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Research Article

Introduction of high nitrogen doped
graphene as a new cationic carrier
in electromembrane extraction

This paper proposes for the first time, the use of high nitrogen doped graphene (HND-
G) as a new cationic carrier for the enhancement of electromembrane extraction (EME)
performance. Sensitivity of EME was improved by the modification of supported liquid
membrane composition through the addition of HND-G into 1-octanol for the extraction
of naproxen and sodium diclofenac as model acidic drugs. The comparison between HND-
G-modified EME and conventional EME showed that HND-G could increase the overall
partition coefficient of acidic drugs in the membrane due to the fact that HND-G acts as
an ion pair reagent and there is an electrostatic interaction between positively charged
HND-G and acidic drugs with negative charge. During the extraction, model acidic drugs
migrated from a 10 mL aqueous sample solution (pH 9.6) through a thin layer of 1-octanol
containing 0.6% w/v of HND-G that was impregnated in the pores of a hollow fiber, into
a 30 �L basic aqueous acceptor solution (pH 12.3) present in the lumen of the hollow
fiber. Equilibrium extraction conditions were obtained after 16 min of operation with the
whole assembly agitated at 1000 rpm. Under the optimized conditions, the enrichment
factors were between 238 and 322 and also the LODs ranged from 0.1 to 0.7 ng/mL in
different samples. Finally, the applicability of this method was evaluated by the extraction
and determination of drugs of interest in real urine samples.
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1 Introduction

Hollow fiber based liquid-phase microextraction (LPME), in
which organic solvents of low polarity are immobilized as a
thin liquid membrane in the wall of a hollow fiber, benefits
from very low consumption of organic solvents and it can be
operated in a three-phase mode where the final extract is an
aqueous solution that is directly compatible with LC [1–4]. The
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extraction depends both on the distribution constants among
the aqueous sample, supported liquid membrane (SLM), and
the acceptor solution. The difference in optimal pH values
on both sides of the SLM encourages mass transfer. For ex-
traction of basic compounds, pH in the donor phase (DP)
should be adjusted into the alkaline region to suppress ana-
lyte solubility, whereas pH in the acceptor phase (AP) should
be low in order to promote analyte solubility. In this manner,
the basic compounds may be easily extracted into the organic
phase and further into the AP. By contrast, for acidic analytes,
pH in the DP should be low and an alkaline AP should be uti-
lized within the lumen of the fiber [5]. In addition, extraction
could be further promoted by strong agitation of the extrac-
tion system, which reduces the stagnant boundary layer in
the vicinity of the SLM-inducing convection in the sample.
However, even in the optimized conditions, LPME is a rel-
atively time-consuming process and extraction times within
the range of 30–90 min are common. Electrokinetic transport
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by applying two electrodes, one in the donor aqueous sam-
ple and the other in the aqueous acceptor solution and an
electrical potential difference between them, can overcome
this major drawback in the extraction time [1–5]. This new
concept is called electromembrane extraction (EME) that has
been used for the extraction of several basic and acidic drugs
with different log P values from biological and environmental
samples [6–16]. Charged analytes in the DP migrate across
the SLM, toward the electrode of opposite charge in the AP.

Optimization of the chemical composition of SLM is a
main part of the EME procedure. Because this parameter af-
fects the efficiency and the selectivity of the system. Based
on earlier finding, basic analytes were successfully extracted
with nitro aromatic solvents such as NPOE [4] Also, it has
been found that the addition of hydrophobic ion-pair reagents
such as di-(2-ethylhexyl) phosphate or tri-(2-ethylhexyl) phos-
phate to SLM could improve phase transfer and electroki-
netic migration of basic analytes with low polarity [4]. On
the other hand, 1-octanol and 1-octanol plus some CTAB, an
ion-pairing agent, have been used for the extraction of acidic
drugs of higher and lower hydrophilicity, respectively [12,16].
In another report, Ramos-Payan et al. [17] introduced a new
modified membrane to EME procedure. Silver nanoparticles
were dispersed into the SLM and it was used for the ex-
traction of nonsteroidal anti-inflammatory drugs. This new
membrane caused an increase in the electrokinetic migration
across the SLM. Another important modification on EME pro-
cedure was the introduction of ionic liquids as the SLM. Sun
et al. reported the extraction of basic drugs using an ionic
liquid ([C6MIm][PF6]) as the SLM [18]. Slampova et al. re-
ported the application of crown ethers in the SLM for the
extraction of potassium ions. An SLM containing 1% w/v
of dibenzo-18-crown-6 in NPOE exhibited good selectivity of
EME for K+. The established host–guest interactions between
crown ether cavities in the SLM and potassium ions in the DP
ensured their almost exhaustive transfer into the AP within
30 min of EME at 50 V [19]. Following the improvement
of the EME technique, the use of multiwalled carbon nan-
otubes in EME was reported by Hasheminasab et al. [20, 21].
The multiwalled carbon nanotubes dispersion in the SLM
allows an additional adsorption/desorption process beside
the electrokinetic transportation from the DP to the AP. The
presence of the nanotubes caused a larger surface area, and
also contributed to increase the overall analyte partition and
transportation of the compounds across the membrane.

Another carbon nanostructured material that can be im-
mobilized in the SLM is graphene (G). G is a type of car-
bon with a one-atom thick two-dimensional (2D) layer of sp2

bonded that was firstly described in 2004 [22], and has found
its way to material science due to its special properties [22].
It has a large surface area and high electrical conductivity in
comparison with the other types of carbon such as CNTs. The
electronic and chemical characteristics of G have been stud-
ied by scientists. The main drawback of G nanostructures
is the low dispersibility in organic solvent such as 1-octanol,
which can cause the accumulation of these materials and the
blockage of hollow fiber pores. Plus the fact that there is not

any suitable function group on the G for a proper interaction
with anionic analytes. Thus in this study, G nanostructures
were doped with various amounts of nitrogen (N). In general,
chemical doping with N is considered as an effective method
to intrinsically modify the properties of carbon materials. Ni-
trogen has a proper size as well as five valence electrons and
creates powerful bonds with carbon atoms so it is considered
as a good dopant [23]. Another distinct property of G is that it
makes higher positive charge on a carbon atom closed to the
nitrogen atoms [24], which cause nitrogen doped graphene
(ND-G) to form ion-pair with analytes that possess negative
charge. The resulting ion-pair is soluble in liquid membrane
enhancing the extraction efficiency. Also, the introduction of
N groups into G nanoparticles improves the dispersibility of
these materials and the electrostatic repulsion caused by N
group prevents any aggregation [25].

Recently, ND-CNTs were used to increase the extraction
efficiency in solid-phase microextraction [26], but to our best
of knowledge there has not been any report in the applica-
tion of these materials in EME technique. Thus, in this study,
N-doped G nanoparticles were synthesized with different per-
centages of N and were added into the SLM as cationic carriers
and subsequently the extraction efficiency of modified EME
for sodium diclofenac (SDF) and naproxen (NAP) as model
acidic drugs was investigated. To define the optimum values
of effective parameters on extraction efficiency, the response
surface plots were depicted from the model obtained by Box–
Behnken design (BBD). Ultimately, due to the importance of
analyzing the drugs in biological samples, final experiments
were carried out on three real urine samples.

2 Materials and methods

2.1 Chemicals and materials

SDF (purity �99.0%) and NAP (purity �99.0%) were supplied
by Daroupakhsh Pharmaceutical Company (Tehran, Iran)
and were used without any further purification. All the analyt-
ical grade solvents including methanol, acetone, acetonitrile,
and 1-octanol were purchased from Merck (Darmstadt, Ger-
many). KMnO4, K2S2O8, P2O5, H2O2, H2SO4, HCl, NaOH,
urea, hydrazine hydrate and ammonia were purchased from
Fluka (Buchs, Switzerland). The G and graphene oxide (GO)
were purchased from Research Institute of the Petroleum
Industry (Tehran, Iran). HPLC grade water was obtained
through a Milli-Q R© system (Millipore, Milford, MA, USA)
and was used to prepare all solutions.

2.2 Standard and real sample solutions

Stock solution of each drug (1000 mg/L) was prepared in
HPLC grade water. The stock solutions were protected from
light and stored for 1 month at 4°C with no evidence of
decomposition. All required standard solutions were pre-
pared daily from these stock solutions and were diluted with
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HPLC grade water. The pH values of all AP and DP solu-
tions were adjusted by dropwise addition of 1 M of NaOH
solution.

The real urine samples were obtained from Taleghani
Hospital (Tehran, Iran). The samples were stored at −4°C,
thawed, and shaken before extraction. Urine 1 sample was
collected from a volunteer who had not consumed SDF and
NAP at all. Urine samples 2 and 3 were taken from pa-
tients who were under treatment with SDF (100 mg/day)
and NAP (500 mg/day), after 6 h and 150 min from oral ad-
ministration of tablets, respectively. The urine samples were
diluted at 1:1 ratio using HPLC grade water and their pH
values were adjusted at 9.6 with the addition of 1 M of NaOH
solution.

2.3 Apparatus

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using a Gammadata-scienta ESCA 200 hemispherical
analyzer equipped with an Al Ka (1486.6 eV) X-ray source. The
FT-IR measurements were carried out using a Bomem MB
Series FT-IR spectrometer in the form of KBr pellets. Raman
spectra of nanostructures were recorded on a Bruker SEN-
TERR (2009) with an excitation beam wavelength at 785 nm.
The CHNS analysis was performed on a Thermo Finnigan
Flash EA112 elemental analyzer (Okehampton, UK). Ultra-
sonic bath (Eurosonic 4D ultrasonic cleaner with a frequency
of 50 kHz and an output power of 350 W) was used to disperse
materials in organic solvent.

Separation, identification, and quantification of the drugs
were carried out on a HPLC from Shimadzu company (Tokyo,
Japan) equipped with a binary solvent delivery pump, a SPD-
10 AV UV–Vis detector and a manual injector. SDF and NAP
were separated on a Knauer C18 (150 × 4.6 mm; 5 �m) col-
umn. The mobile phase consisted of phosphate buffer (pH
3.2; component A) and methanol (component B). Component
A was prepared by mixing equal volumes of 0.01 M phospho-
ric acid with 0.01 M sodium dihydrogen phosphate. The LC
program was the isocratic elution with 40% of component
A and 60% of component B at a flow rate of 1 mL/min The
wavelength used for the UV detector was 280 nm [27].

2.4 Preparation of high nitrogen doped graphene

(HND-G) and ND-G

Preparation of high nitrogen doped graphene (HND-G) and
ND-G were carried out based on the method reported by
Movahed et al. [28]. In brief, a solution containing 140 mg
GO dispersed in 70 mL distilled water was applied and
the pH of this sample was adjusted at 10 using ammonia
30%. Then, 2 mL of hydrazine hydrate was added while
stirring magnetically for 10 min. After that, the solution
was sealed in a 50 mL Teflon-lined autoclave and main-
tained at 80°C for 3 h. The reduced G sheets were collected
with centrifugation, followed by washing several times with

deionized water and were then dried in vacuum oven at
50°C.

For the preparation of HND-G, a solution containing
40 mg GO dispersed in 10 mL distilled water was prepared
and then diluted with 25 mL of deionized water. Then the
mixture was sonicated for about 3 h and 12 mg of urea was
added to the sample solution simultaneously. After that, the
solution was sealed in a 50 mL Teflon-lined autoclave and
maintained at 180°C for 12 h. The solids (HND-G) were fil-
tered and washed several times with distilled water. Finally,
the HND-G was collected and dried in a vacuum oven at 80°C.

2.5 Electromembrane equipment and extraction

procedure

The DC power supply used was a model PV-300 (Mobtaker
Aryaei J., Zanjan, Iran) with programmable voltage in the
range of 0–300 V, providing currents in the range of 0–
1.0 mA. Two platinum wires of 0.2 mm diameter were used as
the electrodes (one electrode served as cathode and the other
one as anode) with 5 mm interelectrode distance between them
in a sample vial, and they were connected to the power sup-
ply. The porous hollow fiber used for the immobilization of
the SLM and housing the AP was a PP Q3/2 polypropylene
hollow fiber (Membrana, Wuppertal, Germany) with an in-
ternal diameter of 1.2 mm, a 200 �m wall thickness, and 0.2
�m pores. It was cut into 3.5 cm segments, cleaned in ace-
tone, and dried prior to use. Stirring the solutions was carried
out by a Heidolph MR 3001 K magnetic stirrer (Schwabach,
Germany) using 1.5 × 8 mm magnetic bars.

In order to immobilize ND-G and HND-G into the wall
pores of hollow fiber, each one of these carbon nanostructures
was separately dispersed in 1-octanol and then the mixture
was gradually injected into the hollow fiber manually using
an HPLC syringe and it was sonicated for 15 min. After that,
carbon nanostructures reinforced hollow fibers were washed
with 1-octanol several times to remove the excess nanostruc-
tured materials from the surface and the inner lumen of the
fiber, until no carbon nanostructures were observed in the
washing solvent.

A 10 mL sample solution (pH 9.6) was filled into a glass
vial. After the impregnation of hollow fibers with carbon
nanostructures, the lumen of the hollow fibers was filled with
30 �L of basic aqueous solution (pH 12.3) as an anodic AP
using a microsyringe and the end of the hollow fibers were
sealed with a pair of hot flat-tip pliers. The fiber containing
the anode, the SLM (organic solvent along with carbon nanos-
tructures) and the AP was simultaneously introduced into the
sample solution. The electrodes were subsequently coupled
to the power supply and the sample vial was placed on a stirrer
at a stirring rate of 1000 rpm. A 68 V DC potential was ap-
plied between the anode and cathode for 16 min. Finally, the
power supply was turned off and the hollow fiber was taken
out from the DP. The sealed end of the hollow fiber was cut
with scissors, and the AP was collected by a microsyringe and
then injected to HPLC for further analysis.
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Figure 1. Full-range XPS spectra of ND-G, and HND-G composites and related N 1s core-level region.

3 Results and discussion

3.1 Characterization of ND-G and HND-G

XPS, a powerful tool to identify the elements’ states in bulk
material, was used to prove the existence of different types of

nitrogen in the structure of G [29]. The XPS survey spectra
of GO, ND-G, and HND-G indicated the presence a C ((1)s)
peak at 285.3 eV and an O ((1)s) peak that is appeared at
532.5 eV (Fig. 1). In addition, ND-G and HND-G have an N
((1)s) peak at 399.4 eV that this peak is related to presence
of nitrogen in their structures. Also, from the N 1s XPS scan

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2016, 37, 1191–1200 Liquid Phase Separations 1195

Table 1. The nitrogen, carbon, hydrogen content of GO, ND-G,
and HND-G

Entry N content (%) C content (%) H content (%) N/C

GO 0 71.28 0.9 —
ND-G 3.19 70.25 1.39 0.04
HND-G 11.24 65.81 2.03 0.17

shown in Fig. 1, it is observed that the N 1s peak can be split
to three individual peaks at 398, 399, and 401 eV, which are
assigned to pyridinic N (N1), pyrrolic N (N2), and graphitic N
(N3), respectively [30, 31]. Thus, it is clear that nitrogen was
doped into the G structure.

Raman spectroscopy is a very useful and nondestructive
tool to identify the quality and the doping effect of G [32].
The Raman spectra of prepared GO, ND-G, and HND-G are
shown in Supporting Information Fig. 1. The characteristic D
and G bands of carbon materials are observed at around 1285
and 1570 cm−1, respectively. The D band is usually related to
a series of defects, including bonding disorders and vacancies
in G lattice induced by nitrogen doping and it is characteristic
of a breathing mode for k-point phonons of A1g [33]. The G
band, is commonly observed for all graphitic structures and
can be attributed to the E2g vibrational mode present in the
sp2-bonded graphitic carbons [33]. The D bands are signifi-
cantly enhanced in ND-G and HND-G in comparison with
GO since pyridinic and pyrrolic nitrogens are accompanied
by defects inside the G network and by the functional edges
of G sheets (Supporting Information Fig. 1). The G bands of
ND-G and HND-G -G shift to higher frequencies (9.94 and
8.77 cm−1, respectively) with respect to that of GO. The in-
tensity ratio of D band to G band, namely the ID/IG ratio,
provides the gauge for the amount of structural defects and a
quantitative measure of edge plane exposure [34]. As shown
in Supporting Information Fig. 1, after the introduction of
N on GO sheets, the ID/IG were 1.57, and 1.78 for the re-
sulting ND-G and HND-G, respectively, while the ID/IG of
GO was 1.49. The higher ID/IG ratio for ND-G and HND-G
is a result of the structural defects and edge plane exposure
caused by heterogeneous nitrogen atom incorporation into
the G layers [35].

Furthermore, FT-IR spectra were used to investigate the
bonding difference between HND-G, ND-G, and GO (Sup-
porting Information Fig. 2). The peak intensity of carbonyl
(C = O) at 1722 cm−1 of the HND-G and ND-G obviously
decreases, compared to that of GO. Also, a new peak is cer-
tainly identified at about 1550 cm−1 that can be assigned to
sp2 bonded C = N, demonstrating the formation of the C–N
bond in HND-G and ND-G [36].

In order to obtain the amounts of N present in the struc-
ture of ND-G and HND-G, the CHNS analysis was done. The
weight percentage of N, C, H, and N/C ratio of composites
are shown in Table 1. As shown in Table 1, the atomic percent
of N for ND-G and HND-G is 3.19 and 11.24%, respectively,
which confirms the successful synthesis of the mentioned
nanostructures.

3.2 Optimization strategy

To obtain the maximum extraction recoveries for simultane-
ous extraction of NAP and SDF drugs, the effective param-
eters of EME including, the SLM composition, stirring rate,
extraction time, applied voltage, salt addition (ionic strength),
and pH of the donor and AP were investigated.

The effect of type and amount of carriers in the SLM on
the extraction efficiency was evaluated using one variable at
a time methodology. Then, the influence of the other factors
(extraction time, applied voltage, and pH of the donor and
APs), was evaluated by BBD methodology.

Among the impressive variables, stirring rate and or-
ganic solvent in the SLM were separately studied. According
to the literature, for the extraction of acidic drugs the best
analyte flux through the SLM is obtained using 1-octanol as
the organic solvent in the SLM [37–39]. The high efficiency
of 1-octanol is related to high Kamlet and Taft values for
polarizability (�) and hydrogen bond acidity (�) [38]. Also,
it was observed that formation of intense whirlpool in sam-
ple solution and bubble formation around the hollow fiber
at the stirring rates higher than 1000 rpm significantly de-
crease the extractability [9,16]. Thus, the maximum stable rate
(1000 rpm) was applied in all the experiments. Also accord-
ing to the previous studies [8, 9, 11, 16], the presence of high
content of ionic substances causes an increase in the value
of the ion balance (� ), which is defined as the ratio of the
total ionic concentration in the sample solution to that in
the acceptor solution, which in turn decreases the flux of ana-
lytes across the SLM. Therefore, this factor was removed from
variables.

3.2.1 The effect of type and concentration of carrier

For investigating the effect of the presence of G, GO, ND-
G, and HND-G as carriers in the SLM, 0.5% of each was
dispersed in 1-octanol separately, and extraction was carried
out. The results (Fig. 2) revealed that ND-G and HND-G can
act as the best carriers due to the presence of N groups and
higher dispersibility of these materials compared to that of G.
The introduction of N groups into G nanoparticles improved
the dispersibility of these materials due to the N containing
hydrophilic part and also the electrostatic repulsion caused
by N groups prevented further aggregation. In addition these
materials have positive charge on a carbon atom closed to
the nitrogen atoms [24], which itself causes HND-G to form
ion-pair with acidic drugs that possess negative charge. This
result can be concluded through the comparison of extraction
efficiencies between HND-G with ND-G, so that HND-G that
has 11.24% N in its structure showed higher extraction effi-
ciencies in comparison with ND-G with 3.19% N. It is worth
mentioning that, worse extraction efficiency of GO in com-
parison with G can be attributed to the fact that GO contains a
number of functional groups, such as carboxylic acid and phe-
nolic hydroxyl groups that in basic media are in the negative
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Figure 2. Influence of type of
the carriers on the extrac-
tion efficiency. Concentration
of each drug: 60 ng/mL, volt-
age: 40 V, pH of the DP: 8.0,
pH of the AP: 12.0, extraction
time: 20 min.

Figure 3. Response surface methodology and contour plots obtained by plotting of (A) pH of the DP versus pH of the AP, and (B) extraction
time versus voltage, using the BBD.

forms [40] and, evidently, they have an electrostatic repulsion
with anionic acidic drugs. Thus, HND-G was selected as the
most appropriate carrier for the rest of the studies.

In the following optimization process, the effect of the
HND-G concentration in 1-octanol on the extraction effi-
ciency was examined in the range of 0.2–1% w/v. Supporting

Information Fig. 3 indicates that signal intensities improved
with increasing the concentration of HND-G up 0.6% w/v
and after that, the recoveries decreased. It can be attributed to
the fact that at high concentrations of HND-G, the strong in-
teraction between the complex constituents (the ion-pair and
the drugs) in the organic phase or accumulation of HND-G
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in the pores that would block the pores of hollow fiber may be
responsible for this behavior. Therefore, the best SLM com-
position for the extraction of these drugs was 0.6% HND-G
in 1-octanol.

3.2.2 Optimization by BBD

The experiments for optimizing the rest of the EME-affecting
parameters (extraction time, applied voltage and pH of the
donor and AP) were modeled through BBD. BBD is a spher-
ical, revolving design, it consists of a central point and the
middle points of the edges of the cube circumscribed on the
sphere [41]. This design is suitable for exploring quadratic
response surface and constructing second-order polynom-
inal models. Experimental data were fitted to a quadratic
polynomial model and regression coefficients were obtained.
The experimental design matrix and data analysis were per-
formed by the Statgraphics Plus Package (version 5.1; Statis-
tical Graphics, Manugistics, USA) [42]. The total number of
experiments (N) was calculated as below:

N = 2k(k − 1) + Cp

where k is the number of variables and Cp is the number
of centre points [9]. Thus, this experimental design consists
of 29 experiments with five center points (in order to allow
the estimation of pure error) and allows the calculation of
the response function at intermediate levels and enables the
estimation of the system performance at any experimental
point within the studied range. The examined levels of these
factors are given in Supporting Information Table 1. These
levels were selected based on previous works [9, 12, 13, 16].
The normalized peak area for each run was selected as the
response objective for the study. To normalize the peak areas,
all of the experiments were first conducted and then the peak
area of each analyte was divided by its smallest peak area that
was attained from the entire experiments.

The normalized peak area obtained was evaluated by the
ANOVA, and the main effects were visualized by the use of
a Pareto chart (Supporting Information Fig. 4). In the Pareto
chart, the bar lengths are proportional to the absolute value of
the estimated main effects. The chart also includes a vertical
line corresponding to 90% confidence interval. An effect ex-
ceeding this reference line may be considered significant with
regard to the response. Furthermore, the positive or negative
sign (corresponding to a colored or colorless response) can
enhance or reduce the response, respectively, when passing
from the lowest to the highest level set for the specific fac-
tor. According to Supporting Information Fig. 4 four main
factors and the interaction between some of them showed
statistically significant effects at the p � 0.05 level. Also, this
figure shows that pH of the AP has a large influence on
the normalized peak area and a positive effect upon the ex-
traction. Based on the extraction principles of EME, the AP
should be strongly alkaline in order to ionize the analytes. The
pH in the AP gradually decreased during the process due to

electrolysis. In order to suppress this effect, a high initial pH
value for AP was required [7]. Also, theoretical studies show
that the total ionic concentration of the DP to that of the AP
(� ), which is mainly determined by the pH of both phases,
impresses the flux over the membrane and the flux may de-
crease as this ratio increases [8, 39]. Since there is an antag-
onistic effect among these parameters, they were simultane-
ously considered, and the interaction of the pH of the acceptor
and DP was investigated using response surface methodology
(Fig. 3A). Based on the analysis and plots presented in this
figure, it can be observed that the normalized peak area of
drugs increased in a quadratic manner with an increase in
the pH value of the AP while the pH of the DP showed a
nonsignificant effect on the extraction efficiency. This could
be justified by the fact that both of the analytes were ionized
within the preferred range of the DP pH (NAP (pKa � 4.2)
and SDF (pKa � 4)). Also, there are some limitations for the
application of high concentrations of NaOH as the AP such as
an increased risk of bubble formation and punctuation in the
AP volume. Thus, the pH of the donor and APs were adjusted
to 9.6 and 12.3, respectively, for the remaining experiments.

Time and voltage are two important parameters in EME,
and the extraction efficiency increases by increasing both
of them. Figure 3B depicted that the normalized peak area
of drugs increased while increasing the voltage up to 68 V
whereas a small decrease was observed at higher voltages.
Actually, an average amount of the applied voltage was ap-
propriate for effective extraction; as low voltages could not
provide the required driving force, and high voltages led to
system instability and bubble formation. Also, results showed
(Fig. 3B) that extraction efficiency increased up to 16 min, af-
ter which the extraction efficiency decreased. It was assumed
that SLM was partly dissolved due to its contact with aque-
ous solutions on both sides of the hollow fiber. The liquid
membrane thickness may decrease for longer extraction
times and may not fully separate two aqueous phases. Similar
behavior was previously described by Balchen et al. [43].

3.3 Validation of the method

To evaluate the practical applicability of the proposed EME
procedure, figures of merit including the linear response
function, correlation coefficient (R2), LODs, LOQs, preci-
sion, accuracy, and recovery were investigated. As provided in
Table 2 acceptable linear response functions were obtained.
The intraday precision (repeatability) of the proposed method,
expressed as RSD%, was evaluated by extracting five indepen-
dent samples spiked at 25 ng/mL and 100 ng/mL with each
drug and were found in the range of 4.8–6.7% and 3.0–4.3%,
respectively (Table 2). The interday precision (intermediate
precision) was investigated by analyzing samples spiked at
25 ng/mL and 100 ng/mL with each drug for three consec-
utive days and the RSD% values were found in the range of
8.3–10.8% and 5.1–8.4%, respectively (Table 2). The LODs of
model compounds, based on a signal to noise (S/N) ratio of 3,
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Table 2. Figures of merit of the modified EME method

Analyte Sample LOD LOQ LRF R2 EF ER (%) Within-day Between-day
RSD% (n = 5)a) RSD% (n = 3)b)

25 100 25 100

NAP Water 0.1 0.25 0.25-500 0.9994 322 96.5 5.0 3.0 8.3 5.1
Urine 0.3 1.0 1-500 0.9991 249 74.6 6.5 4.3 10.8 7.0

SDF Water 0.25 1.0 1-500 0.9998 303 90.8 4.8 3.4 9.2 6.8
Urine 0.7 2.5 2.5-500 0.9982 238 71.5 6.7 4.0 10.3 8.4

All concentrations are based on ng/mL.
a) n is the number of times of sample running.
b) n is the number of consecutive days.
LRF, linear response function; R2, correlation coefficient; ER, extraction recovery.

Table 3. Determination of NAP and SDF in real urine samples

Sample NAP SDF

Urine 1 Initial concentration n.d n.d
93.0 RR%a) 96.5
RSD% (n = 3) 5.5 4.6

Urine 2 Initial concentration n.d 153b)

RR%a) 105 92.8
RSD% (n = 3) 6.4 4.3

Urine 3 Initial concentration 132c) n.d
RR%a) 96.0 94.2
RSD% (n = 3) 5.8 7.0

a) Hundred nanogram per milliliters of each drug is added to
calculate relative recovery (RR%).
b) Six hours after consumption of a oral dose of 100 mg of SDF.
c) One hundred fifty minutes after consumption of a oral dose of
500 mg of NAP.
n.d, not detected.

were in the 0.1–0.7 ng/mL range while the LOQs (S/N = 10)
were in the range of 0.25–2.5 ng/mL (Table 2). The enrich-
ment factor (EF) was defined as the ratio of the final analyte
concentration in the AP (Cf,a) and the initial concentration of
analyte in the DP (Ci,d):

EF = Cf ,a

Ci,d
(1)

Extraction recovery (ER) was calculated according to the
following equation for each analyte:

ER (%) = n f,a

ni,d
× 100 =

(
Va

Vd

) (
C f,a

Ci,d

)
× 100 (2)

where ni,d and nf,a are the number of moles of analyte origi-
nally present in the DP and the number of moles of analyte
finally collected in the AP, respectively. Va is the volume of
AP and Vd is the volume of DP.

Relative recovery (RR) was acquired from the following
equation:

RR (%) = Cfound − Creal

Cadded
× 100 (3)

where Cfound, Creal, and Cadded are the concentration of analyte
after the addition of a known amount of the standard into

the real sample, the concentration of analyte in real sample,
and the concentration of a known amount of standard which
was spiked into the real sample, respectively. Also, in order
to calculate the EF of each drug, five replicate extractions
were performed at optimal conditions from aqueous solution
containing 25 ng/mL of each drug. The EF was calculated
as the ratio of the final concentration of the analyte in the
AP and its concentration in the DP. Good EFs were obtained
within the range of 238–322, which corresponds to extraction
recoveries of 71.5–96.5% in different samples (Table 2).

3.4 Real sample analysis

To investigate the ER and the applicability of the proposed
EME procedure, final experiments were carried out on three
real urine samples taken from volunteers (Urine 1, Urine 2,
and Urine 3). These urine samples were diluted with pure
water (1:1) and their pH values were adjusted at 9.6. Then,
10 mL of each solution was transferred into the sample vial
and EME process was applied under the extraction condi-
tions mentioned above. At first, nonspiked urine samples
were extracted by EME. The obtained results are illustrated in
Table 3. The experimental results revealed that, 153 ng/mL
of SDF and 132 ng/mL of NAP were found in Urine 2 and
Urine 3, respectively. Then, 100 ng/mL of each drug was
added to the real urine samples and extraction procedure was
repeated again to calculate relative recoveries. All nonspiked
and spiked chromatograms of the real samples are depicted
in Fig. 4. The accuracy of the method was determined by
analysis of real samples after spiking with proper amounts
of standard solution of the drugs. Results of three replicate
analyses of each sample obtained are summarized in Table 3.
The proposed method shows high relative recoveries for all
real samples from 93 to 105%, which ensures the accuracy of
the amount of analytes detected in nonspiked real samples.

The present method was compared with other meth-
ods in terms of validation and precision (Supporting
Information Table 2) [20, 44–51]. The data indicate that the
proposed method is efficient, and the sensitivity of the devel-
oped method is comparable to or better than that of existing
methods for the extraction of the model acidic drugs.
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Figure 4. Chromatograms obtained after proposed EME method from (A) Urine 2 sample spiked at a concentration level of 60 ng/mL of
each drug, (B) nonspiked Urine 2 sample, (C) Urine 3 sample spiked at a concentration level of 60 ng/mL of each drug, and (D) nonspiked
Urine 3 sample. (Extraction condition: HND-G dispersed in 1-octanol (0.6% w/v) as SLM, pH of the AP 12.3, pH of the DP 9.6, 68 V potential
difference, 16 min extraction time).

4 Concluding remarks

In this study, for the first time, HND-G was synthesized and
then it was successfully applied as a new cationic carrier for
the extraction of SDF and NAP as model anionic drugs. Com-
pared to the other G types (G, GO, and ND-G), the immobi-
lization of HND-G in the membrane has been shown to be
an effective approach for the enhancement of the EME per-
formance, primarily due to presence of N groups and higher
dispersibility of this material. In addition, the ion-pair for-
mation between the acidic drugs with negative charge and
HND-G with positive charge at the SLM interface facilitates
mass transfer. Also, the results showed that GO had low ex-
traction efficiency due to an electrostatic repulsion between
their anionic functional groups with anionic acidic drugs in
alkaline media. Considering logical extraction time, as well
as satisfactory LOQ, good EF, and also the capability of ex-
traction with low volume of an organic solvent, this type of
EME modified with HND-G as cationic carriers may be an
interesting future concept for the extraction of many charged
analytes.
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