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A velvet-like magnetic carbon nitride nanocomposites synthesized by chemical co-precipitation was
used to develop a highly efficient magnetic solid-phase extraction method for the pre-concentration of
trace polychlorinated biphenyls (PCBs) in water samples. The advantages of this nanocomposite such
as large surface area, good dispersity, low solvent consumption, rapid analyte adsorption (30s) and
reusability make it a good sorbent. Factors affecting extraction efficiency were systematically investi-
gated and optimized by response surface methodology (RSM). Under optimal experimental conditions,
the limits of detection (LODs S/N =3) of the developed method for PCBs investigated were in the range
0f 9.0 x 1076-5.8 x 10~> g/mL. This method was then used for the analysis of four real water samples.
Good spiked recoveries over the range of 80.1-118.4%, and RSDs (n=5) of 0.02-3.7% were obtained. This
work demonstrated the potential of using this nanocomposite for adsorption, pre-concentration, or even
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removal of different carbon-based aromatic compounds or other hydrophobic pollutants.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Industrial, agricultural and domestically released pollutants
often cause significant concerns by the general public. The mon-
itoring of these environmental pollutants is essential in the effort
to limiting the adverse effects of these compounds on human health
[1-5]. Due to their trace concentration in water environments, it is
vital to develop efficient analytical techniques to analyze the ultra-
trace amount of compounds. Usually one or more pre-treatment
step is needed for pre-concentration for analysis and multiple steps
are required to eliminate them. Traditional sample pretreatment
methods such as liquid-liquid extraction (LLE) [6], solid phase
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extraction (SPE) [7], membrane extraction, dispersive solid-phase
extraction (DSPE) [8], liquid phase microextraction (LPME) [9] and
solid phase microextraction (SPME) [10]. Solid phase extraction
(SPE) is a widely used sample pretreatment method for separation,
purification and enrichment [11]. However, SPE still has disad-
vantages such as time-consuming, high solvent consumption, and
low recovery [12-16]. In order to solve these problems and meet
the needs for analysis, methods with wide concentration range,
high selectivity and sensitivity are needed. Magnetic solid phase
extraction (MSPE) has attracted much attention recently, and has
increasingly been developed and used in different areas [17]. MSPE
has been used in sample separation and concentration in the field of
food industry, biology and environmental sciences because of the
advantages of easy operation, high-adsorption capacity and short
operation time. Magnetic adsorbents need not be filled in SPE car-
tridges, but instead, can be dispersed in the sample solution or
suspension, and is suitable for many types of sample matrices even
when the sample is non-homogeneous. Unlike the traditional SPE
technology, the organic compounds are adsorbed by the magnetic
material, separated from the solution by using external magnetic
field instead of centrifugation or filtration, and eluted by a small
volume of proper eluent from the sorbent in MSPE [18].
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It is crucial to select appropriate sorbent to achieve efficient
extraction in SPE, and this is also true for magnetic adsorbent in
MSPE. It is important to prepare the magnetic sorbent with high
adsorption capacity for the target compounds. Recently, a two-
dimensional graphite analogue, graphitic carbon nitride that is
referred to as g-C3Ny4 has attracted much attention, and is a pos-
sible candidate to be used for enrichment of target analytes in
solutions. g-C3Ny is the most stable allotrope under ambient con-
ditions among the family of carbon nitrides, and is thermally stable
up to 500°C[19]. Furthermore, it is only composed of very common
elements, C, N, and H, which also possesses high resistance to acids
and bases. It is easily formed by heating of low cost nitrogen-rich
organic compounds, such as melamine. Moreover, the simple 2D
structure of g-C3Ny4 can easily swell and peel off into nearly trans-
parent ultrathin nanosheets by aqueous ultrasonication [20,21].
The g-C3N4 sheets have a double-sided polyaromatic scaffold struc-
ture with a large m-electron system that equipped it with complex
sorption mechanism, including hydrophobic effect, m —  conjuga-
tion and electrostatic interaction [22,23]. This structure provides it
with a strong affinity for aromatic compounds that are commonly
present in food, drugs, biological fluids and pollutants. Moreover,
the simple structure of g-C3Ny4 allows rapid adsorption and desorp-
tion, which reduced the processing time, solvent consumption, and
increased recovery. These unique properties highlight its potential
for use as a sorbent, but the small specific surface area of this mate-
rial limited its range of application. The surface area of bulk g-C3N4
is usually less than 5 m?/g when synthesised by the traditional ther-
mal condensation method. Many forms of nanoscale structures of
g-C3Ny, such as nanoparticles, nanosheets, nanofibers, nanopores
and nanotubes have been synthesised to increase the specific sur-
face area and produce more accessible sites. Nevertheless, these
synthetic methods largely depend on the use of hard or soft tem-
plates, special instruments and complicated processes. Therefore,
itis highly desirable to develop a simple and facile approach for the
synthesis of g-C3N4 with a large specific surface area for practical
applications. Attempts towards this goal have led to the synthesis
of various forms of g-C3Ny, including a velvet-like g-C3Ny (V-g-
C3N4) via a water-assisted, one-step thermal condensation of urea.
In the process of synthesis, it was free of templates, toxic solvents
and expensive chemicals [21]. To use this synthesized material
for MSPE, Fe30,4 particles were immobilized on the surface of the
V-g-C3N4 [24-26]. In addition, V-g-C3N4/Fe304 has many advan-
tages, such as the large surface area, good dispersity, and strong
hydrophobicity. Ten polychlorinated biphenyl (PCBs) were selected
as model compounds to evaluate the performance of this magnetic
nanocomposite as a sorbent.

PCBs are a group of chlorinated aromatic compound and have
different homologs and isomers [27,28]. PCBs are one of the typical
persistent organic pollutants in the priority control by Stockholm
Convention, due to their high potential of bioaccumulation and
resistance to degradation [29]. These pollutants have some charac-
teristics such as biodegradable, biological toxicity, and long-range
transportability [30,31]. In addition, PCBs have stable physical and
chemical properties and they are semi-volatile or non-volatile
matter that has strong causticity. PCBs are still detectable in
most environmental matrices, although their use has been legally
banned [32,33]. Thus, detecting trace levels of PCBs in the envi-
ronment is important. In addition, developing efficient and fast
analytical methods which are for the determination of PCBs in
environmental samples is very important to protect humans from
exposure [34]. Therefore ten PCBs (1,3,4,8,28,52,77,126,138 and
180) were chosen as model compounds to demonstrate the feasi-
bility of this V-g-C3N,4/Fe304 nanocomposite for the extraction and
pre-concentration of PCBs from water samples. Response surface
methodology (RSM) was used as the optimization approach to pre-
dict the optimized multiple parameters as well as their interactions

by establishing an efficient mathematical model [35-43], accord-
ing to Box-Behnken Design (BBD). A fast, selective and sensitive
method using MSPE and gas chromatography-mass spectrometry
(GC-MS) was developed to analyze the ten PCBs in real water sam-
ples. And the linearity and the limits of detection (LODs S/N =3) of
the developed method for PCBs investigated were established by
GC/MS.

2. Experimental
2.1. Chemicals

Urea (>99.0%), Ferric chloride hexahydrate (>97.0%), fer-
rous chloride tetrahydrate (>98.0%), 2-Chlorobiphenyl (PCB-1),

4-Chlorobiphenyl (PCB-3), 2, 2’-Dichlorobiphenyl (PCB-
4), 2, 4'-Dichlorobiphenyl (PCB-8), 2,4,4'-Trichlorobiphenyl

(PCB-28), 2,2,5,5-Tetrachlorobiphenyl (PCB-52), 3,3/,4,4-
Tetrachlorobiphenyl (PCB-77), 3,3',4,4’,5-Pentachlorobiphenyl
(PCB-126) 2,2',3,4,4,5'-Hexachlorobiphenyl (PCB-138), and

2,2'.3,4,4,5,5-Heptachlorobiphenyl (PCB-180)were purchased
from Aladdin Industrial Inc. (Shanghai, China). Distilled water was
filtered using a vacuum pump (Division of Millipore, USA) and a
filter (HA-0.45, Division of Millipore, USA) before use. All other
solvents were of HPLC or analytical grade.

2.2. Preparation of the standard stock solution

A mixture of PCBs (1,3,4,8,28,52,77,126,138 and 180) containing
100 pg/mL of each compound was prepared in methanol and stored
at4.0°C. The working solutions were prepared daily by diluting the
stock solutions with deionized (DI) water.

2.3. Preparation of V-g-C3N,4/Fe304 nanoparticles

According to a typical procedure [21], 15g of urea was added
to 20 mL of de-ionized water in an alumina crucible. Next the V-g-
C3Ny4 was prepared by directly heating urea at 400°C for 1 h, then
at 450°C for 5 h in a muffle furnace. Then the product was collected
and dried at room temperature. A 2:1 ratio of FeCl3-6H,0 (11.68 g)
and FeCl,-4H,0 (4.30¢g) was added to 200 mL deionized water at
85 °C, then stir for 5 min. And then gradually adding 20 mL ammonia
(25-28%), allow reaction to proceed for two hours. The obtained
Fe304 nanoparticles were washed using water and ethanol then
dried in the air.

The V-g-C3N4/Fe304 nanocomposites were obtained by chem-
ical co-precipitation. In a typical synthesis, firstly, V-g-C3N4
(100.0 mg) and Fe304 (50.0 mg) were dispersed in 60.0 mL of water
that ultrasonicated for 0.5h at room temperature. Secondly, the
resulting mixture was stirred at 60°C for 10 h. Finally, the reac-
tion mixture was cooled and washed several times with de-ionized
water and ethanol. After that, the synthetic nanocomposite was
dried at 60°C in the oven.

2.4. Analysis and characterization

The high performance liquid chromatography (HPLC) system
consisted of a Waters 1525 binary HPLC pump, Waters 2707 auto
sampler (20.0 pLsample loop), and variable wavelength 2489 ultra-
violet (UV) dual channel detector. Data processing was performed
with a Millennium 3.2 consisting of a HP Vectra 500PC. A com-
mercial C;g column (4.6 x 150 mm, 5.0 wm) was purchased from
Thermo Fisher Scientific Inc., which was used for the separation of
target PCBs. The mobile phase was methanol/water (85/15, v/v) at
a flow rate of 1.0 mL/min, and UV detection was performed at 235
and 254 nm. The HPLC was used to optimize the sample preparation
steps because of the solvent compatibility.
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Table 1
Variables and levels of response surface methodology test.
Variables Level
-1 0 1
Concentration of NaCl (X;) (%, w/v) 5.00 10.00 15.00
Temperature (X;)(°C) 25.00 30.00 35.00

GC-MS analysis was performed on an Agilent 7890B/5977A
GC/MS detector system with Spilt/Splitless with electronic pneu-
matics control (EPC) and 7693A Autoinjector module. And the MS
(5977A) included inert MSD Turbo EI Bundle. MSD Chemstation
Software was used for data acquisition and analysis. Analytes were
separated onaHP-5MS (30m x 0.25 mm, 0.25 pm, Agilent) column.
The injection volume was 1 L and Helium (purity 99.995%) was
used as carrier gas at a constant flow rate of 1 mLmin~!. The oven
temperature was programmed as follows: start at 70°C for 2 min,
increase the temperature at a rate of 15°C/min to 180°C, holds
the temperature for 10 min, then increases at 5°C/min to 300°C
and held at 300°C for 10 min. The transfer line, ion source and
quadrupole analyzer temperatures were maintained at 300, 230
and 150°C, respectively. The collision energy was 70eV. Both the
scan and a single ion monitoring (SIM) mode acquisition method
with two characteristic ions were selected for the detection of the
analytes.

Thermogravimetric measurements were carried out on a NET-
ZSCH STA 449 F3 Jupiter simultaneous thermal analyzer at a heating
rate of 10°C/min in oxygen. A Rigaku D/max 2500/PC instrument
was employed for X-ray diffraction (XRD) studies. Fourier trans-
form infrared (FT-IR, Bruker Tensor 27) spectra were acquired
between 400 and 4000cm~! at the rate of 20 scans/min using
KBr pellets. The transmission electron microscopy (TEM) analy-
sis was performed by a Hitachi H-7650 instrument (Tokyo, Japan).
The specific surface area and pore properties of the samples
were calculated using the Brunauer-Emmett-Teller (BET) model
with nitrogen adsorption-desorption isotherms (N, atmosphere
at —195.72°C), which were measured using an ASAP2020 surface
area and porosimetry analyzer (Micromeritics, Norcross, GA, USA).
The carbon, hydrogen and nitrogen contents of the V-g-C3N4 were
determined by elemental analysis that performed on an EA1112
(Carlo Erba, Milan, Italy).

2.5. Adsorption of PCBs on V-g-C3Ny/Fe304

The nanocomposites (1.0 mg) were added into 1.0 mL of the
aqueous standard PCBs solution (1.0 wg/mL of standards were
stored in vials) at room temperature. Then, all the mixtures were
ultrasonicated until the concentration of the target compounds
ceased to decrease and the equilibrium adsorption was obtained.
The amounts of PCBs adsorbed on the sorbents were calculated by
subtraction. The reproducibility was assessed over three tests.

2.6. Design of RSM for optimization of adsorption parameters

RSM with a two-variable and three-level of Box-Behnken
Design (BBD) was employed to optimize the best combination of
variables for the adsorbed amounts of four PCBs on V-g-C3N4/Fe304
nanocomposite. The two variables selected for this investigation
were Xy (concentration of NaCl) and X, (temperature). The appro-
priate ranges of the two variables were determined based on
single-factor experiments. Three levels of each variable were coded
as —1,0,and +1 (Table 1 and Table S1). Experimental data were fit-
ted to a quadratic polynomial model and the regression coefficient

was obtained. The nonlinear computer-generated quadratic model
used in the response surface was as follows:

k k k
Y=oty BXi+D BXP+Y D> BiXiX
-1 -1

i<j

The three-dimensional response surface plots were obtained
by Design—Expert® 8.0.6 software (Minneapolis, MN, USA) [44,45].
Triplicate analyses were performed at all design points in ran-
domized order. A regression analysis was performed for the
experimental data to fit into an empirical second-order polynomial
model.

2.7. Procedure of MSPE

As shown in Fig. 1, V-g-C3N4/Fe304 (3.0mg) was added into
50mL of the filtrated (0.2 wm) real water sample. NaCl is then
added to reach a concentration of 11.3%(w/v), and the temperature
is maintained at 33.0 °C, according to the RSM optimized conditions
as described in the earlier section. Because of the rapid adsorption,
the extraction was carried out for 30s to ensure that most of the
analytes were adsorbed on the solid phase. An external magnet was
then used to retain all magnetized sorbent material while the solu-
tion is decanted. The sorbent material is then added 1.0 mL ethanol,
and again sonicated for 1.0 min. The adsorbed PCBs are washed out
in ethanol, and an external magnet is used again while decanting
the PCB ethanol solution. The PCB ethanol solution is analyzed with
HPLC and GC-MS [46], while the magnetized sorbent is heat dried
and ready to be used again.

3. Results and discussion
3.1. Characterization of V-g-C3N4/Fe304

First, element analysis was performed to ascertain the con-
stituents of the samples. The elemental composition results are
shown in Table S2. The trace amount of H and O in the V-g-C3N4
may ascribe to its NH,/NH group and the adsorbed CO,, O, and
H,0. The chemical formula is represented as [CgN7(NH3)(NH)]n
[24], which accords with the chemical composition of the pre-
pared g-C3Ny, C;.76N3.57H3 34. In addition, to quantify the amount of
C3Ny in the V-g-C3Ny4/Fe304 composites, thermogravimetric anal-
ysis (TGA) was carried out in air from 40 to 800°C (Fig. S1(a)). It
shows the TGA curves for Fe304, C3N4 and V-g-C3Ng4/Fe304. Grad-
ually, the weight loss beginning at 120°C can be attributed to the
evaporation of water. From 400 °C to 700 °C, approximately 0.36%,
91.16% and 23.81% mass loss was observed for Fe304, C3N4 and
V-g-C3Ny4/Fe304, respectively. It indicates an abrupt weight loss
occurred between 400 and 600°C, because of the oxidation and
decomposition of V-g-C3Ny4 in the air. Therefore, the loading of
V-g-C3N4 on V-g-C3Ny4/Fe304 was estimated to be ~23 wt.

XRD were utilized to ascertain the structure of the samples. Fig.
S1 (b) displays the XRD patterns of the as prepared V-g-C3Ny4, Fe304
and V-g-C3Ny4/Fe304. The XRD patterns of V-g-C3N4 sample con-
tain two peaks at about 13.1° and 27.2°, which matches well with
the (1 0) and (0 2) crystal planes of V-g-C3N4. When the V-g-C3Ny4
was mixed with Fe3Og4, the diffraction peaks of V-g-C3N4 and Fe304
were weaker than that of pure V-g-C3N4 and pure Fe30yg4, indicat-
ing that V-g-C3N4/Fe304 was a two-phase composite composed
of V-g-C3N4 and Fe304 [47]. Fig. S1(c) exhibits the FT-IR spec-
tra of V-g-C3Ny, Fe304 and V-g-C3N4/Fe304. The bands between
1200 and 1650 cm~! corresponds to the typical stretching modes
of CN heterocycles and the characteristic mode of the triazine units
(CsN7) at 808 cm~! are observed for V-g-C3Ny, indicating the pres-
ence of a typical structure of g-C3Ny4. The broad adsorption band at
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Fig. 1. Process of magnetic solid phase extraction (MSPE).

3100-3300cm™! corresponded to the stretching vibration modes
of residual N—H components or O—H bands, associated with uncon-
densed amino groups and absorbed H,0 molecules, respectively.
An absorption band at 570 cm~! for both the nanocomposite sam-
ples corresponds to the Fe-O band of the Fe304 particles [48,49].
Above all, the FTIR spectra indicated the successful formation of the
V-g-C3N4 and V-g-C3N4/Fe304 nanocomposites. To measure the
surface areas of these materials, nitrogen adsorption-desorption
was employed and the Brunauer-Emmett-Teller (BET) specific sur-
face areas of V-g-C3Ny4 and V-g-C3Ny4/Fe304 were found to be 151.5
and 126.6 m? /g (Fig.S1(d)), respectively [50]. The decreased surface
area of V-g-C3Ny4/Fe304 can be attributed to the deposition of Fe304
on V-g-C3Ny. To confirm the deposition and understand the mor-
phologies of V-g-C3N4 and V-g-C3N4/Fe304, the two solids were
characterized by TEM techniques [51]. As shown in Fig. S2, pure
V-g-C3N4 consisted of a transparent silk-like structure, whereas in
V-g-C3N4/Fe304, dark Fe304 nanoparticles were deposited on the
surface of V-g-C3Ny4. Three batches of the synthesized nanoparti-
cles were characterized to prove the reproducibility of the synthetic
process. No obvious different was observed from the TEM images.

3.2. Optimization of the procedure

To obtain high extraction efficiency for using the V-g-
C3N4/Fe304 as sorbent, several factors that influence the adsorption
and desorption were investigated. Meanwhile, ultrasonication was
employed to suspend the nanocomposite in water samples. The
aggregated nanocomposite was disrupted by ultrasonic vibrations
leading to an increase in the total solid surface in contact with the
water containing the target compounds.

3.2.1. Adsorption isotherms

The initial concentration of PCBs can affect the actual adsorbed
amount on the V-g-C3N4/Fe304 nanocomposite. In order to investi-
gate the interactions between PCBs and the nanocomposite as well
as choosing the suitable concentration of PCBs for subsequent opti-
mization of MSPE, the adsorption isotherms were introduced. The
adsorbed amounts (Q) of PCBs on V-g-C3N4/Fe304 were determined
as Eq. (1) and were shown in Fig. 2. All the data were fitted with the
following adsorption isotherm models (Eqs. (2)-(4)) [52-54]:

Q = (G-O)V/m (1)

Q =aCg+b (2)
Q = aCg/(1 + bCg) (3)
Q=aC'/* (4)

where Q (mgg~!) is the adsorbed amount, Co (g mL~1) is the ini-
tiator concentration, C (g mL~1) is the unabsorbed concentration
and Cg (ugmL—1) is the equilibrium concentration of the solute in
the liquid phase. V (mL) is the volume of the sample solvent, and
m (g) is the weight of V-g-C3N4/Fe304. In the equations, a and b
are the coefficients. These adsorption isotherm equations are lin-
ear (Eq. (2)), Langmuir (Eq. (3)) and Freundlich (Eq. (4)) equations,
respectively. The Langmuir equation was evidently better than the
others in this experiment according to the regression coefficient
(R?) in Table S3. This could be explained by the basic assumptions
of Langmuir model: the surface containing the adsorbing sites is a
perfectly flat plane with no corrugations; each site can hold at most
one molecule (monolayer adsorption).

According to this data, the adsorption of the ten PCBs
increased with increasing concentration from 0.1-3.0 pg/mL, and
the amount of the PCBs adsorbed on the sorbents decreased
in the order: PCB-180>PCB-138>PCB-126>PCB-77 >PCB-52 >
PCB-28 >PCB-8 > PCB-4 >PCB-3 >PCB-1, which was consistent
with their hydrophobicity (Fig. 2). This phenomenon suggested
that hydrophobic interaction may be one of the critical interactions
between the PCBs and the sorbent, in addition to 7w—1r interactions.
To investigate the other effects on the adsorption behavior and to
avoid errors in the extraction process, 2.0 wg/mL of PCBs was used
in the rest of the experiment.

3.2.2. Optimization of the adsorption conditions by RSM

In MSPE process, single factor experiments were performed to
determine the scope of the variables to obtain a more realistic mode
before optimization of adsorption by RSM. Firstly, the effect of time
on adsorption was investigated between 30 s and 420 s, and shown
in Fig. S3 (a). According to the data, time has little effect on adsorp-
tion of target compounds. It could be concluded that the adsorption
equilibrium between the liquid phase and the sorbent was reached
rapidly, before 30s. This rapid adsorption can be attributed to the
good dispersity of V-g-C3N4/Fe304 and strong interactions with tar-
get compounds. The effect of salinity was then investigated within
the concentration range of 0-25.0% of NaCl (w/v). It can be seen that



D. Lietal./]. Chromatogr. A 1491 (2017) 27-35 31

1.6
m PCB-4
e PCB-1
1.4 o A PCB-3
v PCB-8
¢ PCB-52
1.2 <« PCB-28
» PCB-77
~ 1.04 ¢ PCB-138
N * PCB-126
g e PCB-180
3 0.8
=5
o
£
© 0.6 4
el
[0
2
3 044
©
<C
0.2 4
0.04
0.2 T J T J T ) T T T T T T

0.0 0.5 1.0 1.5

20 25 3.0

Concentration (ug/mL)

Fig. 2. Adsorbed amount of standard PCBs on V-g-C3N4/Fe304.

a 2.04 —a— PCB-4
e PCB-1
1.8 —A— PCB-3
) —v—PCB-8
S 1.6 —&— PCB-52
£ —<4—PCB-28
e 144 —»— PCB-77
5 —e— PCB-138
S 1.2 —%— PCB-126
€ —&— PCB-180
T 1.0
el
[0}
2 0.8
2
T 0.6
<
0.4 4

T v T v T v T d T T T
0 5 10 15 20 25

NaCl (%,w/v)

21

—a— PCB-4
—e— PCB-1
—A— PCB-3
—v—PCB-8
——PCB-52
—4—PCB-28
—»— PCB-77
—— PCB-138
—%— PCB-126
#— PCB-180

T

Adsorbed amount (mg/g)
>
1
}
\
\\

Temperature (°C)

Fig. 3. Effect of concentration of NaCl (a) and temperature (b) on adsorbed amount of PCBs on porous V-g-C3N4/Fe304.

the adsorption of PCBs increased with the addition of NaCl from
0 to 10.0% and then decreased (Fig. 3(a)). Typically, the addition
of salts may increase the adsorbed efficiency of target compounds
and decrease the solubility of PCBs (salting-out effect). However,
this also results in the increase of the viscosity of the solution,
which decreased the mass transfer rate and extraction efficiency
of PCBs. Therefore, 10.0% of NaCl was added for subsequent opti-
mization. The effect of the solution pH on adsorption was studied
in the range of 1.0-11.0 by adding proper volumes of 1M HCI or
1 M NaOH. The pH of the solution may affect the charge state of the
target compounds and their interactions with each other and the
sorbent. As shown in Fig.S3 (b) that the pH of the solution also has
little effect on adsorption. The reason for this phenomenon could
be explained that PCBs are neutral molecules under ordinary con-
ditions and are unlikely to be influenced by a change in the solution
pH. The effect of temperature was also investigated because an
increase in diffusivity can be achieved by increasing the tempera-
ture, and decreasing the solution viscosity, and results in increased
adsorption efficiency. However, higher temperature decreased the
interactions between target compounds and sorbent resulting in
decrease of adsorption. Fig. 3(b) shows that the adsorbed amounts
of PCBs increased with the temperature increasing from 15.0 to
30.0°C and then decreased. Therefore, to optimize the adsorption
conditions subsequently by RSM, the ranges of the concentration

of NaCl (5.00-15.00%, w/v) and temperature (25.0-35.0°C) were
selected.

After fitting the experimental data to the quadratic polynomial
mode (Table S4), PCB-138 and PCB-180 had been fully adsorbed
completely because of their strong hydrophobicity. In addition,
an analysis of the variance (ANOVA) indicated that the models
were statistically significant, as evidenced from the F-test with
very low probability values, which were p <0.0001 for PCB-1, PCB-
4, and PCB-126 0.0002 for PCB-3, PCB-8, PCB-28, and PCB-77, and
0.0003 for PCB-52, respectively. The determination coefficients (R2)
of the quadratic polynomial models were 0.9945 for PCB-1, 0.9622
for PCB-3, 0.9929 for PCB-4, 0.9481 for PCB-8, 0.9495 for PCB-28,
0.9453 for PCB-52, 0.9533 for PCB-77, and 0.9642 for PCB-126with
no significant lack of fit (0.0799- 0.6564). These showed that the cal-
culated models could be used to explain 94.53-99.45% of the results.
The adjusted coefficients of determination (R? Adj =0.9906 for PCB-
1, 0.9352 for PCB-3, 0.9878 for PCB-4, 0.9111 for PCB-8, 0.9134 for
PCB-28, 0.9063 for PCB-52, 0.9199 for PCB-77, and 0.9386 for PCB-
126), and the coefficient of variation (CV=0.73 for PCB-1, 0.85 for
PCB-3, 0.41 for PCB-4, 0.60 for PCB-8, 0.33 for PCB-28, 0.42 for PCB-
77, and 0.37 for PCB-126) suggest that the accuracy and general
availability of the polynomial model was adequate. “Adeq Preci-
sion” (AP) measures the signal to noise ratio and a ratio greater
than 4 is desirable. The ratio of this work (AP=43.280 for PCB-1,
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17.966 for PCB-3, 38.144 for PCB-4, 17.062 for PCB-8, 19.432 for
PCB-28, 13.108 for PCB-52, 18.316 for PCB-77, and 19.923 for PCB-
126) indicates an adequate signal. Thus, this model can be used to
navigate the design space.

The predicted response Y for the adsorbed amount of PCBs could
be expressed by the following second-order polynomial equation
in term of coded values:

3.2.3. Desorption conditions

It is important to desorb the analytes completely from the
V-g-C3Ny4/Fe304 nanoparticles for subsequent HPLC analysis. The
organic solvent used as eluent directly affects the extraction effi-
ciency and the MSPE procedure. Considering that HPLC was used
to determine the PCBs, liquid desorption was employed in this

Y(PCB-1) = 1.63 + 0.13X; +0.03X; + 0.028X; X3 — 0.082X12 — 0.067X52

Y(PCB-3) = 1.67 + 0.057X; +0.015X5 — 5.00 x 103X X5 — 0.042X;2 — 0.037X,2

Y(PCB-4) = 1.82 + 0.072X; +0.022X5 + 0.02X; X3 — 0.047X;2 — 0.037X>

Y(PCB-8) = 1.89 + 0.037X; +0.028X5 —0.021X;% — 0.016X,°

Y(PCB-28) = 1.96 + 0.01X; +0.022X, — 0.0075X; X, — 0.024X;2 + 0.001207X52

Y(PCB-52) = 2.00 + 3.33x 103X, — 5x 103X X3 — 0.019X;2 — 8.966 x 103X,2

Y(PCB-77) = 1.99 + 0.001667X; +0.018X5 — 0.025X; X5 — 0.041X;2 — 8.62 x 10~4X,>2

Y(PCB-126) = 2.00 + 0.00667X; +0.033X5 —0.0075X; X5 — 0.018X;2 — 0.018X52

where Y represented the adsorbed amount of PCBs (mgg~!), and
Xy and X, correspond to two independent variables (concentra-
tion of NaCl, and temperature of the solution, respectively). The
regression equation was graphically represented by a 3D response
surface. From the 3D response surface curves indicated in Fig. S4,
it showed visually the effects and mutual influence of two inde-
pendent variables on the responding variable. According to the p
value (Table S5) and the 3D response curves, the significance of
each coefficient could be checked. For PCB-28, PCB-52, PCB-77, and
PCB-126, the effects of temperature on adsorption were more sig-
nificant than the concentration of NaCl. On the contrary, the effect
of the concentration of NaCl for adsorption of PCB-1, PCB-3, PCB-4
PCB-8were more significant. This phenomenon could be explained
by their different hydrophobicity and molecular size. It is known
that the diffusivity significantly affects the adsorption efficiency. It
can be studied using the Stokes-Einstein equation:

D=KkT/6mnR

where D (area/time) is a proportionality constant between the
molar flux owing to molecular diffusion and the gradient in the con-
centration of the species. k, T, , and R are the Boltzmann constant,
absolute temperature, viscosity of the solution and hydrodynamic
radius of the molecule, respectively. According to the equation,
the change of temperature can significantly affect the diffusivity
of PCB-28, PCB-52, PCB-77, and PCB-126 because of their radius
were larger than those of PCB-1, PCB-3, PCB-4, and PCB-8, thus
affect the adsorption. Compared to PCB-28, PCB-52, PCB-77, and
PCB-126, the solubility of PCB-1, PCB-3, PCB-4, and PCB-8 were rel-
atively larger. Therefore, salting-out effect (concentration of NaCl)
was the major influencing factor with respect to PCB-1, PCB-3,
PCB-4, and PCB-8. From the result of RSM, the software summa-
rized the optimum concentration of NaCl and temperature to be
11.3% (w/v) and 33.0°C, respectively, with the maximum adsorbed
amounts of 1.66, 1.79, 1.84, 1.90 and 1.97 mg/g for PCB-1, PCB-3,
PCB-4, PCB-8 and PCB-28, respectively. What is more, the max-
imum adsorbed amounts of PCB-52, PCB-77, PCB-126, PCB-138,
PCB-180 are 2.00 mg/g.

work, and various desorption solvent such as methanol, ethanol,
acetone and acetonitrile were studied. A 1.0 mg of V-g-C3N4/Fe304
nanocomposites was used to extract the analytes from 1.0 mL of
spiked water samples (concentration: 2.0 pg/mL). As shown in Fig.
S5, ethanol exhibited better desorption efficiency for the target
PCBs than that of the others because of its suitable polarity, and it
sufficiently inhibited the interactions to provide the highest strip-
ping efficiency. Hence, ethanol was selected as the washing solvent
for the MSPE procedure.

3.2.4. Optimization of MSPE

Although a very small amount of sorbent was needed in the
adsorption of trace PCBs (0.05 g/mL) in water samples (50 mL)
according to the theoretical adsorption capacity of V-g-C3N4/Fe3 04,
alarger amount of sorbent was required to achieve facile phase sep-
aration and to get a higher recovery. Therefore, the amount of the
sorbent V-g-C3N4/Fe304 in the range of 1-15mg on the adsorp-
tion efficiency of PCBs was investigated to determine the optimum
value for MSPE. The recoveries increased with the increase of sor-
bent from 1.0 to 10.0 mg, and then stabilized with further increase.
With the increasing sorbent from 10.0 to 15.0 mg, the elution times
increase. Thus, this result demonstrated that 10.0 mg of the sorbent
was sufficient to extract PCBs.

Because the amount of ethanol affects the elution efficiency,
the eluent volume was optimized. The recoveries increased with
increasing eluent volume when the volume of the elution solvent
was in the range of 0.5-1.0 mL. However, when it was from 2.0
to 4.0 mL, the recoveries decreased. Therefore, 1.0 mL wash with
ethanol were selected for elution.

3.3. Analytical performance

The analytical performance of V-g-C3N4/Fe304-GC-MS was
evaluated under the optimized conditions (sample volume, 50 mL;
extraction time, 30s; 11.3% NaCl, no pH adjustment; desorption
solvent, 1 mL of ethanol; desorption time, 1 min) The name of the
ten PCBs, the selectedSIM ions and the retention times under the
given experimental conditions are listed in Table S6. The limits
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of detection (LODs) of the proposed method were determined by
analysis of five replicates of extracts obtained from water, which
were calculated based on S/N=3, and ranged from 9.0 x 1076 to
5.8 x 107> wg/mL. A good linearity was obtained in a concentration
range of 5.0 x 10~4-0.1 pwg/mL for the analytes, with determination
coefficients (R?) of 0.9850-0.9985, 0.9847-0.9982, 0.9847-0.9984,
0.9825-0.9980 for Tap water, Qingren Lake, Yangtze River and
Waste water, respectively (Table S7). The results indicated that the
matrix effect did not affect the quantification of the method. United
States Environmental Protection Agency (USEPA) risk assessments
indicate that the concentration of the drinking water standards and
health advisories representing a 5.0 x 10~4 pg/mL cancer risk level
for some PCBs. Thus, the developed method had a good linear range,
low LOD, and high reproducibility.

As is shown in Table 2, the comparison of the MSPE method
with different extraction methods for the determination of PCBs
was summarized. Among the reported methods for PCBs’ analysis,
the synthetic nanocomposites presented faster extraction kinet-
ics (305s) and desorption kinetics (<1 min). In addition, the present
method required smaller amounts of the sorbent (10 mg) and less
volume (3-4 mL), and easy to operate.

This work

[32]
80.1-118.4

82.7-121

5.3-9.8
0.02-3.7

48x107°-2.2x 1074
9.0x106-5.8 x 10>

3.4. Real samples analysis

Finally, real water samples from Tap water, Qingren Lake,
Yangtze River and Waste water (the water qualities were shown
in Table S8) in Nanjing, Jiangsu, China, were collected and analyzed
to demonstrate the extraction performance and potential appli-
cation of the developed MSPE method. As can be seen, none of
target analytes was detected in the Tap water, Qingren Lake, and
Yangtze River samples. However, PCB-77 (2.5 x 10~3 pg/mL) and
PCB-126 (3.2 x 103 pg/mL) were detected in the Waste water. The
water samples (0.003 pg/mL, 0.02 pg/mL and 0.05 pg/mL, 50 mL
(n=3)) were spiked and analyzed under optimal conditions, and
the recoveries obtained in the determination of PCBs are as shown
in Table S9. All of the recoveries were in the range of 80.1-118.4%
with relative standard deviations (RSDs) between 0.02 and 3.7%.
As is shown in Fig. 4, Waste water, Waste water after MSPE, the
spiked sample with standards (c=0.003 wg/mL) and the spiked
sample with standards (c=0.003 pg/mL) after MSPE were deter-
mined by GC-MS, and clear chromatographic peaks of PCBs were
observed after MSPE. In conclusion, V-g-C3N4/Fe304 has the poten-
tial application prospect in the analysis of nonpolar carbon-based
ring compounds in water samples.

50 min
30s

10
10 50

Water
Water

3.5. Reusability of V-g-C3N4/Fe304

The magnetic nanocomposites were reused in MSPE to investi-
gate the recyclability of the sorbent. There was no obvious decrease
or increase in the analyte recoveries after five times of reuse. The
recoveries of PCBs were 85.4-93.4% for PCB-1, 99.1-105.0% for
PCB-3, 96.0-99.3% for PCB-4, 99.0-102.4% for PCB-8, 98.5-101.4%
for PCB-28, 97.7-103.4% for PCB-52, 99.3-103.5% for PCB-77,
99.6-102.2% for PCB-126, 96.8-99.4% for PCB-138, 97.8-99.2% for
PCB-180. The results indicate that V-g-C3N4/Fe30y4 is stable and no
carryover of PCBs occurred during the MSPE procedure, indicating
good reusability.

28,52,101,118,
138,153,180
1,3,4,8,28,52
77,126,138,180

4. Conclusion

In this wok, a new V-g-C3N4/Fe304 nanocomposite was syn-
thesized by chemical co-precipitation. The experimental strategy
was environmental friendly. The magnetic material was eval-
uated in terms of the adsorption and desorption of ten PCBs.
The MSPE conditions were optimized using RSM, and applied to

PANI/a-CD-SBSE-HPLC-UV

V-g-C3Ny4/Fe304-MSPE-HPLC-UV
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Fig.4. GC-MS chromatograms of target PCBs in (a) Waste water; (b) Waste water obtained after MSPE; (c) spiked sample with standards (c=0.003 p.g/mL); (d) spiked sample
with standard after MSPE (c=0.003 pg/mL). Peaks of 1-10 represent PCB-1, PCB-3, PCB-4, PCB-8, PCB-28, PCB-52, PCB-77, PCB-138, PCB-126 and PCB-180, respectively.

the pre-concentration of PCBs in water samples. The nanocom-
posite showed high extraction efficiency for targeted analytes
due to hydrophobic effect, - conjugate function and inclusion
effect between porous V-g-C3N4/Fe304 and the targeted PCBs. The
nanocomposites with a large surface area have the advantages of
quick adsorption (30s) and is reusable. It was used to develop a
highly sensitive magnetic solid-phase extraction method. Good lin-
earity, recovery and low limits of detection were demonstrated,
indicating that V-g-C3N4/Fe304 can be used in the pretreatment
and removal of PCBs from water samples, as well as other envi-
ronmental nonpolar pollutants which contained carbon-based ring
structures.
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