - -n i, AT LUE A O—H---O B & s N—H---0
RV, HE— 200 HOAS [A] G B A B ) AR TE =K AR A (001) T b 1Y W BT RE T (E g fH: SR > 1,2-—
A > 1,2,4- =5 > 1,2,45-T05K), K BUCEER B 2, SR B W B RE 0 Bss . ik sh, 7EA )
SR E ) — 280 “IESA R B TR A R GR (E g (H: —ATFR I8 > 2,7- R0
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Ffxh “HEYE > 2,3,7,8-PU S AT THEDE) . DAHAT DU, AR FE BB S R TS Y, 2RO A
Joe35 G e =K B A7 (001 ) ThT - Ao IR FfY E ) BE 5.

:’3‘ (;.-f‘ A",. > » . T :.5; W]‘o ?&

S E3 B 3 % I B
Benzene Naphthalene Anthracene Phenanthrene Fluorene Methylbenzene Phenol
% i P gse & T 3 S e -
KR W ]tk K W e a%

Benzoic acid Nitrobenzene Aniline Benzaldehyde Fluorobenzene Bromobenzene Chlorobenzene
L2-Z &% L24-Z8% 1,2,4,5- &4 R RS 3;7-:%ﬁ% 23,7 8-MUGAR 2,6- 4R
12- 1.24- 12,4,5- Dibenzop-dioxiin IR —BEE  HIFR ISR AR

dichlorobenzene trichlorobenzene  tetrachlorobenzene 2,7-dichlorodibenzo 2,3,7,8-TCDD 2,6-dichlorodi-
-p-dioxin benzofuran

B3 21 35T Y e = /K ER A (001) I L Ay i 25 i 2
NSRBI A TR SAHBAE, SF{ETY 0.001 ¢-Bohr
Fig.3 Electron density differences of 21 aromatic pollutants on the surface of gibbsite (001)

Yellow and green represent the accumulation and loss of electrons, respectively, with an isosurface of 0.001 e-Bohr

F2 20 AFETG YA KB A (001) 10 _E R RE (Eyqs) - AHEAE PSS B L K Bader Hifif 73 BT 75 21 ) 4 Fh 05 7
W5 G BT 5 7 (Q)

Table 2 Adsorption energies (E,4), interaction types of 21 aromatic pollutants on gibbsite (001) surface and charge transfer

(Q) of each aromatic pollutant obtained by Bader charge analysis

EY E O—H:--nfil ki O0—HX
Compound (kcal-mol ") O—H:-'n bond Hydrogen bond (X=Cl/Br) Qle
B S -12.13 . o o 0.030
% -19.34 o o o 0.057
h -25.21 . o o 0.056
E[3 -24.83 . o o 0.049
% -23.33 . o o 0.042
GiF S -15.25 . o o 0.025
K -23.31 . . o -0.003
ARHIR —26.40 . . o -0.039
BB -19.61 . . o 0.015
ENi -17.94 . . o 0.005
AR -16.13 . . o 0.015
FR -12.92 . . o 0.021
TR -15.50 . o . 0.052
SR -15.20 . o . 0.037
1,2- 5K -18.01 . o . 0.045
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sk 2
Ew Eogl O—H-- il et O—H---X

Compound (keal-mol ™) O—H:--w bond Hydrogen bond (X=Cl/Br) Qe
1,2,4-=5K -18.12 o o o 0.050
1,2,4,5-I05EE -18.84 . o o 0.041
ORI -23.76 . . o 0.031
2,7- AR R R -27.70 . . o 0.037
2,3,7,8-MUGUAR 2RI e -29.16 o o o 0.056
2,6-5AAC 2RI R kg -24.67 . o o 0.056

s IEBQF RIS B Il Yy 1a) =K 4841 (001) T A LA 55 7% 5 @ Fll o 7 | 3R Al LA R B A7 .
Note: The positive number Q represents the charge transfer of each aromatic pollutant to gibbsite (001) surface; symbols ® and o indicate
the presence and absence of interaction types, respectively.

2.2 FEIRIGYLAE =K AR A (001) T F (W B RE Y QSAR 571
FEFIRAFEINY 21 A Eyqe 1, & T WIS F 5 Je W E = /K884 (001) 1 L1 E,q fHHY QSAR
PR
Eu. = —6.022-2.673 x [gK s +0.1442 X Am

Ntra = 17’R2

tra

=0.961,0; ., = 0.966, RMSE, = 0.869; N,,, = 4R’ = 0.864, 0% = 0.955,RMSE, = 0.923

FEH, Nygg B N, 43 0 22 7 VIR 42 R UE 4 v 55 7 16675 G W) 0 A 580 B B A 468 P 4> 43 1 3R 1
lgKon Tl Am, o5 SR AR EE 530 DL 3% 3 FER 4. 3R 3 mIH0, PSR AT 09 5 22 I ik X+ (VIF) i
PUINT 5, RBEARIAAFAE 2 8 20 2 BRI G i 0T B4 R, = 0.961 . 0L o0 = 0.966. RMSE, =
0.869., R’ = 0.864, Q% = 0.955. RMSE, = 0.923, 3 B i T 452 78 HL AT AR 4 A 480 &5 D0 B L e fd ok A
DUBE S7 B0 bk, BRI R FN O I 2E(E/N T 0.3, R IABIRIE A w500,

Fz 3 BIPY R Ay TR A Ry 22 M R (VIF) | ¢ R 3 (A A 8 25 oK F P

Table 3 Molecular descriptors involved in the model and their variable inflation factor (VIF), ¢-statistics, and
significance-level P Values.

kAT 4
Descriptor Definition VIF ! P
1gKon IR 2S ST L R AR 2.600 -14.11 <0.001
Am P 0 A 0 S P WHIMA 384 2.600 2357 <0.040

R 4 QSAR KERIFP T KA IRTT 1gKoa F1 Am F(E LS8 i QSAR A AU T 453 21 ) W B BE ( Eogs pre)
Table 4 Values of IgKo, and Am descriptors involved in the QSAR model and predicted adsorption energies (Eygs pre) by

the QSAR model
lenfo?nd 1gKon Am Egs pre/ (kcal-mol™)

S 2.780" 1.289 -13.27
e 5.190" 4.034 -19.31
J< 7.550" 8.271 -25.01
B[ 7.570 9.009 -24.96
il 6.790" 7.234 -23.13
LIPS 3.310” 2.207 -14.55
FNU 6.326% 1.990 —22.66
RIPR 7.678% 3.795 —26.00
[(:E:%S 4.858” 3.736 -18.48
PSS 4.983? 2.021 -19.04
IR 4.4427 2.902 -17.47
FAR 2.863% 2.114 -13.36
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