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a  b  s  t  r  a  c  t

Allergenic  disperse  dyes  are a group  of  environmental  contaminants,  which  are  toxic  and  mutagenic  to
human beings.  In this  work, a  method  of  dispersive  solid-phase  extraction  (d-SPE)  using  graphene-coated
polystyrene-divinylbenzene  (G@PS-DVB)  microspheres  coupled  with  supercritical  fluid  chromatography
(SFC)  was  proposed  for the  rapid  determination  of  10  allergenic  disperse  dyes  in  industrial  wastewater
samples.  G@PS-DVB  microspheres  were synthesized  by coating  graphene  (G)  sheets  onto  polystyrene-
divinylbenzene  (PS-DVB)  polymers.  Such  novel  sorbents  were  employed  in  d-SPE  for  the  purification  and
concentration  of  allergenic  disperse  dyes  in  wastewater  samples  prior  to  the  determination  by SFC  with
UV  detection.  To achieve  the  maximum  extraction  efficiency  for  the  target  dyes,  several  parameters  influ-
encing  d-SPE  process  such  as sorbent  dosage,  extraction  time,  desorption  conditions  were  investigated.
SFC  conditions  including  stationary  phase,  modifier  composition  and  percentage,  column  temperature,
backpressure  and  flow  rate  were  optimized  to  well  separate  the allergenic  disperse  dyes.  Under  the  opti-
mum  conditions,  satisfactory  linear  relationship  (R ≥ 0.9989)  was  observed  with  the  concentration  of
dyes  ranging  from  0.02  to  10.0  �g/mL.  The  limits  of detection  (LOD,  S/N  =  3) for  the  ten  dyes  were in  the
range  of 1.1–15.6  ng/mL.  Recoveries  for the  spiked  samples  were  between  89.1%  and  99.7%  with  relative

standard  deviations  (RSD)  lower  than  10.5%  in all cases.  The  proposed  method  is time-saving,  green,
precise  and  repeatable  for  the  analysis  of  the target  dyes.  Furthermore,  the  application  of  G@PS-DVB
based  d-SPE  process  can  be  potentially  expanded  to isolate  and  concentrate  other  aromatic  compounds
in  various  matrices  and supercritical  fluid  chromatography  methodology  featuring  rapidity,  accuracy  and
green  will  be  an  ideal  candidate  for  the  analysis  of these  compounds.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Synthetic dyes have various applications in dying polyester,
ylon, polyacrylonitrile and many new synthetic hydrophobic
bers in textile industry as well as in the leather, printing ink
nd cosmetic industries [1–3]. However, according to some reports
4–6], approximately 12% of the synthetic dyes have been inevitably
ischarged into the wastewater because of incomplete exhaus-

ion and washing operations during processing and manufacturing
roduction and about 10–20% of these losses would enter the envi-
onment through effluents from wastewater treatment plants. A

∗ Corresponding author.
E-mail address: zhuyan@zju.edu.cn (Y. Zhu).

ttps://doi.org/10.1016/j.chroma.2018.03.040
021-9673/© 2018 Elsevier B.V. All rights reserved.
major class of the synthetic dyes used is represented by disperse
dyes, especially allergenic disperse dyes. Allergenic disperse dyes
are a class of low molecular weight synthetic dyes that are deriva-
tives of azo, anthraquinone and other compounds. Such sensitizing
disperse dyes can cause allergic reactions in the skin, mucous mem-
brane and respiratory tract, resulting in contact dermatitis and
respiratory diseases [7–11]. Furthermore, some of the dyes with azo
groups ( N N ) in their structure are known as carcinogenic aro-
matic amines since they can be reduced by azo reductases present
in liver enzymes, intestinal bacteria and skin-surface micro-flora
[12–14]. Thus, the presence of allergenic disperse dyes in industrial

wastewater and effluent has raised great concern because of their
contamination to groundwater and drinking water supplies [6]. The
increasing awareness of the potential risk of allergenic disperse
dyes to human health leads to the introduction of some legislation.

https://doi.org/10.1016/j.chroma.2018.03.040
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2018.03.040&domain=pdf
mailto:zhuyan@zju.edu.cn
https://doi.org/10.1016/j.chroma.2018.03.040
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or example, the Oeko-Tex standard 100 (2017 edition) [15] lists 20
llergenic disperse dyes as monitoring standards for ecological tex-
iles and stipulates that the concentration of these dyes should not
xceed 0.006%. In order to prevent the environmental water from
eing polluted by allergenic disperse dyes, it is urgent to develop

 rapid, simple, sensitive and environmentally friendly technique
or monitoring allergenic disperse dyes in industrial wastewater
amples.

In many analytical laboratories, DIN 54231 standard procedure
16] is regarded as a routine process wherein TLC approach is used
or the analysis of allergenic disperse dyes. However, its handling
s quite complicated which requires plenty of time and organic sol-
ents. In addition, liquid chromatography (LC) with DAD detection
17–19] or more selective and sensitive MS  detection [20,21] has
een applied to the analysis of allergenic disperse dyes. Regret-
ably, LC methods cannot meet the requirements of free of organic
olvents and rapid analysis. In general, most of the reported meth-
ds have drawbacks such as the use of toxic organic solvents,
ime consuming, poor selectivity or requirement of derivatiza-
ion. In the present work, supercritical fluid chromatography (SFC),
lassified as a green analytical technique, is supposed to be a
ore environmentally friendly and more efficient alternative for

he determination of allergenic disperse dyes. Due to the use of
upercritical CO2, SFC possesses obvious advantages in comparison
ith other chromatographic techniques [22–25]. On the one hand,

upercritical CO2 is considered as a green and non-toxic solvent,
hich renders the process less hazardous to the environment and
ankind. On the other hand, on account of the low viscosity and

igh diffusivity of supercritical CO2, a high flow rate can be used,
hich shortens the analysis time and increases the throughput

apacity without deteriorating the separation efficiency. Moreover,
ith the addition of different modifiers in supercritical CO2, the
olarity of the mobile phase can be varied greatly so the resolution

s further improved.
Industrial wastewater is kinds of samples with complicated

atrix where the concentrations of allergenic disperse dyes are
t trace levels. Hence, a workable sample preparation is highly
emanded prior to instrumental analysis. With an appropriate
reparation technique, high method precision, accuracy and sensi-
ivity can be obtained. Nowadays, diverse pretreatment techniques
ave been used for the preparation of target analytes from sam-
le matrices, such as solid-phase extraction (SPE), solid-phase
icroextraction (SPME), dispersive solid-phase extraction (d-SPE),

nd dispersive liquid–liquid microextraction (DLLME). Among all
he methods, d-SPE is an advantageous method for both matrix
emoval and preconcentration of analytes due to its merits of low
rganic solvent consumption, high preconcentration factor, ease of
peration and homogenization [26–29]. The core of d-SPE is the
dsorbent material which determines the selectivity and accuracy.
n recent years, carbonaceous materials such as carbon nanotubes
CNT), graphene (G) and fullerence have attracted growing inter-
st due to their excellent adsorption properties [29–32]. Among
hese highlighted materials, graphene [33–37], a two-dimensional
anomaterial consisting of a thin honeycomb lattice of sp2-bonded
arbon, has received tremendous attention owing to its remark-
ble thermal and chemical stability, low production cost and high
echanical strength. G has an ultrahigh surface area (theoretical

alue 2630 m2/g) with a nanosheet morphology, which makes it a
romising adsorbent material with good sorption capacity. Besides,
ue to its large delocalized �-electron system, G has strong affinity
or organic compounds (especially aromatic compounds) by �-�
tacking interactions with benzene rings. However, the direct use

f G as a sorbent often suffers from its irreversible aggregation and
ater solubility. The aggregation may  reduce the extraction capac-

ty of the sorbent, and water solubility of G aggravates the sorbent
oss. Moreover, it is difficult to completely isolate the miniscule G
A 1550 (2018) 45–56

sorbent from a well-dispersed solution during d-SPE process. To
overcome these potential problems associated with pristine G, we
developed a novel d-SPE sorbent by immobilizing G sheets onto
polystyrene-divinylbenzene (PS-DVB) polymers (named as G@PS-
DVB). Compared with G sheets, G@PS-DVB microspheres achieve a
considerable improvement in properties. G@PS-DVB microspheres
are easy to be isolated during d-SPE operation. Meanwhile, the
highlighted adsorption properties of G are maintained in G@PS-
DVB microspheres.

In this study, d-SPE based on G@PS-DVB sorbent followed by
SFC was  proposed for the rapid and green analysis of 10 aller-
genic disperse dyes in industrial wastewater samples. PS-DVB
polymers were prepared by seed swelling polymerization accord-
ing to precious work [38–40] and were used as the virgin polymers
for further synthetizing G@PS-DVB microspheres. Graphene oxide
(GO), as a precursor to G, was synthesized according to Hum-
mers method [41]. The fabrication of G@PS-DVB microspheres was
accomplished after several steps using these two materials. To
achieve the maximum efficiency in d-SPE, predominant parameters
were investigated such as extraction time, desorption solution, des-
orption time, etc. SFC variables including stationary phase, modifier
composition and percentage, column temperature, backpressure
and flow rate were examined to improve the chromatographic sep-
aration. Subsequently, the developed green and rapid method was
applied to quantify the target compounds in industrial wastewater
samples.

2. Experimental

2.1. Reagents and materials

Disperse yellow 1 (82%), disperse yellow 49 (90%), disperse yel-
low 9 (89%), disperse orange 37/76 (44%), disperse yellow 3 (30%),
disperse red 1 (98%), disperse orange 3 (85%), disperse red 17 (83%),
disperse orange 1 (80%) and disperse brown 1 (50%) were purchased
from Dr. Ehrenstorfer, GmbH (Augsburg, German). Their chemical
structures and more information are shown in Fig. S1 and Table
S1. All the HPLC-grade organic solvents were purchased from Tedia
Company (Fairfield, USA), such as methanol and acetonitrile. Since
some of the disperse dyes standards were of low purity, the fac-
tor of purity was  considered when preparing the standard stock
solution in methanol (200 mg/L). The standard solutions were pre-
pared every day by diluting the stock solution with HPLC-grade
methanol. The spiked sample solutions used in the work were pre-
pared by spiking allergenic disperse dyes standards into blank real
samples at required concentrations. Industrial wastewater samples
were collected from different textile factories in Zhejiang, China.
They were all stored in a refrigerator at 4 ◦C.

PS-DVB polymers (15 �m diameter) were prepared by seed
swelling polymerization [38–40] and GO was  synthesized accord-
ing to Hummers method [40]. They were used for further
synthetizing G@PS-DVB microspheres.

2.2. Instruments

Separation of 10 allergenic disperse dyes was conducted in a
Nexera UC SFC system (Shimadzu, Japan) with UV detection. The
SFC system was equipped with a CO2 delivery pump, an autosam-
pler with a 5 �L loop for injection, an online degasser, a column
oven, a SPD-20A UV detector and a back pressure regulator (BPR).
Modifier solvent was delivered by LC-20ADXR pump and mixed

with supercritical CO2 fluid. Lab Solutions Ver5.8 was used for
instrument control, data acquisition and handling. During data
acquisition, the computer read the UV signals at a sampling rate
of 2 Hz which was consistent with the standard responding time
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0.5 s). With this sampling rate, the sensitivity of the UV detection
n this work could be lowered to 2 × 10−4 Au.

The final chromatographic conditions in SFC were as follows: 10
llergenic disperse dyes were separated using a WondaCract ODS-2
olumn (5 �m,  4.6 mm × 250 mm)  (Shimadzu, Japan) at 38 ◦C. The
inary mobile phase was composed of (A) CO2 and (B) methanol
93.7/6.3, v/v) at flow rate 2.0 mL/min. The back pressure was

aintained at 10.5 MPa. The UV detection wavelength was set at
40.0 nm.  The sample volume injected was 5 �L at a sampling speed
f 5 �L/s.

.3. Preparation of G@PS-DVB microspheres

.3.1. Synthesis of PS-DVB polymers
Firstly, 20 g of styrene (St), 0.7 g of azobisisobutyronitrile (AIBN)

nd 3 g of polyvinylpyrrolidone (PVP) were dispersed in the mixture
olvent of ethanol and water (95:5, v/v). The polymerization reac-
ion of the dispersion was conducted at 70 ◦C under the atmosphere
f nitrogen. After 12 h, monodisperse polystyrene (PS) seeds with
verage size were obtained. Subsequently, 0.56 g of PS seeds as well
s an emulsified solution consisting of dibutyl phthalate (DBP) and
odium dodecylsulfonate (SDS) aqueous solution were placed into

 500 mL  three neck flask. After stirring overnight, another emulsi-
ed mixture and 250 mL  of polyvinyl alcohol aqueous solution was
oured into the flask for swelling. After 24 h, the temperature of
he system was increased to 70 ◦C and the reaction was  maintained
or 48 h under the protection of nitrogen. Afterwards, the resulting
articles were washed and dried in the oven.

.3.2. Preparation of pristine graphene oxide
Graphene oxide was synthesized by oxidation of natural

raphite flake through Hummers method. 2 g of graphite powder
nd 2 g of sodium nitrate were mixed with 96 mL  of concentrated
ulfuric acid (98%) in an ice bath under constant stirring. 12 g of
otassium permanganate was then added slowly to the mixture at

 temperature lower than 5 ◦C. After stirred for 1.5 h, the slurry was
ransferred to a 35 ◦C bath and was completely stirred for another
.5 h 80 mL  water was then added to the system drop by drop. After
hat, 200 mL  of hot water and 10 mL  of H2O2 was added under stir-
ing until the colour of the solution changed to yellow from dark
rown. To eliminate metal ions, the suspension was  washed with
Cl (5%). Afterwards, the solution was washed with large amounts
f water until the pH reached 7. Finally, the obtained GO product
as fully dried in oven at 70 ◦C.

.3.3. Fabrication of G@PS-DVB microspheres
The fabrication of G@PS-DVB microspheres was conducted

ccording to the previous work [40]. To be specific, 2.5 g of PS-DVB
olymers was ultrasonically suspended in 50 mL  of tetrahydrofu-
an. Subsequently, 50 mL  of GO dispersion (1.0 mg/mL) was  added
nto this suspension. The mixture was interacted for 30 min  to
btain the brownish GO@PS-DVB polymers, which were the precur-
ors of G@PS-DVB. Then the GO@PS-DVB particles were suspended
n 100 mL  of 1:1 (v/v) water/ethanol, and 23 �L of hydrazine and
.7 mL  of ammonia hydroxide were added into the suspension. The
ixture was stirred and heated at 80 ◦C for 3 h. With this step, the
O@PS-DVB polymers (brown) were reduced to G@PS-DVB (dark).
he particles were washed with deionized water for several times
o remove exterior contamination. Finally, the dark particles were
ried for 1 h under vacuum at 60 ◦C. A simple schematic diagram of
abricating G@PS-DVB microspheres is depicted in Fig. S2.
.4. Characterization of G@PS-DVB microspheres

The synthesized G@PS-DVB microspheres were characterized
y CHN elemental analysis, X-ray photoelectron spectroscopy
A 1550 (2018) 45–56 47

(XPS), scanning electron microscopy (SEM), Brunauer-Emmett-
Teller (BET) and thermo gravimetric analysis (TGA).

2.5. d-SPE procedure

Firstly, 20 mg  of G@PS-DVB microspheres were dispersed into
aqueous sample (10 mL) in a centrifuge tube. Subsequently, the
mixture was extracted for 15 min  in ultrasonic bath at 30 ◦C.
Afterwards, the sorbents were isolated from the solution by cen-
trifugation and the upper water phase was  discarded. Then a
desorption solvent (0.5 mL)  was  added, and the mixture was  son-
icated for 10 min  at 30 ◦C. Next, the mixture was centrifuged and
the supernatant was transferred into a 1.8 mL vial. Finally, 5 �L of
extracts were injected into the SFC system for analysis. An enrich-
ment factor (EF) of 20 was theoretically calculated as the ratio of
the initial sample volume to the final desorption volume. The G@PS-
DVB microspheres were regenerated by ultrasonic in methanol for
recycled use. Fig. 1 describes the whole d-SPE process.

3. Results and discussion

3.1. Characterization of G@PS-DVB microspheres

Since graphene plays an important role in adsorption capacity
of G@PS-DVB microspheres, it is necessary to confirm the amount
of graphene on G@PS-DVB. In the work, 50 mg  of GO was  used
to modify 2.5 g PS-DVB polymers (as mentioned in Section 2.3.3).
After the fabrication procedure, there were no residual graphene
sheets in the filtrate during the washing step, which indicated that
the graphene was completely coated onto the PS-DVB polymers.
Thus the amount of graphene on the G@PS-DVB microspheres was
estimated to be approximately 20 mg/g.

Table S2 shows the element contents of G@PS-DVB and PS-
DVB measured by CHN elemental analysis. Relative to PS-DVB,
an obvious increase of carbon content was observed for G@PS-
DVB, indicating that graphene was successfully immobilized onto
PS-DVB. Accordingly, the 1.96% increase of carbon content of G@PS-
DVB was attributed to the graphene loaded on the G@PS-DVB
microspheres. Thus the surface coverage of graphene was calcu-
lated to be ∼20 mg/g, which was  in agreement with theoretical
result in the previous paragraph. Meanwhile, no content of nitro-
gen was  detected for G@PS-DVB in CHN elemental analysis, which
implied that there was barely co-immobilization of hydrazine
occurring during the synthesis of G@PS-DVB. In addition to CHN
elemental analysis, XPS test was  conducted to further confirm the
elemental composition of the particles. As we can see in Fig. S3, the
peak at 284.5 eV is attributed to carbon-containing species. How-
ever, peak of N1s band is not observed in XPS spectrum, which
certifies again that there is no hydrazine co-immobilization in
G@PS-DVB particles.

The morphology and dispersibility of the self-prepared G@PS-
DVB microspheres was characterized by SEM. Fig.S4-b shows the
SEM image of G@PS-DVB microspheres, while Fig.S4-a is the SEM
image of original PS-DVB polymers at the same magnification.
As can be seen in Fig.S4, both polymers are non-agglomerating
and evenly distributed with a uniform size of about 15 �m. In
comparison with the unmodified PS-DVB polymers, G@PS-DVB
microspheres are encapsulated by corrugated ultrathin G sheets.
From the enlarged SEM image in Fig.S4, we can see the corrugated
and wrinkled textures on the surface of G@PS-DVB. The results from
Fig.S4 confirm the successful synthesis of G@PS-DVB sorbents.
As G@PS-DVB microspheres carried sufficient mesopores, the
adsorptive characterization of the material was determined by BET
test. The results showed that the specific surface area of G@PS-
DVB microspheres was 207 m2/g, pore volume was  0.224 cm3/g and
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Fig. 1. Schematic 

verage pore size on the surface was about 3.97 nm. According to
he BET data, there was sufficient void cavity and acceptable sur-
ace area for G@PS-DVB to store a large number of target molecules.
herefore, the G@PS-DVB is a potential sorbent material for extract-
ng and enriching target molecules in real samples.

The thermal stability of the particles was investigated by TGA
est. Fig.S5 shows the TG curves of PS-DVB and G@PS-DVB in the
emperature range of 10–620 ◦C (20 ◦C/min, N2). The decomposi-
ion temperature of the two microspheres is higher than 320 ◦C,
hich demonstrates that the sorbents possess excellent thermal

tability.

.2. Optimization of d-SPE conditions

The influences of different parameters including sorbent
mount, extraction time, desorption conditions were discussed in
etail. The optimization experiments were carried out by using
0 mL  real samples spiked with 0.5 �g/mL for each of allergenic dis-
erse dyes. All the experiments were performed in triplicate and
he means of the results were used for optimization evaluation.

.2.1. The amount of G@PS-DVB
The amount of G@PS-DVB sorbents used in d-SPE procedure

as investigated so that the sorbents were not only sufficient but
lso fully utilized. In this experiment, the amount of G@PS-DVB for
xtracting disperse dyes was estimated in the range of 5–30 mg.  As
hown in Fig. 2-a, the extraction efficiency of the ten dyes increases
s the amount of G@PS-DVB increases from 5 mg to 20 mg.  When

he amount of the sorbents further increases from 20 mg  to 30 mg,
here is no substantial increase in the extraction efficiency. There-
ore, 20 mg  of G@PS-DVB was adopted as the optimized sorbent
osage in the following experiments.
 d-SPE procedure.

3.2.2. Optimization of extraction time
An appropriate extraction time could be confirmed owing to

the equilibrium of the two phases. The effect of extraction time on
the extraction efficiency for target dyes was  investigated over the
range of 5–20 min. As shown in Fig. 2-b, the extraction efficiency
increases with the extraction time increasing from 5 to 15 min  and
then keeps almost constant with further prolongation of extraction
time to 20 min. Based on such observation, an extraction time of
15 min  was  adopted for subsequent experiments.

3.2.3. Selection of desorption solvent
The selection of desorption solvent is of vital importance for

d-SPE since it determines the elution ability towards the 10 aller-
genic disperse dyes. The target dyes may  not be easily desorbed
if the improper solvent is used. Four solvents (methanol, acetoni-
trile, ethanol and isopropanol) with varying polarity were selected
in this study to break the interactions between the dyes and
G@PS-DVB microspheres. Desorption performance of different sol-
vents is compared in Fig. 2-c. As shown in Fig. 2-c, quite different
behaviors are observed for the release of dyes from G@PS-DVB
microspheres using four different solvents. Among the alcoholic
solvents (methanol, ethanol and isopropanol), methanol possesses
the best desorption capacity. This is probably because the polar-
ity and hydrogen bonding of methanol are stronger than ethanol or
isopropanol. The result also indicates that the desorption yield with
methanol is higher than those obtained with acetonitrile. Although
acetonitrile has a similar polarity with methanol, it has no capability
of hydrogen bond. Comparing with acetonitrile, methanol solvent
with hydrogen bond donor character can compete with the sorbent

to interact with the dyes by hydrogen bonding, and the hydrogen
bonding force enhances the eluting selectivity and desorption yield.
Hence, methanol is selected as the optimum desorption solvent for
further experiments. In order to confirm the minimum desorption
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Fig. 2. Optimization of d-SPE conditions. (a) The amount of G@PS-DVB sorbent (5–30 mg); (b) The effect of extraction time (5–20 min); (c) The selection of desorption solvent
( olum
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methanol, acetonitrile, ethanol and isopropanol); (d) The selection of desorption v
@PS-DVB with PS-DVB, Silica C18 and Oasis HLB sorbents. Error bars represent th
ere  conducted by using 10 mL  real samples spiked with 0.5 �g/mL allergenic disp

olume, the effect of methanol volume on recovery was studied.
he results in Fig. 2-d indicate that acceptable recoveries of all
yes are obtained when the volume of methanol is equal or higher
han 0.5 mL.  A smaller desorption volume can yield a more concen-
rated sample solution. Therefore, a minimal volume of 0.5 mL was
elected to guarantee the complete desorption of all dyes and the
nrichment factor was calculated to be 20.
.2.4. Optimization of desorption time
The effect of desorption time was examined in the range of

–20 min. Fig. 2-e demonstrates that the desorption efficiency
ncreases rapidly within 10 min. Then it keeps steady with the des-
e (0.2–5.0 mL); (e) The effect of desorption time (5–20 min); (f) The comparison of
dard deviations obtained from three independent experiments. The experiments

yes standards.

orption time further increasing from 10 to 20 min. Thus, 10 min  was
selected as the optimum desorption time in this work.

3.2.5. Comparison of G@PS-DVB with other sorbents
In order to evaluate the performance of the synthesized G@PS-

DVB sorbent toward the allergenic disperse dyes, it was compared
with unmodified PS-DVB and two  commonly commercial sorbents
called Silica C18 and Oasis HLB. The detailed optimum operating

conditions for different sorbents were complemented in Table S3,
respectively. Generally, two  factors were taken into account to
reflect the effectiveness of the sorbents: (1) extraction efficiency,
which was evaluated by the recoveries of the spiked samples; (2)
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atrix effect, which was reflected by interference peaks (signal-to-
oise ratio) in the chromatogram. The extraction efficiency of these
orbents in d-SPE process was evaluated by determining the recov-
ries of samples spiked with 0.5 �g/mL each of allergenic disperse
yes. As can be seen in Fig. 2-f, G@PS-DVB sorbent exhibits the best
xtraction efficiency among the four sorbents. The large delocalized
-electron system on the surface of G@PS-DVB has a strong affinity

or the target dyes by �-stacking interaction with the benzene rings.
he responses of the analytes using G@PS-DVB sorbent are approx-
mately 1.2–2.4 times as high as those using Silica C18 sorbent. This
an be explained by the fact that the specific surface area of Silica
18 is much smaller than that of G@PS-DVB. The performance of
S-DVB sorbent is even poorer than that of Silica C18, which is prob-
bly due to its strong hydrophobicity. As a hydrophobic polymer,
S-DVB hardly disperses in aqueous solutions so that the factual
ontact area is decreased significantly. As an efficient commercial
orbent, the behavior of Oasis HLB is comparable with that of G@PS-
VB. The matrix effect of different sorbents in d-SPE process was
valuated from the chromatograms of blank wastewater sample.
s depicted in Fig. S6, G@PS-DVB as well as Oasis HLB provide a
ood sample cleanup as the signal-to-noise ratio is quite low and
o peak is obtained at the retention times of the ten disperse dyes.
he results verify the elimination of false-positive signals caused
y the sample matrix. However, peaks of matrix substances are
oticed using Silica C18 sorbent or PS-DVB sorbent, which demon-
trates that the extraction selectivity of Silica C18 and P-DVB is
orse than G@PS-DVB. Based on these comparisons with other

vailable sorbents, G@PS-DVB microspheres are confirmed to be
n effective sorbent for the target compounds under the optimized
xperimental conditions.

The excellent performance of G@PS-DVB for extracting the ten
llergenic disperse dyes has several possible explanations. Obvi-
usly, the extraction capacity is mainly attributed to the large
elocalized conjugated �-electron system of graphene, which
esults in �-� stacking interaction with conjugated � bonds of
he benzene ring in dyes molecules. Moreover, the sufficient sur-
ace area of G@PS-DVB offers abundant binding sites to interact
ith the polar dyes via non-covalent forces, such as Van der Waals

orce and electrostatic interactions. �-� stacking is a kind of non-
ovalent bond, so when methanol eluted, the bonding force was
eakened or broken. As a result, the analytes were desorbed from

he G@PS-DVB sorbents.

.2.6. Regeneration and reproducibility of G@PS-DVB
The regeneration of the G@PS-DVB microspheres was examined.

he reusability test was evaluated by performing 20 consecutive
xtractions on the same G@PS-DVB sorbent. After each run of d-SPE
rocess, the G@PS-DVB microspheres were sequentially regener-
ted by ultrasonic in methanol in order to get rid of any possible
ross-contamination. The effectiveness of regenerated G@PS-DVB
as studied with real samples spiked with allergenic disperse
yes at a concentration level of 1.0 �g/mL. Fig. S7 presents the
hromatograms of the extracted allergenic disperse dyes by using
0 batches of the same G@PS-DVB sorbent. As shown in Fig. S7,
o observable carry-over is detected and the performance of the
orbents shows no significant difference within 20 times of extrac-
ions. Larger recyclable times have not been explored since the
ifespan to a great extent depends on the complexity of the real
amples. According to the experimental results, the G@PS-DVB sor-
ents can be reused for about 20 times in the d-SPE procedure of

llergenic disperse dyes in water samples without sacrifice of the
xtraction capability, illustrating that the G@PS-DVB sorbents has
ood repeatability and reproducibility in d-SPE preparation proce-
ure.
A 1550 (2018) 45–56

3.3. Optimization of SFC conditions

In order to well separate the 10 disperse dyes, SFC conditions
were optimized. Firstly, a column screening experiment was  car-
ried out with four stationary phases. Then the effects of modifier,
flow rate, column temperature and backpressure on the separation
efficiency were investigated, respectively. The wavelength of the
UV detector was  maintained at 440 nm.

3.3.1. Column screening
In SFC, a proper chromatographic column is crucial for accept-

able separation of the target analytes. Column screening has a
predominant influence on the peak shape, separation efficiency
and resolution. In this study, four columns: (1) Ultimate XB-
C18 (5 �m,  4.6 mm × 250 mm),  (2) WondaCract ODS-2 (5 �m,
4.6 mm × 250 mm),  (3) Zorbax RX-C8 (5 �m,  4.6 mm  × 250 mm)
and (4) Ultimate Cellu-D (5 �m,  4.6 mm × 250 mm)  were tested.
Column screening of the four stationary phases was conducted
under the beneficial chromatographic conditions as described in
Fig. 3. As depicted in Fig. 3, the WondaCract ODS-2 column gives
the best result where the compounds are successfully separated in
11 min  though peaks labeled 6/7 are not fully resolved (Rs = 1.366,
see Table S4). Ultimate XB-C18 fails to well separate the dyes
although the retention times of the compounds are dramatically
lessened. Among the three reversed-phase columns, Zorbax RX-
C8 behaves worst as the targets can’t be separated. Worse still,
peak broadening with poor peak symmetry is noticeable when the
experiment is carried out on RX-C8. As for the normal-phase col-
umn Ultimate Cellu-D, the ten dyes can’t be completely separated
and the separation time is much longer, which is not suitable for
the analysis of dyes. In summary, the ODS-2 column is considered
as the stationary phase for the analysis of the dyes in SFC.

3.3.2. Effects of modifiers
Neat supercritical CO2 is a weak elution solvent with low polar-

ity, thus polar modifier needs to be added in order to tune the eluent
strength as well as enhance the solubility of disperse dyes in the
mobile phase. Here, several organic modifiers including methanol,
acetonitrile, ethanol and isopropanol were used to optimize the
separation of the target dyes on ODS-2 column. Peak assignments
with four modifiers are depicted in Fig. 4-a while the influence of
different modifiers on the resolution is presented in Table S5. As
shown in Fig. 4-a, satisfactory separation with good peak shape and
rapid analysis is achieved in the case of methanol. When ethanol or
isopropanol were used as modifiers, the elution order of the 10 dyes
was quite similar, however, the retention times of these compounds
were significantly prolonged and the 10 dyes failed to separate
completely. This was  probably because modifiers with hydrogen
bond donor character (methanol, ethanol and isopropanol) could
compete with the dyes to interact with the functional sites on ODS-
2 column so that bonding force between the stationary phase and
the dyes were weakened. Considering the capabilities of hydrogen
bond donor, methanol was  much stronger than ethanol or iso-
propanol, that was why  ethanol and isopropanol had inferior eluent
strength. When acetonitrile was added into supercritical CO2, the
target dyes couldn’t be separated and peak tailing was exhibited
obviously. Considering the above results, methanol was adopted as
the modifier for the following investigations.

Subsequently, the proportion of methanol ranging from 6% to
12% was examined in terms of resolution, peak shape and retention
time. As shown in Fig. 5, all the dyes are separated with the addition
of 6% methanol. When the percentage increases to 8%, 10% or 12%,

the resolution tends to deteriorate, as a result, the peaks are unable
to be sufficiently resolved (2 or more compounds are overlapped).
Besides, the elution order of some dyes in the chromatograms is
observed to be inversed in the range of 8%-12%. The retention inver-
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Fig. 3. Column screening among four stationary phases (Ultimate XB-C18, WondaCract ODS-2, Zorbax RX-C8 and Ultimate Cellu-D). Conditions: mobile phase, CO2/CH3OH
(93.7/6.3, v/v) for Ultimate XB-C18, WondaCract ODS-2 and Zorbax RX-C8; mobile phase, CO2/CH3OH (80/20, v/v) for Ultimate Cellu-D; temperature, 38 ◦C; backpressure,
10.5  MPa; flow rate, 2.0 mL/min; UV wavelength, 440.0 nm;  sample volume, 5 �L. Samples spiked with 1.0 �g/mL of dyes standards were pretreated by d-SPE and the extracts
were  injected into SFC for analysis. Peaks: (1) disperse yellow 1, (2) disperse yellow 49, (3) disperse yellow 9, (4) disperse orange 37/76, (5) disperse yellow 3, (6) disperse
red  1, (7) disperse orange 3, (8) disperse red 17, (9) disperse orange 1, (10) disperse brown 1. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)

Fig. 4. (a) The effect of different modifiers on separation. (b) The effect of temperature on separation. (c) The effect of back pressure on separation. (d) The effect of flow
rate  on separation. Other chromatographic conditions are as described in Section 2.2. Samples spiked with 1.0 �g/mL of dyes standards were pretreated by d-SPE and the
e rse ye
d disper
r

s
d

xtraction was  injected into SFC for analysis. Peaks: (1) disperse yellow 1, (2) dispe
isperse red 1, (7) disperse orange 3, (8) disperse red 17, (9) disperse orange 1, (10) 
eader is referred to the web  version of this article.)

ions are apparent between disperse orange 37/76 (peak 4) and
isperse yellow 3 (peak 5), disperse orange 3 (peak 7) and disperse
llow 49, (3) disperse yellow 9, (4) disperse orange 37/76, (5) disperse yellow 3, (6)
se brown 1. (For interpretation of the references to colour in this figure legend, the
red 17 (peak 8), disperse orange 1 (peak 9) and disperse brown 1
(peak 10). In these cases, peaks 5, 8 and 10 elute early than peaks
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Fig. 5. Selection of the proportion of methanol in mobile phase. Other chromato-
graphic conditions: modifier, CH3OH; temperature, 38 ◦C; backpressure, 10.5 MPa;
flow  rate, 2.0 mL/min; UV wavelength, 440.0 nm;  sample volume, 5 �L. Samples
spiked with 1.0 �g/mL of dyes standards were pretreated by d-SPE and the extrac-
tion  was  injected into SFC for analysis. The labeled peaks are as follows: (1) disperse
y
(
(

4
t
e
o
e

ellow 1, (2) disperse yellow 49, (3) disperse yellow 9, (4) disperse orange 37/76,
5)  disperse yellow 3, (6) disperse red 1, (7) disperse orange 3, (8) disperse red 17,
9)  disperse orange 1, (10) disperse brown 1.

, 7 and 9, respectively. The variation in selectivity is probably due

o the various polarities of allergenic disperse dyes and the differ-
nce is magnified at high amount of modifier in mobile phase. In
rder to obtain adequate separation of each compound, we further
xplored the resolution of the selected dyes at 6.3% percentage of
A 1550 (2018) 45–56

methanol. According to Table S6, under the tested conditions, the
resolution between peaks 6 and 7 was  improved (Rs = 1.366) with
all the other dyes baseline separated. In conclusion, supercritical
CO2 with 6.3% methanol inside was  employed as the final mobile
phase for further studies.

3.3.3. Effects of temperature
In SFC, column temperature can affect the separation to a cer-

tain extent by influencing the density and viscosity of supercritical
CO2 fluid. Unlike in reversed-phase liquid chromatography, the
temperature effect on separation is quite different in SFC. With
the increase of column temperature, the density and viscosity of
supercritical CO2 are reduced, leading to the decrease in elution
ability of the targets, resulting in greater retention. In contrast, the
decrease of the column temperature increases the density and vis-
cosity of supercritical CO2 which would enhance elution capacity
to the targets.

In this study, the column temperature was  investigated at 34,
36, 38, 40 and 42 ◦C. As was expected, the retention times of all
the dyes were prolonged when the temperature elevated. The
impact of temperature on the separation of the 10 dyes is exhib-
ited in Fig. 4-b. When the column temperature is 34 or 36 ◦C, peaks
5/6 and 9/10 cannot be sufficiently resolved (resolution presented
in Table S7). Higher temperature (40 ◦C and 42 ◦C) improves the
resolution of peaks 5/6 and 9/10 (Rs > 1.5), but it decreases the
resolution between peaks 6 and 7. The best overall separation is
obtained at 38 ◦C wherein all allergenic disperse dyes are well
separated. Hence, considering the above-mentioned observation,
a compromising temperature of 38 ◦C was chosen for subsequent
experiments.

3.3.4. Effects of backpressure
In SFC, backpressure impacts the retention behavior by reg-

ulating the density of the mobile phase. Different backpressures
ranging from 10 to 13 MPa  were studied based on the separation
efficiency and retention behavior of the target dyes. As shown
in Fig. 4-c, when the backpressure elevated over 11 MPa, peaks
5/6 and 9/10 were not fully resolved, although the analysis time
decreased. On the contrary, 10 MPa  achieved acceptable separation
where all the target dyes were baseline separated except peaks 6
and 7 (Rs = 1.207). In order to fine tune the resolution of peak 6/7,
we further investigated the separation of all dyes under 10.5 MPa.
According to Tables S8, 10.5 MPa  improved the resolution of peaks
6/7 (Rs = 1.366) with all other targets exhibited baseline separation.
In summary, 10.5 MPa  was  set as the optimal backpressure.

3.3.5. Effects of flow rate
Basically, Van Deemter equation shows the relationship

between plate height and linear velocity in chromatography and
is an important tool for the optimization of the flow rate. It is
expressed as H = A + B/� + C�, where A, B, C represent eddy diffu-
sion parameter, longitudinal diffusion coefficient and resistance to
mass transfer coefficient, respectively. H is the height equivalent to
a theoretical plate (HETP) and � is the linear velocity of the mobile
phase. Differentiating the Van Deemter equation with respect to
velocity, we can get the first derivative of the equation “H’ = C —
B/�2”. Theoretically, when setting the resulting expression equal to
zero, the HETP achieves a minimum value (Hmin). Therefore, when
� =

√
B/C, the flow velocity is theoretically calculated to be the

optimum. At this flow rate, the resolving power of the column is
maximized. In practice, due to the higher diffusion coefficient and

lower viscosity of supercritical fluid, the C term of Van Deemter
equation is much smaller in SFC than in HPLC and the linear velocity
of the mobile phase reaches higher values than those encountered
in HPLC. Accordingly, the flow rate of mobile phase for SFC was
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Table  1
Linear range, correlation coefficient, LOD and LOQ of 10 allergenic disperse dyes (seven data points, n = 3).

Compounds Linear range (�g/mL) Regression equation Correlation coefficient (r) LOD (�g/L) LOQ (�g/L)

Disperse yellow 1 0.05−10.0 Y = 8681X-8.60 0.9998 15.6 52.0
Disperse yellow 49 0.02−10.0 Y = 43033X-30.38 0.9992 3.1 10.5
Disperse yellow 9 0.02−10.0 Y = 15472X-18.64 0.9991 8.7 29.1
Disperse orange 37/76 0.02−10.0 Y = 33370X-22.02 0.9992 4.0 13.5
Disperse yellow 3 0.02−10.0 Y = 17671X-38.59 0.9992 7.6 25.4
Disperse red 1 0.02−10.0 Y = 1232358X + 90.38 0.9996 1.1 3.7
Disperse orange 3 0.02−10.0 Y = 72874X-30.91 0.9992 1.9 6.2
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Disperse red 17 0.02−10.0 Y = 40764X-18.4
Disperse orange 1 0.02−10.0 Y = 23719X-26.5
Disperse brown 1 0.02−10.0 Y = 47082X + 26

valuated in the range of 1.6–2.4 mL/min in the present study. As
hown in Fig. 4-d, flow rate has a predominant impact on retention
ime. When the flow rate was elevated, the density of mobile phase
as increased, resulting in a reduction of retention time and nar-

ow symmetric peaks. However, as shown in Table S9, resolution
f peaks 5/6 and 9/10 became less satisfying with flow rate exceed-
ng 2 mL/min. The best overall separation occurred at 2.0 mL/min

hile all the dyes exhibited baseline separation except peaks 6 and
 (Rs = 1.366).

.4. Method validation

In order to validate the potential application of the proposed

ethod for allergenic disperse dyes, the performance of the G@PS-
VB based d-SPE combined with SFC method was evaluated under

he optimum conditions. In this study, external standard method
as used for the determination of 10 dyes. To minimize the matrix

able 2
ecoveries and precision in blank wastewater samples (n = 5).

Compounds Spiked level (�g/mL) A

Disperse yellow 1 0.050 9
0.100 9
0.200 9

Disperse yellow 49 0.050 9
0.100 9
0.200 9

Disperse yellow 9 0.050 9
0.100 9
0.200 9

Disperse orange 37/76 0.050 9
0.100 9
0.200 9

Disperse yellow 3 0.050 8
0.100 9
0.200 9

Disperse red 1 0.050 9
0.100 9
0.200 9

Disperse orange 3 0.050 9
0.100 9
0.200 9

Disperse red 17 0.050 9
0.100 9
0.200 9

Disperse orange 1 0.050 9
0.100 9
0.200 9

Disperse brown 1 0.050 9
0.100 9
0.200 9
0.9989 3.3 11.0
0.9998 5.7 19.0
0.9995 2.9 9.6

effects, a series of matrix matched standards solutions were pre-
pared to establish the calibration curves. All the standard working
solutions were dealt with the d-SPE process prior to SFC so that
calibration errors were eliminated during quantifying the con-
tents of dyes in complicated real samples. Favorable linearity was
obtained for the target dyes over a wide concentration range of
0.02–10.0 �g/mL with all the correlation coefficients (R) values
higher than 0.9989. Spiked samples with low concentration of 10
dyes were prepared by spiking standards into blank real wastew-
ater samples and were used to determine the limit of detection
(LOD, S/N = 3) and limit of quantification (LOQ, S/N = 10) values.
The LODs and LODs values of the 10 disperse dyes were calculated
to be in the range of 1.1–15.6 �g/L and 3.7–52 �g/L, respectively.

According to some reports [42–44], the investigated dyes encoun-
tered in environmental samples, e.g. waste waters, were typically at
ppb to ppm levels. Hence, the sensitivity of the proposed method
was adequate for the determination of disperse dyes in wastew-

verage recovery (%) RSD (%)

Intra-day Inter-day

0.1 6.7 6.1
5.8 5.9 6.7
4.3 8.0 7.5

5.7 6.9 7.6
8.6 6.4 4.1
6.9 4.2 5.8

2.6 5.1 7.0
0.8 6.4 5.2
3.1 3.2 3.9

4.3 5.2 5.4
8.0 4.3 6.4
7.8 5.7 4.3

9.1 5.1 7.2
0.3 9.3 10.5
3.5 7.2 6.5

6.7 4.6 5.9
8.2 7.2 7.7
7.8 5.3 4.5

4.5 8.4 10.2
6.8 7.9 7.2
8.5 4.1 4.6

7.6 5.3 6.6
9.7 8.2 8.6
8.1 4.4 4.1

5.2 5.4 6.2
1.5 6.7 6.5
4.6 5.0 4.3

5.5 5.4 6.7
8.3 5.3 6.0
7.9 6.8 9.5
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Table  3
Results of allergenic dyes in real samples by the proposed G@PS-DVB based d-SPE-SFC method (n = 3).

Samples Allergenous disperse dyes content (�g/mL)

disperse
yellow 1

disperse
yellow 49

disperse
yellow 9

disperse
orange 37/76

disperse
yellow 3

disperse
red 1

disperse
orange 3

disperse red
17

disperse
orange 1

disperse
brown 1

Sample 1 0.090 ND ND ND ND 0.034 0.017 0.063 ND ND
Sample 2 ND 0.023 ND ND ND 0.012 ND ND ND ND
Sample 3 ND 0.093 ND 0.053 ND 0.026 ND ND ND ND
Sample 4 0.306 0.428 ND ND ND ND ND ND ND 0.109
Sample 5 ND
Sample 6 ND
Sample 7 ND
Sample 8 ND

ND, not detected (<LOQ).

Fig. 6. Chromatograms of four real wastewater samples and spiked sample 1 (spiked with 0.2 �g/mL of each dyes) analyzed by d-SPE-SFC methodology. All the samples were
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retreated with d-SPE process under optimum conditions and the chromatographi
,  (2) disperse yellow 49, (3) disperse yellow 9, (4) disperse orange 37/76, (5) disp
range  1, (10) disperse brown 1. (For interpretation of the references to colour in th

ter samples. All the results including linear ranges, LODs, LOQs
nd calibration curves are summarized in Table 1. Subsequently, to
valuate the precision and the accuracy of the present method, the
elative standard deviation (RSD) and recovery were investigated
y spiking blank wastewater samples with the low (0.05 �g/mL),
oderate (0.10 �g/mL), and high (0.20 �g/mL) levels of mixed dyes

tandards. The spiked samples were routinely pretreated by G@PS-
VB based d-SPE process and analyzed with SFC method. Since

he target disperse dyes were unstable when dissolved in solu-
ions, both intra-day and inter-day precision tests were conducted.
he intra-day and the inter-day RSD of the 10 dyes were less than
.3% and 8.7%, respectively. The mean recoveries of the disperse
yes in spiked samples varied from 89.1% to 99.7%. The intra-day
nd inter-day RSDs and recoveries of different spiking levels are
isted in Table 2, which implies acceptable reproducibility, pre-
ision and high accuracy of this method for analyzing dyes in
ndustrial wastewaters.

Furthermore, the performance of the proposed G@PS-DVB based
-SPE-SFC method for dyes analysis was compared with some
eported works in the literature. The results in terms of LODs, recov-
ries and linearity are summarized in Table S10. As illustrated in
able S10, the proposed d-SPE SFC method is appropriate for the

nalysis of dyes in real samples. However, the values obtained in
able S10 indicate that the LOD of the present method is not compa-
able to some of the reported works with mass spectrometry (MS)
etection. This is because the sensitivity of UV detection used in
itions were the same as those described in Section 2.2. Peaks: (1) disperse yellow
ellow 3, (6) disperse red 1, (7) disperse orange 3, (8) disperse red 17, (9) disperse
re legend, the reader is referred to the web version of this article.)

the present study is much lower than MS  detection. The sensitivity
of this methodology can be further improved by coupling SFC with
MS detection in our future work. Apart from the sensitivity, several
advantages of the proposed method are evidenced in Table S10.
Compared with reported methods, d-SPE-SFC methodology owns a
significant saving of time and also provides an efficient procedure
for reducing the costs and work involved in the control of aller-
genic dyes in real samples. Moreover, the current method is more
environmentally friendly with less consumption of toxic reagents,
whereas the literature methods always require lots of organic sol-
vents. In conclusion, it is clear that the current SFC method with
G@PS-DVB d-SPE preparation process is a simple, rapid, eco-benign
and robust technique, which has advantages in the analysis of dis-
perse dyes in wastewater samples.

3.5. Applications to real samples

The proposed methodology was applied to the determination of
allergenic disperse dyes in industrial wastewater and environmen-
tal water samples. These samples were all collected from different
textile industries where the contamination of allergenic disperse
dyes might probably be found. The real samples were extracted

by G@ PS-DVB based d-SPE preparation prior to SFC analysis. The
detailed results are summarized in Table 3. For the samples tested,
the allergenic disperse dyes were presented in four of the eight
samples with the contents ranging from 0.012 to 0.428 �g/mL while
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ther samples were found to be free of allergenic disperse dyes con-
amination (<LOQ). The obtained results indicated that such dyes
ere released into effluents in some cases. Representative chro-
atograms of the examined samples are given in Fig. 6.

. Conclusions

In this study, a simple, green, rapid and robust method was
eveloped for the separation and determination of 10 aller-
enic disperse dyes in wastewater samples utilizing SFC coupled
ith G@PS-DVB based d-SPE preparation. G@PS-DVB microspheres
ere successfully synthesized in laboratory and used as a novel

orbent in d-SPE procedure. G@PS-DVB possessed several merits
uch as high adsorption capacity, good reproducibility, less con-
umption of sorbent and organic solvent, simple handling as well
s long lifespan (about 20 extractions), which made it a potential
orbent for the isolation and enrichment of the 10 dyes from com-
licated samples. Under the optimal conditions, G@PS-DVB based
-SPE procedure exhibited high extraction efficiency for the studied
yes. For the optimization of SFC conditions, variety of parameters

ncluding modifier composition, flow rate, column temperature
nd backpressure have been studied. Under optimal conditions
flow rate, 2.0 mL/min; temperature, 38 ◦C; BPR, 10.5 MPa), the
arget dyes were well separated by WondaCract ODS-2 column
5 �m,  4.6 mm × 250 mm)  within 11 min  under an isocratic elution
f methanol and CO2 (6.3/93.7,v/v). Moreover, the proposed SFC
ethod is a much more environmentally friendly method since

he consumption of organic solvent is reduced dramatically. The
erformance of the proposed method (linearity, LODs, recoveries
nd RSDs) was evaluated. The results obtained demonstrated that
@PS-DVB based d-SPE-SFC method was an efficient alternative
nd a complementary method for the routine analysis of disperse
yes in real samples and might have a prospective application in
ther areas, such as biological samples, food samples and other
nvironmental samples.
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