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bon nanotubes: innovative
sorbents for pre-concentration of polychlorinated
biphenyls in aqueous environments

Elizabeth N. Ndunda and Boris Mizaikoff*

Carbon nanotubes (CNTs) have demonstrated outstanding chemical and mechanical stability, electrical

properties, and strong interactions with aromatic compounds owing to the p-electron system on the

graphene sheets. Taking advantage of these unique properties, we have developed a fully validated

sample pre-concentration technique for determination of polychlorinated biphenyls (PCBs) in aqueous

environments using gas chromatography combined with a micro-cell electron capture detector (GC-

mECD). The optimized method using pristine MWCNTs gave recoveries in the range of 46.0–92.5%,

51.4–91.5%, 48.7–77.8% for tap water, river water, and lake water, respectively. Compared to

conventional C18 adsorbent and oxidized MWCNTs (oMWCNTs), pristine MWCNTs provided the best

recoveries, thereby confirming that MWCNTs are excellent alternatives for C18, with the ability to

achieve high performance. The developed protocol achieved method detection limits in the range of

0.002–0.011 mg L�1 and relative standard deviation (RSD) < 15.5%.
1. Introduction

Carbon nanotubes (CNTs) are materials of increasing interest
since their discovery by Iijima in 1991.1 The two forms of CNTs
are the single-walled carbon nanotubes (SWCNTs) and the
multi-walled carbon nanotubes (MWCNTs), which are formed
from either a single roll or several cylindrical shells of graphene
sheet, respectively. CNTs are characterized by their extraordi-
nary chemical and mechanical stability, unique electrical
properties,2–4 and strong interactions with aromatic constitu-
ents due to the delocalized p electron system.5

However, especially in aqueous environments their applica-
tion has been limited due to their strong van der Waals forces
leading to agglomeration. Past studies have indicated that
surface modication via covalent and non-covalent interactions
improves the solubility of CNTs in organic and aqueous
media.2,3 The non-covalent modication is a physical process,
which entails wrapping of polymers around the surface of the
CNTs.6,7 In contrast, covalent modication usually involves the
introduction of hydroxyl groups or carboxyl groups at the
surface of the CNTs, which then provides a chemical architec-
ture for further functionalization of the surface.2

Surface-modied CNTs have therefore been used in biosen-
sors,8 electrochemical sensors,9 diagnostics imaging,10,11 drug-
delivery systems,12 nanocomposites,13 and in general separation
sciences.14 Furthermore, CNTs have been proposed as new
ical Chemistry, University of Ulm,
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generation of adsorbents in solid-phase extraction (SPE), facil-
itating the analysis of environmental pollutants.15 Particularly,
CNTs have been applied as adsorbents in SPE for quantication
of polycyclic aromatic compounds,16 phthalate esters,17 poly-
halogenated compounds,18 and tetracyclines.19 Since studies on
the adsorption of dioxins at CNTs indicated that they are
excellent materials for the removal of dioxins,20 it is anticipated
that CNTs should be suitable materials for pre-concentrating
polychlorinated biphenyls (PCBs) from aqueous samples.

PCBs are compounds that were majorly used as dielectric
uids in capacitors and transformers during their commercial
production between the 1930s and the 1970s, resulting to
subsequent releases into the environment. Hence, they have
been detected in soil,21,22 sediments,23–25 water,26 air,27 and
biota;28 even in areas without any commercial production, PCBs
are found to date. Consequently, their wide environmental
distribution is directly attributed to their stability, their long-
range transport, and their persistence ranking them among the
most prevalent contaminants in environmental matrices.29

Therefore, monitoring of these compounds is of substantial
relevance for tracking either contemporary releases or for
developing appropriate strategies towards their complete
remediation and elimination from the environment, as is the
long term goal of the Stockholm convention on persistent
organic pollutants (POPs).

However, their determination remains challenged due to
their occurrence at trace-to-ultra-trace levels, and in complex
matrices, thus the need for a pre-treatment step to facilitate
detection at such low concentrations. Conventional sample
preparation steps usually include liquid–liquid extraction (LLE)
This journal is © The Royal Society of Chemistry 2015
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followed by a clean-up procedure or solid phase extraction (SPE)
based on C18 sorbents. While LLE is demanding in terms of the
volume of solvent required and the extraction time using, e.g.,
separatory funnels, C18-SPE is limited by the non-selective
enrichment of various constituents leading to co-elution, which
then may interfere with the quantitative determination.

MWCNTs provide an attractive option based on their
chemical properties serving as adsorbents for aromatic
constituents. However, to date they are still not considered
analytically or commercially viable alternatives to conventional
C18 sorbents, and only few studies have reported on the pre-
concentration of PCBs, i.e., enriching PCBs from aqueous
samples using magnetic MWCNTs graed with a hydrophilic
layer,30 and clean-up of sh extracts using magnetic molecularly
imprinted polymers comprising MWCNTs as support
material.31

Though modications are necessary especially when dealing
with complex matrices, the long procedures of synthesis and
graing are not only time consuming but the need for extra
reagents makes it costly for continuous monitoring as is
required for PCBs. Therefore, we report herein an affordable
and fully validated MWCNTs-SPE protocol for determination of
6 indicator PCBs (i.e., IUPAC no. 28, 52, 101, 153, 138, 180) in
aqueous environments using pristine MWCNTs. We also prove
that pristine MWCNTs are excellent pre-concentration mate-
rials compared to their oxidized forms and conventional C18,
thereby resulting in a ready-to-use SPE adsorbent.
2. Materials and methods
2.1 Chemicals

SPE cartridges (6 mL) and frits (20 mm porosity), pesticides
grade methanol, n-hexane, and dichloromethane (DCM) were
purchased from Carl Roth Chemicals (Karlsruhe, Germany).
The two types of MWCNTs used were: MWCNTs with outer
diameter 110–170 nm, length 5–9 mm, and purity > 90% carbon
basis, and MWCNTs with outer diameter 10 nm, length 3–6 mm,
and purity $ 98% carbon basis synthesized via catalytic
chemical vapour decomposition (Sigma-Aldrich, Steinheim,
Germany). PCB standard mixtures (no. 28, 52, 101, 138, 153,
180), PCB 15 & 209, and Supelclean™ LC-18 SPE cartridges
(6 mL, 500 g, 51.7 mm, 490 m2 g�1) were purchased from Sigma-
Aldrich (Steinheim, Germany). MWCNTs were dried at 120 �C
for 2 h before use. Nitric acid (65%) and sulphuric acid (95–
97%) were bought from Merck KGaA (Darmstadt, Germany).
Water used in this study was puried using a Milli-Q lter
system from Millipore (Billerica, USA). Nitrogen (99.999%) for
gas chromatography was supplied by MTI IndustrieGase AG
(Neu-Ulm, Germany).
2.2 Instrumentation

Gas chromatography was performed using an Agilent 6890
(Agilent Technologies) system coupled to a micro-cell electron
capture detector (GC-mECD) for all the analysis discussed
herein. The column used for the separation of PCBs was a ZB5-
MS capillary column of dimensions 30 m � 0.25 mm i.d. � 0.25
This journal is © The Royal Society of Chemistry 2015
mm lm thickness with a 1 m silica-coated deactivated guard
column (0.32 mm i.d.), which was connected to the analytical
column via a glass capillary connector. The two temperature
programs applied were: (i) initial temperature of 60 �C (hold
time 2min), ramp at 20 �Cmin�1 to 260 �C (hold time 5min) for
PCB 15, and (ii) initial temperature of 60 �C (hold time 2 min),
ramp at 15 �Cmin�1 to 210 �C (hold time 2min), and nal ramp
at 15 �Cmin�1 to 275 �C (hold time 5min) for the PCBmixtures.
The detector temperature was set at 280 �C.

1 mL of standards and samples was manually injected using
the on-column injection mode. Nitrogen (purity > 99.999%) was
used as both carrier gas at a ow rate of 2 mL min�1, and as the
detector make-up at 30 mL min�1. Quantication was based on
internal standard calibration using PCB 209, while the identi-
cation was performed by comparing the retention times with
those of standards. Data was processed using the ChemStation
soware version A.03.08 supplied by Agilent Technologies.

2.3 Oxidation of MWCNTs

An amount of 0.5 g of pristine MWCNTs (10 nm) were placed in
100 mL ask, and 100 mL of H2SO4/HNO3 (3 : 1; v/v) was added.
The mixture was sonicated at 40 �C for 4 h (60 W, 35 kHz) and
the resultant oxidized MWCNTs (oMWCNTs) were diluted with
500 mL water, ltered under vacuum, and washed with ultra-
pure water until neutral pH; thereaer, they were air dried
overnight.

2.4 Characterization of pristine MWCNTs and oMWCNTs

The surface morphology was investigated using a DualBeam
Helios Nanolab 600 focused ion beam (FIB) – scanning electron
microscopy (SEM) system (Hillsboro, OR, USA). Nitrogen
adsorption–desorption experiments were performed using
QuadraSorb Station SI from Quantachrome GmbH and Co. KG
(Odelzhausen, Germany). Samples were degassed at 100 �C
under vacuum for 3 h before data collection, and the specic
surface area was calculated by the Brunauer–Emmett–Teller
(BET) method. Studies on the oxygen-containing functional
groups at the surface of MWCNTs were done by X-ray photo-
electron spectroscopy (XPS).

2.5 Validation of MWCNTs-SPE

One hundred milligrams of the MWCNTs was weighed into a 6
mL empty polypropylene cartridge with a frit (20 mmporosity) at
the bottom. Aliquots of methanol were passed through the
column to ensure tight packing of the adsorbent. Thereaer, a
second layer of frit was added on top of the packed adsorbent.
The packed column was then mounted onto the Visiprep™ SPE
vacuum manifold, and conditioned with 6 mL of methanol
followed by equilibration with 6 mL Milli-Q water. During these
steps, the column was not allowed to dry. Spiked water samples
were loaded onto the column followed by washing with 2 mL of
methanol. Prior to elution, the column was dried for 15 min by
drawing air through the device under full vacuum. The analytes
were desorbed using 10 mL n-hexane : DCM (1 : 1; v/v) into
round bottomed asks, and reduced to 0.5 mL using a rotary
evaporator immersed in a water bath set at 30 �C. The eluate was
Anal. Methods, 2015, 7, 8034–8040 | 8035
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then transferred into a glass vial, where the volume was further
reduced to near dryness under a gentle ow of argon, and
reconstituted in hexane into GC autosampler vials. 4 mL of PCB
209 (8.8 mg mL�1) was added before GC-mECD analysis.
Conventional C18 SPE columns were subject to the same pro-
cessing steps (i.e., conditioning and equilibration) as the
MWCNT-SPE cartridges, however, were washed with 10%
methanol in water.
2.6 Collection of water samples and analysis

Tap water was collected from the laboratory (Institute of
Analytical and Bioanalytical Chemistry, University of Ulm,
Germany). River water was obtained from the Danube river
(Ulm), and lake water was collected from the Ludwigfelder See
(Neu-Ulm). The water samples were collected into glass bottles,
then ltered through 0.45 mm pore lters, and stored at 4 �C
until analysis following the developed method.
2.7 Adsorption capacity

Twenty milligrams of MWCNTs were packed into Eppendorf
tubes, and 1mL of 0.4 mgmL�1 PCB 15 in hexane was added and
equilibrated for 4 h. The extent of adsorption was followed by
analyzing the supernatant every 30 min. The tubes were
centrifuged at 3000 rpm for 5 min, and the amount of PCB in
the supernatant was determined by GC-mECD analysis. Aer
establishing the time required to reach equilibrium, 20 mg
MWCNTs were incubated with 1mL of PCB 15 at concentrations
ranging from 0.4–4.8 mg mL�1, and vortexed for 60 min. The
amount of bound analyte was calculated using eqn (1) and
binding characteristics determined by applying the binding
data to Langmuir (2) and Freundlich (3) equations.

Q ¼
�
Co � Cf

�
V

m
(1)

where Q is the binding capacity in mg g�1, Co is the initial
concentration of the analyte in mg mL�1, Cf is the concentration
of the analyte in the supernatant in mg mL�1, V is the volume of
the solution in mL, andm is the mass of the MWCNTs in grams.

qe ¼ qmKLCe

1þ KLCe

(2)

qe is the bound analyte at equilibrium (mg g�1), Ce is the equi-
librium concentration in mg mL�1, qm represents the monolayer
coverage or maximum adsorption capacity (mg g�1), and KL is a
constant related to the adsorption energy (mL mg�1).

qe ¼ KfCe
n (3)

Kf and n are Freundlich constants representing the adsorption
capacity and heterogeneity index, and qe and Ce are the
concentrations of the bound and free analyte, respectively.
Fig. 1 SEM image of (a) pristine MWCNTs (10 nm), (b) oMWCNTs, and
(c) pristine MWCNTs (110–170 nm).
2.8 Quality control

The quality control measures included analysis of blank
samples, rinsing of glassware before use, and the use of internal
standards. The method performance was tested by determining
8036 | Anal. Methods, 2015, 7, 8034–8040
accuracy, precision, linearity, and method detection limit
(MDL). Standards were prepared from 10 mg mL�1 of PCB
mixture stock standards by dilution with n-hexane. Quantica-
tion was based on the internal standard method with PCB 209
added to all samples and standards. The MDL was determined
following the EPA method using blank samples (Milli-Q water)
spiked at low concentrations (4-times the concentration
providing a signal-noise-ratio of 3), and then taken through the
validated analytical procedure.32
3. Results and discussion
3.1 Characterization of pristine MWCNTs and oMWCNTs

The SEM images revealed entangled bres for both pristine
MWCNTs and oMWCNTs. While oxidation is thought to affect
both the structure and the physical properties of the MWCNTs,
according to the SEM images the structure remained essentially
intact, as no observable change in surface morphology were
evident (Fig. 1a and b). MWCNTs (110–170 nm) revealed very
short bres and large diameters, as anticipated (Fig. 1c). Atomic
force microscopy (AFM) studies have shown that there is an
insignicant decrease in length following the oxidation
process.33 Raman spectroscopy of the oxidized MWCNTs
compared to pristine MWCNTs has indicated that the graphene
structure remains intact despite the curtailing of the bre
lengths.34,35 However, the oxidation process induces defects (i.e.,
amorphous carbon) with the degree of deformation at the gra-
phene sheets characterized by the IG/ID ratio, which is the ratio
of the G-band (i.e., sp2 hybridized carbon), and D-band (i.e., sp3

hybridized carbon) intensities.5,36

The increased dispersion of MWCNTs in water proved the
successful oxidation of MWCNTs. Introduction of oxygen
containing groups was also conrmed using XPS where
increased intensity of oxygen (O1s) peak for the oMWCNTs
(Fig. 2b), compared to the pristine MWCNTs (Fig. 2a) was
observed. The total oxygen content is shown in Table 1. Specic
surface areas determined via BET were 269.7, 244.8, and 17.4
m2 g�1 for the pristine MWCNTs (10 nm), oMWCNTs, and
pristine MWCNTs (110–170 nm), respectively. Therefore, no
pronounced decrease in surface area was observed due to the
oxidation process; likewise, recent studies conrm minute
changes or no evident change in specic surface area aer
oxidation.37–39
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 XPS spectra showing change in C1s and O1s for (a) pristine
MWCNTs, (b) oMWCNTs.

Table 1 Surface concentration (%) of carbon and oxygen at pristine
MWCNTs and oMWCNTs

Peak Pristine MWCNTs oMWCNTs

C1s 98.0 91.69
O1s 2.0 8.31

Table 2 Recovery (% � STDa) of 6 indicator PCBs after pre-concen-
tration from a variety of real-world water samples

Analyte

Tap water River water Lake water

MWCNTs oMWCNTs MWCNTs MWCNTs

PCB 28 46.0 � 4.94 42.9 � 1.40 51.4 � 4.34 48.7 � 7.57
PCB 52 90.7 � 4.23 54.4 � 4.04 91.5 � 2.30 77.7 � 1.84
PCB 101 90.1 � 3.61 48.9 � 4.11 87.0 � 6.06 76.7 � 3.39
PCB 153 91.3 � 3.48 46.6 � 4.52 86.7 � 6.01 77.8 � 3.25
PCB 138 92.5 � 3.46 44.9 � 4.14 91.1 � 8.37 74.1 � 1.77
PCB 180 90.3 � 5.19 43.4 � 7.75 87.6 � 6.92 76.5 � 5.09

a STD is the standard deviation of triplicate analysis.

Fig. 3 (a) Recoveries of 6 indicator PCBs at different flow rates with
water spiked at 1 mg mL�1 (i.e., 1 ppb), where 1, 2, 3, 4, 5, and 6 are PCB
28, 52, 101, 153, 138, and 180, respectively; (b) recoveries achieved for
different loading volumes.
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3.2 Validation of MWCNTs-SPE

3.2.1 Determination of the elution solvent and volume.
Non-polar n-hexane and polar dichloromethane – as a mixture
and as pure solvents – were tested for the elution of the PCBs
aer enrichment. Pure n-hexane was not able to desorb all
constituents and gave recoveries in the range of 22.1–89.1%.
While pure DCM revealed adequate recoveries (60.2–100.3%), a
mixture of n-hexane : DCM (1 : 1) gave the best results (>70%)
for all the PCBs congeners, and was therefore adopted for all
further analyses using 10 mL of volume. CNTs have been
reported to strongly interact with aromatic compounds;20

hence, the need for a strong elution solvent, which can effi-
ciently and effectively disrupt the interactions with the CNT
surface.

3.2.2 Effect of dimension on PCBs recovery. MWCNTs that
are commercially available are usually of different dimensions
in terms of outside diameter (o.d.), internal diameter (i.d.), and
length. Therefore, the dimension of MWCNTs should to some
extent affect the retention and recovery properties for the ana-
lytes of interest. El-Sheikh et al.,40 have studied the effect of
dimensions on the recoveries of three pesticides at oxidized
MWCNTs. Using 10–20 nm, 10–30 nm, 20–40 nm, 40–60 nm,
60–100 nm, and 40–60 nm CNTs, they found that 40–60 nm
provided superior recoveries. Decreased adsorption affinity for
1,2,4,5-tetrachlorobenzene41 and dimethyl phthalate (DMP)39

with increase in MWCNTs outside diameter (o.d.) has been
reported before. In the present study, MWCNTs of two different
dimensions were applied for pre-concentration of PCBs in Milli-
Q water. MWCNTs with o.d. 110–170 nm showed decrease in
recovery with increasing loading volume, while 10 nm ones
maintained recoveries >80% for all loading volumes. These
observations suggest that the dimension of CNTs is indeed
important for adsorbents used in SPE; MWCNTs of 10 nm o.d.
were applied for all further analyses herein.

3.2.3 Flow rate and breakthrough volume. The sample ow
rate during the loading step is a crucial factor that affects the
This journal is © The Royal Society of Chemistry 2015
performance of SPE cartridges, as it inuences the interaction
time of the analytes with the adsorbent. While high ow rates
are preferred, in cases where the loading volume is high they
usually do not offer sufficient interaction time. On the other
hand, low ow rates maximize the interaction time, yet, suffer
drawbacks due to extended loading times. A compromise is
therefore required to enable sufficient interaction while main-
taining reasonable loading times. Flow rates of 1, 5, 8, and
10 mL min�1 were tested using 20 mL of spiked Milli-Q water.
The recoveries were >80% for all ow rates and all PCB analytes
except for PCB 28 (Fig. 3a). Aer optimization, a ow rate of
5 mL min�1 was applied for consecutive experiments. To
determine the breakthrough volume, different volumes of water
from 5–200 mL were loaded onto the columns following the
validated method. Although a slight decrease in recoveries with
increasing volume was observed, recoveries >70% were realized
for all congeners in all volumes except PCB 28 (Fig. 3b). The
method precision was acceptable with relative standard devia-
tion (RSD) ranging from 2.5 to 10.7%.
3.3 Analysis of real world water samples

The pH of the water samples was determined as 7.69 � 0.02,
8.42 � 0.03, and 8.12 � 0.00 for tap water, river water, and lake
water, respectively. Water samples were analyzed before spiking
to ascertain the presence or absence of any PCBs; no PCBs were
detected in any of the samples. Then, the samples were spiked
at a level of 0.2 ng mL�1, and analyzed via the validated method.
The recoveries ranged from 46.0–92.5% for tap water, 51.4–
Anal. Methods, 2015, 7, 8034–8040 | 8037
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Table 3 Adsorption isotherm parameters for pristine MWCNTs using
PCB 15 as an exemplary constituent

Langmuir Freundlich

qm
(mg g�1)

KL

(mL mg�1) RL R2
Kf

(mg g�1) n R2

PCB 15 555.6 0.09 0.97 0.889 54.1 0.711 0.9972
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91.5% for river water, and 47.8–77.8% for lake water (Table 2).
Five out of six congeners had recoveries within 70–120%, yet
again, PCB 28 gave poor recoveries (<70%). PCB 28 has the
lowest number of chlorine atoms and is therefore expected to be
highly soluble in water in contrast to the other ve PCBs studied
herein.

The aqueous solubility of PCB 28 is 0.16 mg L�1, compared
to 0.03, 0.01, 0.001 for PCB 52, 101, and 153, respectively.42 It is
therefore likely that PCB 28 already suffers from losses during
the loading step. The same phenomenon was reported by
Dahane et al.,43 where the most soluble constituent methomyl
gave recoveries in the range of 43–60%, compared to less
soluble pesticides such as diazinon, whose recovery was
between 58 and 106%. C18 adsorbent, which is the conven-
tional adsorbent material used for most SPE applications
recorded markedly lower recoveries (33.9–67.7%). Poor perfor-
mance, i.e., recoveries <60.0% for C18 cartridges, have been
previously reported.44–46 C18 is known to retain non-polar
compounds via hydrophobic forces; yet, MWCNTs are subject to
additional p–p interactions, and therefore strongly retain
aromatic constituents.47
3.4 Effect of surface oxidation on the recovery of PCBs

To determine the effect of surface oxidation of MWCNTs on the
recovery of PCBs, spiked Milli-Q water was pre-concentrated
using oMWCNTs. Reduced recoveries were evident compared to
pristine MWCNTs (Table 2). It should be noted that although
the dispersion of functionalized MWCNTs in water increased
due to the increase in hydrophilicity, the performance
decreased. Similarly, a decrease in recovery of pentachloro-
phenol,38 naphthalene,33 phenanthrene,48 toluene, ethyl-
benzene, xylene,49 and triclosan37 on oxidized MWCNTs as
compared to pristine MWCNTs has been reported. The reason
for the decreased performance of oxidized MWCNTs has been
linked to the oxygen groups (i.e., carboxyl and hydroxyl groups),
Table 4 Analytical parameters derived for the developed MWCNT-SPE

PCB congener
Retention time
(min)

Linear range
(ng mL�1) Regressio

PCB 28 12.9 0.465–186 y ¼ 0.015
PCB 52 13.6 0.465–186 y ¼ 0.007
PCB 101 15.5 0.26–104 y ¼ 0.010
PCB 153 17.2 0.21–85 y ¼ 0.015
PCB 138 17.8 0.23–92 y ¼ 0.025
PCB 180 19.3 0.22–89 y ¼ 0.027

8038 | Anal. Methods, 2015, 7, 8034–8040
which are hypothesized to localize the electrons at the surface of
the MWCNTs, thus, removing them from the p-electron
system.50 In addition, the formation of water clusters due to
hydrogen bonding between the water molecules and the
oxidized MWCNT surface has been argued as a possible reason
for the decrease in retention pertaining non-polar molecules.33

Therefore, the retention of water molecules rather than non-
polar constituents appears highly favoured.33,51 Cho et al.,33

suggested that oxidation could also prevent non-polar mole-
cules from accessing the non-oxidized sites within CNT
structures.
3.5 Effect of pH on the recovery of PCBs

Some studies have reported the isoelectric point of oxidized
MWCNTs to be around pH 4.37,39 Taking this into consideration,
at lower pH oxidized CNTs are protonated, and no opportunity
of hydrogen bond formation with water is provided. At higher
pH, CNTs are deprotonated, and therefore, chances of hydrogen
bonds with surrounding water molecules increase leading to
the formation of water clusters. To determine whether the
recovery of PCBs is improved at lower pH, tap water was spiked
at a pH of 1 (i.e., pH below the reported isoelectric point for
oxidized MWCNTs). The recoveries ranged from 41.4 to 50.3%,
which was within the same range of recoveries as the tap water
at a pH of 7.69. Therefore, it may be concluded that the intro-
duction of polar groups (i.e., surface oxygen) generally increases
the polarity of MWCNTs, which in turn leads to reduced inter-
action with aromatic constituents, and thus, reduced adsorp-
tion capacities.52 These results are also backed by the earlier
argument that oxygen-containing groups localize electrons at
the surface of MWCNTs, thereby removing them from the
p-electron system, which results in reduced adsorption.
3.6 Adsorption isotherms

The Langmuir adsorption isotherm given by eqn (2), and the
Freundlich adsorption isotherm given by eqn (3) were applied
for the binding characterization of the pristine MWCNTs
(10 nm). Freundlich isotherms assume a heterogeneous surface
with adsorption sites of different energies, while Langmuir
isotherms are based on a homogeneous surface interaction.
MWCNTs indicated a heterogeneous surface (n ¼ 0.71) with the
adsorption favouring the Freundlich isotherm, as conrmed by
a correlation coefficient >0.99 (Table 3). Other studies on the
adsorption of 1,2-dichlorobenzene, 1,2,4-trichlorobenzene,
method

n equation
Linear response
(r2)

Method detection limit MDL
(mg L�1)

x + 0.0217 0.9997 0.011
3x + 0.014 0.9998 0.008
2x + 0.0159 0.9996 0.004
3x + 0.0176 0.9997 0.002
4x + 0.0242 0.9987 0.004
9x + 0.0174 0.9998 0.002

This journal is © The Royal Society of Chemistry 2015
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1,2,4,5-tetrachlorobenzene, and trihalomethanes on CNTs have
reported n-values of 0.52–0.65, 0.64, 0.75, and 0.58–0.75,
respectively.41,53,54
3.7 Analytical performance of the proposed method

The obtained MDL values ranged from 0.002–0.011 mg L�1 with
PCB 180 and PCB 138 providing the lowest MDL value, and PCB
28 the highest (Table 4). The RSD of replicate analyses ranged
from 2.21–14.6%. The obtained calibrations were linear across
the investigated concentration range of 0.465–186 ng mL�1 for
lower chlorinated PCBs, and 0.21–104 ng mL�1 for the higher
chlorinated ones at coefficients of linearity >0.99 (Table 4).
4. Conclusions

A fully validated MWCNT-SPE protocol for the pre-concentra-
tion of PCBs in aqueous environments has been presented.
Pristine MWCNTs revealed higher recoveries for the investi-
gated PCBs compared to conventional C18 adsorbents and
oMWCNTs, conrming that pristine MWCNTs can be applied
for studies of PCBs in aqueous media. In addition, only 100 mg
of MWCNTs were necessary compared to 500 mg for conven-
tional sorbent, thereby suggesting not only more reliable, but
potentially also more affordable method for SPE. Compared to
C18, the cost of MWCNTs – at this small quantity – is already
now slightly less, thus offering an excellent alternative to
conventional sorbent matrices. The developed method shows
detection limits way below the maximum contamination level
of 0.5 mg L�1 for PCBs in drinking water (as set by US envi-
ronmental protection agency (EPA)), therefore suggesting that
the established analytical method may be readily imple-
mented for monitoring of drinking water quality and safety,
which is of substantial societal relevance. However, despite the
results achieved herein, the developed protocol may only be
applicable for pre-concentrating sufficiently chlorinated
constituents, as more soluble (i.e., less chlorinated) constitu-
ents may be retained less due to the reduced interaction with
MWCNTs.
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