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The effect of lead on the adsorption of diuron and dichlobenil on multiwalled carbon nanotubes (MWC-
NTs) was investigated to explore the possible application of MWCNTSs for removal of both herbicides
from contaminated water. The adsorption of diuron and dichlobenil on MWCNTs at pH 6 was nonlinear
and fit the Polanyi-Manes model well. The adsorption of diuron and dichlobenil was closely correlated
with specific surface areas and micropore volumes of MWCNTSs. An increase in oxygen content of MWC-
NTs with same diameters and similar surface areas decreased the adsorption of diuron and dichlobenil,

IS?“E :‘;‘;rds" while increased the adsorption of lead. Micro-Fourier transform infrared spectroscopic study indicated
Dichlobenil that hydrogen bonding is a main mechanism responsible for the adsorption of diuron or dichlobenil onto

Lead MWCNTs-0. Oxygen containing groups, mainly carboxylic groups, significantly increased the adsorption
of lead through the formations of outer-sphere and inner-sphere complexes, which are verified by X-ray
absorption spectroscopic measurements. Oxygen containing groups and the presence of lead diminished
the adsorption of diuron and dichlobenil. The suppression mechanisms of lead were ascribed to hydration
and complexation of lead with carboxylic groups, which may occupy part of surface of MWCNTs-0. The
large hydration shell of lead cations may intrude or shield hydrophobic and hydrophilic sites, resulting
in a decreased adsorption of diuron and dichlobenil at the lead-complexed moieties.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction ter is an important environmental issue. Adsorption has been found

to be superior to other techniques for wastewater treatment due

Diuronis a non-selective herbicide and mainly used for both pre-
emergent and post-emergent weed control on broadleaf and grassy
weeds along with mosses and algae on crop or non-crop sites [1].
Dichlobenil is used to kill unwanted weeds and is remarkably per-
sistant in soil [2]. Diuron and dichlobenil are frequently detected
in ground and surface waters due to their worldwide use, rela-
tively high chemical stability in soils and aquifers, and high leaching
potential [3-5]. Lead is common detected metal in natural waters
and soils due to discharge of industrial processes and sewage irri-
gation [6]. There has been increasing concern and more stringent
regulation standards pertaining to the application of herbicide and
discharge of heavy metals to the aquatic environment [7]. Hence,
simultaneous removal of these toxic contaminants from wastewa-
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to its low-cost, high efficient and easy of operation.

Carbon nanotubes (CNTs) have been increasingly applied in the
environmental protection as novel materials due to their strong
adsorption affinity for both heavy metals and organic chemicals
[8-15].CNTs are considered a superior adsorbent for potential envi-
ronmental remediation due to their large surface area and high
reactivity [16-19]. The sorption mechanisms of organic chemicals
by CNTs include hydrophobic interactions [20-23], - interac-
tion [24,25], hydrogen bond [26-28], electrostatic interactions and
Lewis acid-base interaction [26,29]. However, the relative con-
tribution of a given mechanism to the overall sorption is largely
unclear, which needs to be further addressed.

Extensive researches suggested that CNTs have strong sorp-
tion affinity for heavy metals due to high chemisorption capability
[9,11,30]. It was reported that CNTs show exceptional high adsorp-
tion efficiency for lead. The adsorption is significantly influenced
by pH of solution and nanotube surface status, which can be con-
trolled by their treatment processes [8]. Further research [30]
suggested that oxygen functional groups play an important role
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in lead adsorption to form chemical complex adsorption, which
accounts for 75.3% of all lead adsorption capacity [30].

To date, most current studies focus on the adsorption of single
organic chemical(s) or heavy metal(s) by CNTs separately. How-
ever, the single-solute systems may not represent many systems
commonly encountered in the environment, where multiple con-
taminants may coexist at many contaminated sites [31]. Previous
studies suggested that metal cations may influence the environ-
mental fate of toxic chemicals in soil-water systems [32,33]. Our
primary study showed that metallic cations may influence the
adsorption of atrazine and 2,4,6-trichlorophenol onto CNTs [28,34],
implying that organic chemicals exhibit different environmental
behaviors in multiple contaminant system from that in single-
solute systems.

The coexistence of diuron, dichlobenil and lead tend to influence
their adsorption, transport and fate in the environment. However,
question on the effects of lead on the adsorption of diuron and
dichlobenil or vice versa by MWCNTSs have not been addressed. The
possible influence should be considered when CNTs were applied
as adsorbents in waste water treatment. For these reasons a better
understanding of interactions between diuron, dichlobenil and lead
during their adsorption on CNTs is becoming an environmentally
important issue.

The aims of this study were (i) to elucidate the effect of lead
on the adsorption of diuron and dichlobenil on MWCNTSs contain-
ing oxygen functional groups; and (ii) to provide an insight to
the relevant mechanisms using Fourier transform infrared micro-
spectroscopic (-FTIR) and X-ray absorption spectroscopic (XAS)
studies.

2. Materials and methods
2.1. Chemicals

Diuron and dichlobenil were purchased from Sigma-Aldrich
Chemical Co. with a reported purity of HPLC-Grade 97.4% and used
as received. The selected physiochemical properties are listed in
Table 1. Pb(NOs), is of guarantee reagent grade. Other chemicals
are of analytical reagent grade or better.

2.2. MWCNTs

MW(CNTSs were purchased from Chengdu Organic Chemistry Co.
Ltd., Chinese Academy of Sciences. These MWCNTs were synthe-
sized from ethylene/nitrogen (Cy;H4/N; = 3/2) mixture by chemical
vapor deposition at 823 K using Fe/Al,03 catalyst. MWCNTs with
outer diameters of <8 nm, 30-50 nm and >50 nm were designated
as MWCNTs8, MWCNTs30, MWCNTSs50, respectively. According
to the contained oxygen contents other MWCNTs with outer
diameters of 10-20nm were designated as MWCNTs-0(1.52%),
MWCNTs-0(2.66%) and MWCNTs-0(7.58%), respectively.

The diameters of MWCNTs were determined by TEM. The car-
bon and oxygen contents were determined by X-ray photoelectron
spectroscopy (ESCALab220i-XL electron spectrometer from VG Sci-

Table 2
Selected structural properties of MWCNTSs.

Table 1

Properties of diuron and dichlobenil.
Properties Diuron Dichlobenil
Chemical formula CoH10Cl,N,0 C7Hs5CILN

Cl
Cl Cl

Chemical structure NHCON(CHy),
Molecular weight (g/mol) 233.09 172.02
Molecular volume (cm?/mol) 170.1 122.4
Molecular surface area (nm?) 2.19 1.423
Density (cm?3/g) 1.1786 13
Dipolar moment (Debyes) 7.55 5.54
Water solubility (mgL~',20°C) 40 18
log Kow 2.85 2.74

entific) using 300W AlKa radiation under the base pressure of
about 3 x 10-2 mbar. The surface area, pore volume and microp-
ore were measured by nitrogen gas adsorption and desorption at
77 K with ASAP2020 accelerated surface area and porosimetry sys-
tems (Micromeritics Instrument Corporation), and then calculated
by multi-point BET, BJH, and DR methods. The structural properties
of MWCNTSs are shown in Table 2. Preliminary experiments indi-
cated that impurities of Pb2*, diuron and dichlobenil in all MWCNTs
were below the detection limits.

2.3. Batch adsorption

Briefly, 40 ml of glass tube sealed with Teflon-lined screw-
caps was used as batch reactors. 5mg of MWCNTs and
35ml of diuron/dichlobenil solution at various concentrations
(~0.6-22mgL-! of diuron and ~0.6-13mgL-! of dichlobenil)
were utilized for all adsorption experiments. A mixture of 0.01 M
NaNOs3 and 0.1 g/L NaN3 was used as background solution. Reac-
tors filled with MWCNTSs and solutions were shaken at 100 rpm
and 20+ 0.5°C in a shaker (HZQ-F160) for 2d at pH 6 (prelim-
inary sorption studies indicated that apparent equilibration was
reached <2d). The pH of adsorbent suspension was adjusted to
6.0+£0.1 by drop wise addition of 0.1 M HNO3 or 0.1 M NaOH
at the beginning of reaction and remained constantly at the end
of the adsorption. After centrifugation at 2000 x g for 20 min, all
glass tubes were placed vertically to stand for 24 h to ensure com-
plete separation of aqueous phase from MWCNTs at 20+0.5°C
for diuron and dichlobenil. Supernatants were withdrawn and
final concentrations of diuron and dichlobenil were determined by
HPLC. After adsorption the suspension was filtered through a Mil-
lipore 0.25-pm hydrophilic polyethersulfone membrane and final
Pb2* concentrations remained in the supernatant were determined
using ICP-AES (Perkin-Elmer).

Experimental recoveries of batch equilibrium experiments were
evaluated without MWCNTSs. Total recovery of each adsorbate was
>97%. Therefore, the adsorbed diuron, dichlobenil, and Pb%* by
MWCNTs were directly calculated by mass differences between
their initial and final concentrations.

MWCNTSs Outer diameter (nm) C(%) O (atom %) Surface area (SA) (m?g~')
BET SA t-Plot micro-pore SA t-Plot external SA Ve (@) Vinicro (ccg™1)

MW(CNTs 8 <8 97.9 2.1 558.15 67.33 490.81 1.62 0.117
MW(CNTs30 30-50 99.17 0.83 83.14 9.52 74.62 0.296 0.019
MWCNTs50 >50 98.75 1.25 60.83 5.73 55.1 0.158 0.015
MWCNTs-0 (1.52%) 10-20 98.48 1.52 159.35 131 146.25 0.575 0.032
MWCNTs-0 (2.66%) 10-20 97.34 2.66 156.52 154 141.12 0.521 0.032
MWCNTs-0 (7.58%) 10-20 92.42 7.58 161.73 21.68 140.05 0.512 0.032
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Fig. 1. Adsorption of diuron and dichlobenil on MWCNTs.

Table 3
Nonlinear sorption model.

Model Equation

Capacity term?

Polanyi-Manes ge = QP EXP(a(€sw/Vs)P) €sw =RTIn(Cs/Ce)

Dual Langmuir de =qm1 b1Ce/(1+b1Ce)+qmabaCe/(1+b,Ce)

€sw [K]/mol], effective adsorption potential; Vs [cm3 mol~], molar
volume of solute; a [(cm3)P*! (kg])~P] and b, fitting parameters; R
[8.314 x 103 k] (mol K)~'], universal gas constant; T [K], absolute
temperature potential

gm1 [mgg']and gm, [mgg], sorbed capacity of site populations 1
and 2, respectively; by [Lmg~'] and b, [Lmg~], affinity coefficient of
site populations 1 and 2, respectively

3 ge [mgg'], equilibrium sorbed concentration; C. [mg L~'], equilibrium solution phase concentration; Q° [mg g~'], adsorbed amount; Cs [mg L~'], aqueous water solubility.

2.4. Analyses of diuron and dichlobenil

The concentrations of diuron and dichlobenil in equilib-
rium solutions were determined using a HPLC (Agilent Tech-
nologies 1200) equipped with a reversed-phase C;g column
(5m, 4.6 mm x 200 mm) and an UV-visible spectrophotometer
(UV-visible HP 8452 A) at 252nm for diuron and 238 nm for
dichlobenil. The mobile phase was acetonitrile/water (50/50, vol-
ume ratio) for diuron, and methanol/water (65/35, volume ratio)
for dichlobenil, with a flow rate of 1.0 mL min~!. Detection limit of
this method for diuron and dichlobenil was found to be ~10 ppb.

2.5. Fourier transform infrared micro-spectroscopic
measurements

Fourier transform infrared micro-spectroscopic (j-FTIR) spec-
tra were recorded on NICOLET iN 10 MX (Thermo Scientific).
Samples for p-FTIR analysis were prepared with identical con-
ditions to that used in the sorption experiments. MWCNTSs,
diuron- or dichlobenil-adsorbed MWCNTSs were washed with above
mentioned background solution and air-dried overnight. Micro-
samples were pressed on a diamond bracket and p-FTIR spectra

B pb O Pb+Diu A Pb + Dich
120 30

MWCNTs-O(7.58%)
100 425

Fig. 2. Adsorption of lead to MWCNTs-O in the absence or presence of diuron or
dichlobenil.
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Table 4

Results of Polanyi-Manes model fitting to the adsorption isotherms of diuron and dichlobenil on MWCNTs.
MWCNTs Q° a b Qs (mgm~=2) sC MWSE R?
Diuron
MWCNTSs8 182.72 + 2.32 —964.89 + 237.31 298 +£0.11 0.33 £ 0.03 1.85 + 0.02?2 0.02° 0.992
MWCNTs30 27.32 + 048 —1181.51 + 830.09 2.59 + 0.46 0.34 + 0.01 1.86 + 0.03? 0.009° 0.996
MWCNTs50 2343 + 1.15 —243.39 + 311.30 2.34 £ 0.55 0.38 + 0.02 2.18 £0.112 0.006° 0.986
MWCNTs-0(1.52%) 50.34 + 1.02 —422.35 + 209.52 2.51 £ 022 0.32 £ 0.01 1.79 + 0.04? 0.01° 0.974
MWCNTs-0(2.66%) 48.02 + 1.08 —293.26 + 148.56 2.34 +£0.22 0.31 + 0.07 1.74 + 0.042 0.002° 0.996
MWCNTs-0(7.58%) 29.82 + 1.02 —613.42 + 625.16 2.55 + 0.41 0.18 + 0.06 1.04 + 0.03? 0.002° 0.997
Dichlobenil
MWCNTSs8 96.30 + 15.70 —2.35E6 + 1.90E5 6.15 + 3.49 0.17 £ 0.03 0.86 + 0.14 0.064 0986
MWCNTs30 24.60 + 0.65 —340.78 + 166.78 220 +£0.18 0.30 & 0.01 1.48 + 0.04 0.002 0.997
MWCNTs50 22.15+3.35 —152.92 + 94.71 2.18 £0.27 0.36 + 0.06 1.81 £ 0.27 0.009 0.988
MWCNTs-0(1.52%) 39.35 +3.78 —189.17 + 68.91 231 +0.17 0.25 + 0.02 1.23 £ 0.12 0.004 0.996
MWCNTs-0(2.66%) 37.16 + 3.76 —116.76 + 21.66 2.07 £ 0.09 0.24 + 0.02 1.18 £ 0.12 0.002 0.995
MWCNTs-0(7.58%) 23.46 + 1.38 —86.18 + 32.83 1.60 + 0.23 0.15 £ 0.01 0.72 £ 0.05 0.004 0.999

2 [s surface coverage.

b MWSE is mean weighted square error, equal to 1/v Z[(qmeasured — Qmodel )?/q° measurea |, where v is the amount of freedom; v=N — 3 for PMM, and v=N — 4 for DLM.

were measured. FTIR spectra of MWCNTSs are the average of 120
accumulated scans using a nominal resolution of 16cm~! due to
very weak signals of MWCNTs, while spectra of pure diuron and
dichlobenil are the average of 64 accumulated scans using a nomi-
nal resolution of 4cm~1.

2.6. X-ray absorption spectroscopic measurements and data
analyses

X-ray absorption spectroscopic (XAS) spectra at Pb Ljj-edge
were obtained at 4W1B beamline of Beijing Synchrotron Radi-
ation Facility using a Si (111) double crystal monochromator.
Electron beam energy was 2.2 GeV with a storage ring beam cur-
rent of 80 mA. Data analyses were performed using WinXAS2.1
following background correction and normalization, together with
cubic spline, Fourier transformed, reverse Fourier transformed and
EXAFS fittings. In the fitting procedure, the coordination number
was fixed for the reference compounds, while the Debye-Waller
factor was fixed for samples. Phase shifts and backscattering ampli-
tudes were obtained from theoretical calculation using FEFF 7.0.

3. Results and discussion
3.1. Characterization of MWCNTs

Table 2 shows the selected structural properties
of MWCNTs. Surface area and pore volume decreased
in order of  MWCNTs8 > MWCNTs-0(1.52%)~ MWCNTs-
0(2.66%)> MWCNTs-0(7.58%)> MWCNTs30 > MWCNTs50. Among

them, MWCNTs-0(1.52%), MWCNTs-0(2.66%) and MWCNTSs-
0(7.58%) have different oxygen contents given in the parenthesis,
but have same outer diameters and surface areas.

3.2. Adsorption of diuron and dichlobenil

Adsorption isotherms of diuron and dichlobenil on the MWCNTs
are depicted in Fig. 1. Polanyi-Manes and Dual Langmuir models
(Table 3) were applied to fit the adsorption data. The former fit all
the adsorption isotherms well with the lowest MWSE (Table 4),
and the later fit the adsorption isotherms well in most of cases
with the exception of MWCNTSs8 (data not shown). Hence the fol-
lowing discussion was only based on the adsorption parameters of
Polanyi—-Manes model fitting.

The results suggested that the adsorption of diuron and
dichlobenil increased with increasing surface areas and pore vol-
umes of MWCNTs. MWCNTSs8 had the largest adsorption amount
for both herbicides because MWCNTSs8 has the largest surface area
and pore volume. MWCNTs-0(1.52%) and MWCNTs-0(2.66%) have
significantly larger Q° than that of MWCNTs-0(7.58%), implying
that an increase of oxygen content of MWCNTs decreased the
adsorption due to deprotonation of carboxylic groups at pH 6 [28],
hence adsorption of water is more energetically favorable to the
adsorption of diuron and dichlobenil.

The Qsa values were referred to as the normalized Q° by the
surface areas of respective MWCNTs. Of Qsp, MWCNTs50 has
the largest Qs for both diuron and dichlobenil although MWC-
NTs50 has the lowest adsorbed amount of diuron and dichlobenil
(Table 4). We take Qsp of MWCNTs50 for diuron (0.38 mgm~—2)

a, diuron 204 b, dichlobenil
£l
_ _ = 154
' 10-
O Dlu 5 o Dich
o Diu+Pb 1 o Dich+ Pb
5 10 15 20 0 5 10
Ce, mg L’ C.. mg L’

Fig. 3. Effects of lead on the adsorption of diuron and dichlobenil by MWCNTs-0(7.58%).
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an example, which was larger than that of activated carbon
(0.36mgm~2), wheat carbon (0.11mgm~2) and granular acti-
vated carbon (0.27 mg m~2), respectively, but smaller than that of
activated carbon fiber (0.39mgm~2) and activated carbon cloth
(0.41 mgm~2), respectively [35,36].

The values of Qsp and surface coverage (SC) of diuron are
larger than that of dichlobenil, although the surface area, molec-
ular volume and water solubility of dichlobenil are smaller. This
discrepancy can partly be ascribed to greater van der Waals inter-
actions for diuron than for dichlobenil due to the relatively larger
dipolar moment [36]. These data show that the surface coverage of
both herbicides is larger than 1, suggesting that the adsorption of
both on MWCNTs was multilayer.

Because MWCNTs-0(1.52%), MWCNTs-0(2.66%), and MWCNTSs-
0(7.58%) have quite similar diameters and surface areas, but
contain different oxygen contents, therefore we choose these
MWCNTs to compare the effects of oxygen contents and lead on
the adsorption of diuron and dichlobenil below.

3.3. Adsorption of lead

According to the speciation diagrams (Fig. A1), lead is mainly
present as Pb2* at pH 6, which accounts for 98% of total lead and
PbOH* accounts for 2%. The adsorption isotherms of Pb?* onto
MWCNTs fit Freundlich equation well (Fig. 2). It is clearly indi-
cated that the adsorption capacity of MWCNTs-0(1.52%) is only
3.79mgg"! at an equilibrium concentration of 32.54mgL~! for
Pb2*, while the adsorption capacities of MWCNTs-0(2.66%) and
MWCNTs-0(7.58%) are 17.75mgg~! and 91.67 mgg~"! at the same
equilibrium concentrations of Pb2*. These data implied that the sur-
face O-containing groups improved the ion-exchange capabilities
of MWCNTs, and thus made Pb2* adsorption increase accordingly.
The underlying mechanisms of increased adsorption of lead by
surface O-containing groups can be ascribed to “chemisorption”
or chemicomplexation [11]. The dramatically increase of adsorp-
tion capacities of MWCNTs-0(7.58%) indicated that inner-sphere
or outer-sphere complexes of PbZ* are assumed to be formed on
the surface of MWCNTSs, which will be discussed in the XAS mea-
surements.

It should be pointed out that the addition of 4mgL-! diuron or
dichlobenil had little effect on the adsorption of Pb2* for the tested
MW(CNTs (Fig. 2).

3.4. Adsorption of diuron and dichlobenil as affected by lead

To evaluate the effect of Pb2* on the adsorption of diuron and
dichlobenil, 50mgL-1 of Pb%* was simultaneously adsorbed with
diuron and dichlobenil because this Pb concentration corresponds
to the second level of Environmental Quality Standard for lead
(250 mgkg~1) in Chinese soils if all Pb2* were adsorbed.

The co-adsorption of Pb%* with diuron or dichlobenil indi-
cated that Pb2* significantly suppressed the adsorption of diuron
or dichlobenil on MWCNTs-0(7.58%) (Fig. 3), and had little
effect on the adsorption of herbicides onto MWCNTs-0(2.66%)
and MWCNTs-0(1.52%) (Fig. A2). The Pb2* suppression effect
on the adsorption of diuron or dichlobenil was expressed as
(K42 —Kq1)[K41, where K42, and K4 ! represent the distribution coef-
ficients of diuron or dichlobenil in the presence and absence of Pb2*,
respectively. The presence of Pb?* decreased diuron adsorption
onto MWCNTs-0(7.58%) by ~10-30% and decreased dichlobenil
sorption onto MWCNTs-0(7.58%) by ~15-30%, respectively.

In order to explore the underlying mechanisms why Pb2* sup-
pressed the adsorption of diuron and dichlobenil we used p-FTIR
and XAS study to provide an insight to the relevant mechanisms.
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Fig. 4. -FTIR spectra of MWCNTs-0(7.58%) (a), MWCNTs-0(2.66%) (b), and
MW(CNTs-0(1.52%) (c¢) without and with diuron or dichlobenil adsorbed, and pure
diuron or dichlobenil (d).

3.5. u-FTIR analysis

To reveal the adsorption sites and verify the existence of
hydrogen bonding of diuron and dichlobenil, a p-FTIR study was
performed. The p-FTIR spectra of MWCNTs-O, diu-MWCNTSs-O,
and Dich-MWCNTs-O in the frequency range of 650-2500 cm~! are
shown in Fig. 4. As can be seen in Fig. 4a—c (black lines) the peaks at
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Fig. 5. Normalized XANES spectra (a), corresponding first derivatives (b), EXAFS spectra (x-function) (c), and Fourier transformation of EXAFS spectra (d) of Pb> -MWCNTs-

0(7.58%) and Pb?*~MWCNTs-0(2.66%).

~1194cm~! can be assigned to C-0 stretching vibration [37], the
peaks at ~1574 cm~! for -COO- to asymmetric stretching vibration
of carboxylic bond [11,18,38,39], the peaks at ~1718cm~! to C=0
stretch of keto or carboxyl groups [11,38].

For diuron (Fig. 4d, red line), the most intense bands were car-
bonyl peak at ~1653 cm~! and benzene ring stretching at ~1525,
~1476, and ~1394cm~!. Other absorption bands are located at
1586 cm~! due to C=C stretching vibration [1,40], and 1189 cm™!
due to C-H in-plane bending vibration of benzene ring, respec-
tively. Peaks at ~816, ~866 and ~756 cm™! are assigned to mainly
C-H out-of plane bending vibration of benzene ring, and partly
C-Cl stretching vibration. For dichlobenil (Fig. 4d, green line), peak
at ~1573cm™! is assigned to C=C stretching vibration, peak at
~1433cm~! to benzene ring stretching, and ~1200cm~! to in-
plane bending vibration of benzene ring, peaks at ~802,~786,~717
mainly to C-H out-of plane bending vibration of benzene ring, and
partly C-Cl stretching vibration.

After diuron was adsorbed to MWCNTs-0(7.58%), MWCNTs-
0(2.66%) and MWCNTs-0(1.52%), new peaks appeared at
~807cm~1, ~747cm~! (Fig. 4a, red line), 809cm~1, 742 cm™!
(Fig. 4b, red line) and ~870cm~!, 808cm~! (Fig. 4c, red line),
respectively, which were assigned to C-H out-of plane bending
vibration of benzene ring of diuron. The C-O stretching vibration
peaks at ~1194cm~! (Fig. 4a, black line), 1181 cm~! (Fig. 4b, black
line) and 1186 cm~1(Fig. 4c, black line) [1,40] were shifted to
~1192cm~! (Fig. 4a, red line), 1184 cm~! (Fig. 4b, red line) and
1167 cm™! (Fig. 4c, red line), respectively, which can be assigned
to C-H in-plane bending vibration of benzene ring at 1189 cm™!
of diuron and the interaction between the C-O and the benzene
ring. The -COO- asymmetric stretching peaks at ~1574cm™!

(Fig. 4a, black line), 1561 cm~!(Fig. 4b, black line), 1566 cm™!
(Fig. 4c, black line) [1,40] were shifted to 1571 cm~!(Fig. 4a, red
line), 1572 cm~!(Fig. 4b, red line) and 1568 cm~! (Fig. 4c, red line),
which were assigned to the C=C stretching vibration at 1586 cm™!
of diuron and the interaction between the -COO- and the benzene
ring. The C=0 stretch peaks at ~1718 cm~!(Fig. 4a, black line),
1697 cm~1(Fig. 4b, black line), 1723 cm~!(Fig. 4c, black line) [1,40]
were shifted to ~1714 cm~1(Fig. 4a, red line), 1653 cm~!(Fig. 4b,
red line), 1670 cm~!! (Fig. 4c, red line). These new appeared peaks
and the band shifts on MWCNTs-0(7.58%) suggested that diuron
was partly adsorbed on surface of MWCNTs-0(7.58%) by hydrogen
bonding through the C=0, or -COO- groups.

After dichlobenil was adsorbed, new peaks at ~784cm™!
appeared on MWCNTs-0(7.58%) (Fig. 4a, green lines), ~784cm™!,
and 714cm~! on MWCNTs-0(2.66%) (Fig. 4b, green lines),
882cm~!, 781cm~!, and 714cm~! on MWCNTs-0(1.52%) (Fig. 4c,
green lines), which were assigned to C-H out-of plane bend-
ing vibration of benzene ring of dichlobenil. The C-O stretching
vibration peaks at ~1194cm~! (Fig. 4a, black line), 1181 cm™!
(Fig. 4b, black line) and 1186cm~! (Fig. 4c, black line) were
shifted to 1198cm~! (Fig. 4a, green line), 1196cm~! (Fig. 4b,
green line), and 1196cm~! (Fig. 4c, green line) for MWCNTs-
0(7.58%), MWCNTs-0(2.66%) and MWCNTs-0(1.52%), respectively,
which were assigned to the in-plane bending vibration of ben-
zene ring, at 1200 cm~! of dichlobenil and the interaction between
C-0 and benzene ring. The -COO- asymmetric stretching vibra-
tion peaks at ~1574cm~! (Fig. 4a, black line), 1561 cm~! (Fig. 4b,
blackline), 1566 cm~! (Fig. 4c, black line) were shifted to 1572 cm™!
(Fig. 4a, green line), 1572 cm~! (Fig. 4b, green line) and 1571 cm™!
(Fig. 4c, green line) for MWCNTs-0(7.58%), MWCNTs-0(2.66%)



162 G.-C. Chen et al. / Journal of Hazardous Materials 188 (2011) 156-163

and MWCNTs-0(1.52%), respectively, which were assigned to C=C
stretching vibration at 1573 cm~! and interaction of -COO- and
benzene ring. The C=0 stretch at ~1718 cm~! (Fig. 4a, black line),
1697 cm~! (Fig. 4b, black line), was shifted to 1723 cm~! (Fig. 4a,
green line), 1734 cm~! (Fig. 4b, green line), for MWCNTs-0(7.58%),
and MWCNTs-0(2.66%), respectively, which were assigned to inter-
action of dichlobenil and MWCNTSs-O.

Considering the high electronegativity of O atom within C=0
groups and the presence of H atom from O-H bond of MWCNTs, it
was assumed that hydrogen bonding is the most probable reaction
mode between diuron or dichlobenil with MWCNTs-O.

3.6. XAS analysis

XAS was used to identify the surface complexation and to obtain
the coordination environment of Pb%* adsorbed onto MWCNTs.
Identification of such complex formation provides an insight into
the suppression mechanism of diuron and dichlobenil adsorption
by Pb2*.

Pb Ly XANES spectra are quite sensitive to local atomic
structure of the first few neighbor atom shells [41]. Distinct differ-
ences in near-edge structure can facilitate discrimination between
model compounds and adsorbed samples, in which Pb is coor-
dinated in different environments. The XANES (Fig. 5a) of Pb2*
showed a distinct difference shoulder around 13.00-13.05keV
and 13.05-13.10keV region among PbO, Pb(NOs3),, Pb(CH3C00),,
and PbZ*-MWCNTs-0(7.58%) and Pb2*-MWCNTs-0(2.66%). The
similarities in XANES spectra between PbZ*-MWCNTSs-0(7.58%),
Pb2*-MWCNTs-0(2.66%) and Pb(CH3COO), suggested that the
coordination environment of Pb in those compounds was simi-
lar. Roe et al. [42] proposed the presence of an intense peak at
~40eV above the first sharp peak in the first derivative spectra
of XANES for Pb as an indicator of outer-sphere complexation.
However, there was no such feature at this energy level in the
first derivative spectra of XANES for Pb2*-MWCNTs-0(7.58%) and
Pb2*-MWCNTs-0(2.66%) (Fig. 5b).

The k3-weighted EXAFS spectra for PbZ*-MWCNTs-0(7.58%)
and Cu-MWCNTs-0(2.66%) and their corresponding radial struc-
tural functions (RSF) derived from Fourier transformation are pre-
sented in Fig. 5cand d. A good agreement was obtained between the
spectra of PbZ*-MWCNTs-0(7.58%) and PbZ*-MWCNTs-0(2.66%)
and that of Pb(CH3C0OO0), among the first three oscillations at 3.7,
5.6 and 7.1 A, which constitute a good fingerprint of Pb(CH3C00),
(Fig. 5c), and indicate Pb?* coordination on MWCNTs-0(7.58%)
and MWCNTs-0(2.66%) through carboxylic moieties. Fig. 5d shows
a broad peak centered at ~1.7A for Pb2*-MWCNTs-O(7.58%),
Pb2*-MWCNTs-0(2.66%) and Pb(CH3C00),, which results from
backscattering in the first coordination shell of Pb atoms. The
fitting of this peak leads to 1.8 oxygen atoms at 2.38A for
Pb2*-MWCNTs-0(7.58%) and 1.8 oxygen atoms at 2.37A for
Pb2*-MWCNTs-0(2.66%). These results are similar to that of
Dupont et al. [43]. The coordination number was particularly
low as expected because of the highly structural disorder of Pb
coordination shells. The Ly-edge XANES spectra (Fig. 5a), EXAFS
functions (Fig. 5c¢) and corresponding radial structure function
(Fig. 5d) appeared to be very similar for Pb2*-MWCNTs-0(7.58%),
Pb%*-MWCNTs-0(2.66%) and Pb(CH3C0OO0),, which indicated Pb
coordination on MWCNTs-0(7.58%) and MWCNTs-0(2.66%) mostly
through carboxylic moieties.

4. Conclusion

The adsorption of diuron and dichlobenil was closely correlated
with surface areas and micropore volumes of MWCNTSs. Of them,
MWCNTSs50 had the largest Qsa, although the adsorbed diuron and

dichlobenil were lower, implying that MWCNTs50 had the highest
adsorption capacity. An increase in the oxygen contents decreased
the adsorption of diuron and dichlobenil, while increased the
adsorption of lead for MWCNTSs with outer diameter of 10-20 nm.

The presence of Pb2* decreased the adsorption of diuron and
dichlobenil. Two mechanisms may be involved. Complexation of
Pb2* with carboxylic groups and hydrated lead cation occupy
part of surface of MWCNTs-0. The metal cation hydration shells
may intrude or shield the hydrophobic and hydrophilic sites of
MW(CNTs, leading to the inhibition of adsorption of diuron and
dichlobenil around the metal-complexed moieties.
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