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Abstract ; There are many sites contaminated/by polycychc drmﬂdtlc hydrocarbons (PAHs) or combined PAHs-heavy metal in China,

which posé serious health-risks to local people and environments. Dissipative quartz crystal microbalance (QCM-D) was applied to
investigate the adsorption of naphthalene to two organic-modified smectite clays ( cetyltrimethyl ammonium bromide modified
montmorillonite, CTAB-SMF, and 3-mercapto propyl trimethoxy silane modified montmorillonite, TMSP-SMF ) and original SMF,
together with batch adsorption experiments. The results, based on in-situ online QCM-D experiments, showed that the adsorption sites
of CTAB-SMF on naphthalene were mainly CTAB grouped between the interlayers of clay particles, while TMSP-SMF’s were TMSP
grouped on the surfaces of clay particles. The isotherms of naphthalene adsorption to CTAB-SMF fitted well (R* >0.92) with the
Freundlich model, while the adsorption isotherms to TMSP-SMF and SMF fitted well with the Langmuir model (R* >0.96). The
parameters of CTAB-SMF (n > 1) indicated that the adsorption sites of naphthalene to CTAB-SMF were heterogeneous and the
adsorption increases at higher equilibrium concentration. The adsorption capacity ¢, of TMSP-SMF is significantly greater than that of
SMF (P <0.05). Based on the calculation, the value of AH__for these three clays ( CTAB-SMF, TMSP-SMF, and SMF) were within

the range of =30 to —10 kJ-mol ™", which indicated that it was a spontaneous exothermic physical process. The solution ionic strength

obs

could decrease the adsorption of naphthalene to SMF, but had limited effects on naphthalene adsorption to the two organo-modified clay

2+

particles. The existence of Cu™" in the solution could enhance naphthalene adsorption to the three particles, and naphthalene could
improve Cu’* adsorption to these two modified clays. The results of this study show that QCM-D is a useful technique to indicate the
changes of clay film during the process of adsorption, and the two organo-modified clay particles have the potential to be remediation
materials to remediate PAHs or PAHs-heavy metal-contaminated sites.

Key words; polycyclic aromatic hydrocarbons ( PAHs) ; dissipative quartz crystal microbalance (QCM-D) ; adsorption; organo-clay
particles; compound contamination of PAHs & heavy metals; naphthalene
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L-kg™' ] /T SMF ) K, {H [ (1060 =+
Lekg™'J(P <0.05); x_mlﬁi’ua&ﬂ%ﬁ“ 4 fih
CTAB-SMF Xf%& B’JWMJE%fiEi%ﬁﬁ i it
B.E.T. ;&ﬁiﬁz éFﬁii%ﬁ*ﬁ%fﬁﬁ%’L ZN
%5 F1E CTAB- SMF ﬁﬂ’]tﬂﬁﬁxiu ﬂ?'J é
(M“ﬂmﬁi %Eﬁj‘% %ﬁﬁilmlﬁﬂéﬁ CTAMB"‘ﬂ
B ﬁﬁﬂﬁ%%%m ST G,
1 mmol-L"~} ) TMSP- §MF X ZE B g H~0-12 7,#
0. 08)mmo‘lg‘ 5 SMF[ (0. 09 +0. 01 Yfimol - 7]
*Htmz%%mgp < 0.05), TMSP-SMF H R‘JI{E
(100 + 10.1) L-kg™' ] W1 & & T SMF 19 K, {8
[(88.0+1.11)L-kg ' J(P<0.05); 4%y i
BRI (e, =0. 01 mmol-L~") , TMSP-SMF 5 SMF {1
K MEM TR EET (P <0.05) ; 312k Y 28k
RS, 266 A UKL 2% %) W B o7 AR B i 2 T35 0 1
B T 25 e B T v INF, SMIF 0L SoF 265 A 1 i 52 %)
W2 BFFASZ s BRI, FTIR 45 5 {7k TMSP 56 A il 2l 4%
F TMSP-SMF ks & 1 , R b fifi /% TMSP-SMF & 4%
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H BT FA. Sk e S R E 2R R PR R I 2L, AT
BUCPE Rl - BOREXT 22 9 KA BRBE 1L T SMF.

mmol - L. "B, CTAB-SMF (1) K, ¥ N LI $ it
B TMSP-SMF 5 SMF Xif 25 ) % B rhy 47 38008 i = 5

R 25 CTHRIZE 45°C (K 1), 3 MR LM 1T CTAB-SMF X 25 ) W R 78 37 i -l e JE2 45 i
KX 25 K, RN TS B4 e, A1 ATBERA T
F1 3P IHNENRMERLSH
Table 1 ~ Adsorption isothermal model parameters of the three clays
Freundlich F55 %1 Z:%5 Kl/L'kg’l
f TR N L/ C 5
SESUES I R? Kf/L"'g’l'mmollf" n ¢, =0.01 mmol -1, ™! c, =1 mmol - I, ™!
25 1.00 1.18 £0.05 1.14 £0.01 237 £30.0 1180 £170
CTAB-SMF 35 0.92 1.40 +0. 14 1.17 £0.03 192 £10.0 1400 +80.0
45 0.97 1.50 +0.09 1.19 +0.05 176 +20.0 1500 +90.0
. Langmuir 25 Ky/Lokg™!
R/ . angmuir . _ _d] g _
R K,/L+-mmol G nay/ Mmol - g ¢, =0.01 mmol-L ¢, =1 mmol-L
25 1.00 9.09 +0.01 0.12 +0.08 1098 +20.0 100 £10.1
TMSP-SMF 35 1.00 7.07 £0.00 0.12 +0.00 849 +10.4 100 £10.1
45 0.99 6.73 +0.00 0.08 +0.04 564 +£40.0 70.1+3.00
B /°C Langmuir B 244 Ky/L-kg™!
R? K,/L-mmol = G/ mmol - g ™! ¢, =0.01 mmol-L~! c, =1 mmol-"L- !
25 0.98 11.0+0.01 0.09 +0.01 1060 +3.01 “88. O+].|11 -
SMF 35 0.96 10.0+0.04 0.08 £0.01 | 870 +8.00 80. 0+2 10,
45 0.96 7. 58 +0.05 0.07 +£0.01 © 570 +2.12 67. O‘*—Z 13
1) Freundlich #5581 h K, =K; x cg" Ldngmmr 1‘%@'—'—‘ Kd % X @/ (1 +K; x¢,) u. i ! II .l‘f-f
‘ ; ) ' & vy 4
S -1 |
2.2.2 WM (L-kg );Rfﬁ JH R ﬁ[ﬁlﬂ

E 2 BT sk %%?M3ﬁ%ﬁ @wd

nyf{m%‘ Eﬁ%ﬁ 1‘&% van’t Hoff j:?*i.{-’/ﬁ ) ]X]L
1/T Fl Ink; 1@@1%&%%@'[&%%‘ N,
(kJm11)[1926] = q

AT S AHA/R x (1/T) % & 4 (1)‘"‘"

Al K, ﬁy ” _0 01 mmol - I G0 b 43 g

J+ (mol-K)¥'], ?ﬁwﬁﬁﬁiﬂmf“(m & NHEL
3ﬁ%iﬁhﬁﬁm%WWWMAmj‘se

- 10 ifalf R B 3 A g

RO SR O e T 2 e 2 5 0 25

5 B A K b e T 4 P T A e R

fEH.

R2 IHMHFLHHNENRMANFESY

Table 2 Adsorption thermodynamic parameter of the three clays

Fh A2k W/ C InK," /L-g™! H,, /kJ+-mol 7! R?
25 —1.44 £0.01 -11.83 £0. 18 0. 96
CTAB-SMF 35 -1.65 +0.02 -11.83 £0. 18 0. 96
45 -1.74 £0.01 -11.83 £0. 18 0. 96
25 0.09 +0. 02 -26.20 +0.22 0.98
TMSP-SMF 35 -0.16 +0.03 -26.20 £0.22 0.98
45 -0.57 0.01 -26.20 +0.22 0.98
25 0.06 0. 02 -24.29 £0. 62 0.95
SMF 35 -0.14 £0.05 -24.29 +0. 62 0.95
45 -0.74 +0. 06 -24.29 £0. 62 0.95

1)e, =0.01 mmol - L~ B 55 i 15 Ky B

2.3 QCM-D J5U{0 78 ZRAG I S 46 245 S

Kl4h3 %ﬂlﬁiﬁi%ﬁﬁ QCM-D Ji A7 7 2 A i) 552
IS PR SRR M B BREERE ) R TR) , 8 - B B Bt
FARFATFL & 4 (b) | 4(d> $u4(f) 1, 25+ R Bt
[F1) sk et U A 8 R K PSR TR 4 S5 R A
PLMcHE e 2 1 BURE AY 5 7K P 18 58 (5K KNk
CTAB-SMF > TMSP-SMF > SMF ).

BB 05 m, RN R B 2SR m, 2

R 3. W B A — Ao A
K(4):
q. = 1000 x m,/m; x (1/My,,) (4)

Ko, g, AR AR B R (mmol g ') 5 m, Al
my, 53 ) A b b S JB R A B 2R A (ng)
My, HZEHIEE /R B HE (128 gomol 7).

q. K/NIUF K CTAB-SMF > TMSP-SMF > SMF.
HRAE QCM-D SLH 455 15 ¢, 0. 156 mmol L™~

IR R 3 g, T LA
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Fig. 4 In situ online QCM-D detection of three clays
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RBK, (435 13 462, 7500 F11 474 L-kg™'), It
45 5L Lb At W B SE g AR R S 8K (e, M 0. 156
mmol - L™ i) THEE Y K, (435124 910, 451 Fil 365
Lokg ") B (HBH—Z0 S0l 2 A, 7€ QCM-
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rh 3 S 00 R IR A, DA T 5 BOBURE P XL H,
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A, I QCM-D SE5e Bl T3 5 19 K, R T8
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KI5 S 1 %6 BURLAE U b i BB B DA S
R ZE B B B AD 5 AF I C R RER KN
T IR 8 SRR P iR 5 46 o {1 R 0 I I ) 8 o
PR 5 T ) 2 00 3 B LA R R Y R
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255 SEM LB R AE4E S —

TER LI B 25 mF , AD/ AF 4 31 59 /NI
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ZENG B ARG T TR Y TMSP JEH | 575 505 Wi 1] 1 4R
FHF 358, gE— 23 T 2k + B ES A s ANRR 5 T
XFF CTAB-SMF, Z5 53+ A %6+ )2 18], 1% 3l 6l &%
FR,fif 15 CTAB-SMF Zh 1 5% i b 2 B 1) g 28 /N F
TMSP-SMF; [A]fs, SMF HA7 e R S0 A 2 1 B4
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Table 3  Balance parameters of the three clays
B K Zh L IBOE b B B ZE B B
- AF/Hz AD x10 73 AD/AF m,/ng AF/Hz AD x10 73 AD/AF m,/ng q,/mmol g~
CTAB-SMF 742.25 372.00 -0.47 9.81 223.40 67. 60 -0.25 2.61 2.10 £0.98
TMSP-SMF  1714.70 900. 00 -0.51 23.44 289. 80 150. 00 -0.51 3.55 1.17 £1.02
SMF 873.38 129. 00 -0.10 11.13 56.54 5.50 -0.02 0.29 0.23 +0.17
1 000
(a) Fi LRI B 160 [ (b) WLbAERT B “_
140 o=t
0= -0.504 98 iy
’ 120 |- 3 ol
L
L o L 100 |\ o525
e -0.467 87 v o /
2 2 80t o /
= 400 < -’ mules
60 - | T ——
10023 Syt
4 40 5
200 CTAB-SMF e —
TMSP-SMF 20 —W& Zo0m
; SMF ot e T
0k ’ I I 0 E i’ I 1 1 1 Il
0 =500 =1 000 =1 500 0 =50 =100 =150 =200 =250 =300
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Fig. 5 Measured dlbslpdllon chdnge (AD) and frequency change (QF ) at ddburmlo equlhbnum i /

of the three cldys*‘m dlfferent stages during QCM-D detectw'rf
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r“%#?ﬁ#ﬁﬁﬂﬁmﬂﬂti‘%uﬁﬂﬂéﬂ R R, A
1 Na " HRHER IR, SMF 42581 25 0 0 W (7 SR R

W%@*ﬁ%iﬁﬁw@ >0.05), fE%%%*?ﬁ%f o _.7J<Af*£§il§l’j Na* (54510 AR 5 W B i K 1 43 2% 5
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Fig. 6 Effect of ionic strength on the adsorption of naphthalene to the three clays

2.5 Cu®* SZEXF U B AH S )

LT AF UL o AEZESS I T 3 g+ Jok:
XFZRIG WL, 22 5 R, Y 2T vk B BRI, Cu®*
BEW T CTAB-SMF % ZE W (P >0.05) 5 24
FEPA U B T R B, Cu® B A A R A R X 25 1Y
K, fH¥ /07 1 4%, %FF TMSP-SMF il SMF, Cu** 42
T2 MR RN g, (ST 0.01

mmol-g ") 5 HLAl, Y ZE VAl v FE B AR AT, Cu®* 1 £
TEfE TMSP-SMF X451 K, {EH#E T 3 fi%.

K8 W, ZEME] T SMF k%t Cu®* By Wz It
3N T A LR MRS 5 Cu®* AR STALh SRR
W, Z5 77 16 i, SMF X} Cu** 1Y ¢, FEMK T 0.08
"1 CTAB-SMF 34 Ji1 T 0.27 mmol-g~',
TMSP-SMF 34717 0. 1 mmol-g~' (£ 6).

mmol g~



5140 I A 2 41 %
F4 TABFRETIMFHLRMEEERUESH
Table 4  Fitting parameters of the three clay adsorption isothermal models with different ionic strength
Freundlich FEA S EL K,/L-kg~ !
BRP2 N *(Na*)/mmol - L.~ ;
B AR ¢(Na™)/mmo R? K/L"-g ' mmol' ~" n ¢, =0.01 mmol - L ™! c, =1 mmol - I, ™!
CTAB-SMF 10 0.97 1. 11 £0.01 1.05 +0. 01 981 £33.0 1431 £230
100 0.96 1.80 +0. 02 1.24 +0.00 1040 +£23.2 5320 +130
Na*)/ e Langmuir 2% 24 K,/L-kg™!
¢(Na™)/mmo R? K,/L-mmol ! G/ mmol - g ™! ¢, =0.01 mmol-L~! ¢, =1 mmol-L~!
TMSP-SMF 10 0.95 7.61 £0.01 0.09 £0.01 381 +£12.2 930 £10.0
100 1. 00 14.1 £0.03 0.06 £0.01 340 +11.5 620 £10.0
L ir BRI SR Ky/Lokg™!
¢(Na*)/mmol-L~! nemm - I ,dl £ 1
R? K,/L+mmol e/ Mmol - g ¢, =0.01 mmol-L ¢, =1 mmol-L
SMF 10 0.89 64.82 +0.04 0.02 £0. 00 200 £12.9 230 £10. 1
100 0.82 49.39 £0.05 0.01 £0. 00 112 £65.3 130 £10. 2
1) Freundlich BRI Ky = K; x¢{"~") 5 Langmuir BB K, = K, x ¢,/ (1 +K, x¢,)
£S5 CO HFET I HHLIHENRMEERIMUESHY

Table 5

In the presence of Cu?

*, the three clays adsorption isothermal model fitting parameters for naphthalene m

F

Freundlich 558 Z%5 - K,/L- kg’l Pl
SRR SR e g 1
R? K/L"+g™" ~mmol’ ~" n ¢, =0.01 mmol-L. c, —1.-111'!?1';01 L
CTAB-SMF - 0.99 0. 6§.1if).01 1. 10 £0. 01 ; 205 +3. 00 67.9-110
+ 0.95 1.24'+0. 00 1.17 £0.01/ | 169 4. 00 1,240 ‘;530-'
. Langmuir 155125 i i 5 ) K,/L-kg™'f "_“-'. i
R | Kll/t mmol ™! e/ mmol 5 7! _ae =0.01 mmol-L ™! ¢, =1_mmol* L l'-'"r
- - — .
TMSP-SMF 3 1.00 . 5. 81, +0 01 0.04 0/ 08 v i 457 i.l(l.;‘l. 42.2 + 1 32 ‘
! A e 0.99 PS4 J_.--O tp“i()l 0.05 0400 = 1664 101 49.2 +2.54 I 7
: i ;' ] ; 2 J(Ldngmulr (ERINE S | i K/L-kg™! — it
K ) 1 R2 ;K /L. mm.‘ﬁi i G g/ MO} :'ng 7:!" c. =0...6i mmol + L ™! ¢, =dfmmol - I37! 3
_suiE - — 0.99 f 22. } £0.07 0.01 £0. 0L 326+2. 54 14.4 +1. 4%}?
' F— 0.99 ¥ 23. 7 *0 04 | 0.02 +0. 01 - 446 £0.01 18.2 +3.21

I)Freqndhl’fh ﬁ’mﬂ?‘ K, =K; )Cc("' n. Langmulr TEE;'T‘ Kdﬁ Ky x4

2 *Emﬁifﬁf Luz*

it
!

i a’

-

;Jy+mXszy+”ﬁmﬁ§

VD Cu?* W EH 10 mmol L', =7

0.06 0.05 0.020
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‘w0 0,05 = 0.04 20
B e S 0015 |-
£ 0041 E £
> = 003 >
Eﬁ 0.03 | = £ 0010
= =
= o0 | = 0.02 =
& 2 £ 0.005
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U Il 1 1 U L L L 1 0 1 1 1 1 ! L
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Fig. 7 Effects of Cu>* on the adsorption of naphthalene to the three clays
F6 HEFEER3I MBI Cu?t HRMERERSH
Table 6 Isothermal model parameters of adsorption of three clays to Cu®>* in the presence of naphthalene
RS Y K;/L-mmol ! g/ mmol g~ R
CTAB-SMF - 4.65+0.01 0.35 +0.01 0.97
+ 2.22+0.02 0.62 +0.01 0.97
TMSP-SMF - 71.9 £0.01 0.55 +0.00 1.00
+ 35.2+0.07 0.65 +0.00 0.99
SMF - 8.52 +0.06 0.43 +0.04 0.95
+ 11.4 £0.07 0.35+0.02 0.99
1) + 7" RYTFIEW D ZRRIE N 0. 156 mmol - L ™"« = " R RIFWMAFAELE
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Fig. 8 Effects of naphthalene on the adsorption of Cu
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