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Pollution by aromatic compounds such as p-nitroaniline in ecosystem has raised significant concerns. A fast and effective removal of
p-nitroaniline can be carried out by magnetic graphene oxide as a potential sorbent. Different mechanisms including —m interaction, ion-
ion and cation—7 bonding interactions have been proposed to describe the strong deposition of p-nitroaniline onto magnetic graphene
oxide surface. The % removal of p-nitroaniline was found to be pH-dependent and attained a maximum value at pH 7.2. The adsorption

close to the measured value. The adsorption kinetics followed the pseudo-second-order equations very well. The applicability of magnetic

INTRODUCTION

The acute toxicity in aquatic life by aromatic compounds
pollutants have been a challenging environmental issue. The
existence of even low concentrations of these toxic compounds
in water causes an extreme harm to creatures and thus the
efficient removal of these poisonous pollutants has become a
big environmental problem. Different procedures [1-4] can
be followed to remove such pollutants from wastewaters but
most of these techniques have many disadvantages such as
low efficiency, high cost, long retention times and generation
of secondary pollutants. Adsorption technique is proven to be
effective method for remediating organic pollutants for its low
cost, ease of application and reusability [5-8]. Searching for
novel types of adsorbents with fast and efficient capacities
toward organic pollutants is one of the main concerns of research
scientists. p-Nitroaniline is highly toxic with a threshold limit
value (TLV) of 0.001 kg/m’ can be found in industrial waste-
water discharges either its manufacture or its usage as an inter-
mediate in the production of azo dyes, fuel additives, pesticides,
antioxidants, medicines for poultry and antiseptic agents [9,10].

graphene oxide for the adsorption of p-nitroaniline from industrial wastewater samples was successfully accomplished.

was best described by Langmuir model with a theoretically estimated maximum adsorption capacity of 482.7 mg g, which was very |
Keywords: Magnetic solid phase extraction, Graphene oxide, Nanosorbent, p-Nitroaniline, Industrial wastewaters. |

p-Nitroaniline is enlisted as one of the major contaminants in
water worldwide and its existence in aquatic environments
may cause long-term adverse effects to ecosystem in terms of
its splenotoxicity, nephrotoxicity and hematoxicity [11-13].
Various attempts have been applied to remove p-nitroaniline
from aqueous media including Fenton oxidation, photocatalytic
degradation, biodegradation, hydrothermal decomposition,
adsorption and others [14-25]. Graphene (G) and graphene
oxide (GO) are nano-scale materials with two-dimensional
layers and one-atom thickness. Recently, the wide applicability
and wonderful characteristics e.g. high mechanical and thermal
stabilities, extraordinary electrical and optical properties and
high specific surface area of these nanocarbon materials have
attracted the attention of many researchers [26-30]. These
systems are rich in delocalized mt-electron characters that permit
strong adsorption for different organic pollutants [31-33]. The
vast amount of oxygen-contained groups such as carboxyls,
hydroxyls and epoxies on the surfaces of graphene oxide sheets
or laterals can increase the interactions between graphene oxide
and organic pollutants. Practically, the tiny size of graphene
oxide nanosorbents complicates its separation from matrices.
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Magnetic solid phase extraction (MSPE) based on nanosor-
bents can overcome this problem especially in environmental
samples in addition to its other advantages such as simple and
fast analyte separation with high efficiency for the elimination
of toxic pollutants [34-38]. This work reports the use of magnetic
graphene oxide to remove of p-nitroaniline from an aqueous
medium. The effects of different environmental conditions,
medium pH, nanosorbent mass and contact time on the removal
process were investigated. The reusability and regeneration
of magnetic graphene oxide nanosorbent was examined. A
complete description of the adsorption process and its mecha-
nism is known from the applications of various isotherm and
kinetic models. Also, the applicability of magnetic graphene
oxide for adsorbing p-nitroaniline from environmental waste-
water samples was investigated.

EXPERIMENTAL

Natural graphite (Gt) powder (99.9 %, 500 mesh), FeCl;-6H,O,
ammonia (22-28 %), p-nitroaniline and other materials were
purchased from Sinopharm Chemical Reagent Co., Ltd. (China).
All chemicals were of analytical grade and used as received.
Ultrapure water from a Milli-Q system (Millipore, Billerica,
MA) was employed throughout the experiments.

Preparation of magnetic graphene oxide nanoparticles:
Graphene oxide was synthesized using a modified Hummers
method [39,40] and exfoliated to afford an aqueous dispersion
of graphene oxide under ultrasonication. Briefly, graphite
powder was oxidized using KMnO./H,SO, and the graphite
oxide (GtO) was transformed into graphene oxide by ultrasoni-
cation in water. In a typical synthesis process, natural graphite
powder (5 g) were mixed with 2.5 g NaNO; and 250 mL H,SO,
and stirred in a beaker on an ice bath. 15 g of KMnOy4 was
added into the mixture slowly and stirred vigorously. The
reaction temperature was maintained below 20 °C and the
contents were stirred at room temperature over-night. Thereafter,
another 15 g of KMnO, was added into the mixture and stirred
at room temperature to oxidize any unoxidized graphite.
Deionized water (250 mL) was slowly added and the tempe-
rature was increased to 98 °C and the mixture was maintained
at this temperature for 3 h. The reaction was terminated by the
addition of 50 mL of 30 % H,O, which turn the solution into
yellow colour. The mixture was consequently washed with
100 mL of 5 % HCl and 30 % H,O, five times to remove MnO,
and sulfates. The product was washed repeatedly with distilled
water until pH 7 was achieved. The colour change of the
mixture into brilliant yellow indicates the complete oxidation
of pristine graphite to the oxide. Finally, the solid was isolated
after drying at 60 °C under vacuum. The synthesized oxide
was re-dispersed in water to create a yellow—brown dispersion
and the transformation of graphite oxide to generate graphene
oxide sheets was achieved by ultrasonication for 60 min. The
resulting aqueous dispersion of the brown graphene oxide
sheet was stable. Magnetic graphene oxide were prepared by
hydrothermal method with FeCl;-6H,O as a single Fe ion
source. 1 g FeCl;-6H,O was dissolved in 60 mL ethylene glycol
to form a clear solution and then 3.60 g urea and 0.80 g graphene
oxide were added to the solution at 50 °C under vigorous
stirring for 30 min. The mixture was put into a Teflon-lined

stainless-steel autoclave (60 mL), thereafter the autoclave was
heated at 200 °C for 6 h in a furnace and allowed to cool
to room temperature. After completion of the reaction, the
reaction product was collected with magnet and washed
repeatedly with absolute ethanol and deionized water. Finally,
the magnetic nanoparticles (MNPs) were dried in vacuum oven
at 60 °C for 24 h.

Adsorption experiments: Batch mode experiments were
conducted to investigate the effects of medium pH, time and
temperature on the adsorption of p-nitroaniline onto the magnetic
graphene oxide nanoparticles at pre-adjusted conditions using
25 mg aliquots of magnetic graphene oxide added to 25 mL
of p-nitroaniline (20 mg L) and these solutions were agitated
with a shaking rate of 250 rpm for a certain period of time. For
all determinations, the magnetic nanoparticles were separated
from p-nitroaniline solution by an external magnet. The residual
p-nitroaniline concentration in the supernatant was determined
by using an UV/visible spectrophotometer at 385 nm. The
experiments were done in triplicate and the average was used in
calculations. The adsorption capacity of the magnetic graphene
oxide (qe, mg g') and percentage p-nitroaniline removal effi-
ciency were calculated as follow:

PNA removal efficiency (%) = %x 100 (D

(C,-C,)V
Qu=""—— )
m
where C; and C. (mg L) are the initial and equilibrium p-nitro-
aniline concentration, respectively, g. (mg g*) is the equili-
brium adsorption capacity, V (L) is the p-nitroaniline solution

volume and m (g) is the mass of the nanosorbent.

RESULTS AND DISCUSSION

Surface morphology and characterization of the
magnetic graphene oxide nanoparticles: The representative
TEM image of magnetic graphene oxide composite (Fig. 1a)
showed that the graphene oxide sheets with a lateral dimension
of about 50 nm were decorated with large quantity of Fe;O,
nanoparticles. The nanoparticles have irregular mono-dispersed
nanoparticles with rough spherical surface to elliptical shape
while their size is in the range of 10-20 + 5 nm. The FTIR
spectra of both graphene oxide and magnetic graphene oxide
nanosorbents, Fig. 2 showed the O-H stretching vibrational
peaks at 3227.3 and 3220.2 cm’', respectively. For graphene
oxide, the peaks at 1170.1 and 1121.4 cm™ were attributed to
C-O stretching vibration of epoxy and alkoxy groups. The peak
at 1583 cm™ was due to the stretching vibration of aromatic
C=C; the peaks at 1711.2 and 1400.2 cm™ were the C=O stret-
ching vibrations of COOH and C=0 [41]. These peaks confirm
the presence of carboxyl, epoxy groups in graphene oxide.
Moreover, the characteristic peak observed at 550.3 cm™ for
magnetic graphene oxide was ascribed to the Fe-O stretching
vibration proving that Fe;O, nanoparticles were successfully
anchored onto graphene oxide.

The thermal degradation processes of magnetic graphene
oxide nanosorbents were studied in the temperature range of
28.4-600 °Cby TGA, Fig. 3 identified three different decomposition
steps, the first one (28.4-230.5 °C, 4.60 %) is related to the
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Fig. 1. HRTEM (a) of graphene oxide and magnetic graphene oxide
nanoparticles
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Fig. 2. FTIR of graphene oxide and magnetic graphene oxide nanoparticles
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Fig. 3. TGA thermograms of magnetic graphene oxide nanoparticles

desorption of chemically and physically adsorbed H,O
molecules, while the second and third steps (230.5-357.0 °C,
9.85 % and 357.0-555.8 °C, 4.28 %) are attributed to the direct
decomposition of loaded graphene oxide moieties.

Adsorption batch studies

Effect of pH: The pH effect on the sorption of p-nitro-
aniline onto magnetic graphene oxide surface was tested in
the pH range of 2-10 (Fig. 4a). Generally, the percentage of
p-nitroaniline removal increases gradually with pH and reach
to a maximum value at 7.2. The lower values at pH < 4.0 for
the removal efficiencies are attributed to the repulsive forces
between the functional groups in graphene oxide (-OH, -COOH)
and the positive amino groups. The mechanism for strong
p-nitroaniline adsorption onto magnetic graphene oxide can
be explained in terms of —, cation-1t and ion-ion interactions.
The m— stacking interaction exits between the hexagonal cells
of graphene oxide and the ring structure of p-nitroaniline [42-
45]. The cation-rt bonding interaction exists between the -
electron-rich structure of graphene oxide and the protonated
amino groups of p-nitroaniline [46]. Finally, the ion-ion inter-
action exits between the negatively charged oxygen functional
groups and those protonated amino groups.

Effect of contact time: The effect of contact time on %
p-nitroaniline removal was investigated by using several time
intervals (1, 5, 10, 15, 20, 25, 30, 40, 50 and 60 min) using
100 = 1 mg dose of magnetic graphene oxide at pH 7.2
(Fig. 4b). It is concluded that the % p-nitroaniline removal
increases gradually with increasing the contact time. However,
p-nitroaniline sorption onto magnetic graphene oxide nano-
particles was found to proceed via three successive stages and
reach a maximum value after 40 min of contact time.

Effect of mass of nanosorbent: The magnetic graphene
oxide dose, which plays an important role in the sorption
process was also investigated to demonstrate its effect on the
percentage removal of p-nitroaniline (Fig. 4c). It is obvious
that the determined values of the percentage removal of p-
nitroaniline by magnetic graphene oxide surface increases
with increasing the magnetic graphene oxide mass due to the
increased availability of active surface functional groups to
bind p-nitroaniline. A dose of 100 mg magnetic graphene oxide
was enough for achieving the highest value (95 %) of the
percentage of p-nitroaniline removal.

Adsorption isotherms: The experimental results for the
p-nitroaniline sorption onto magnetic graphene oxide surface
were applied to both Langmuir and Freundlich isotherm
models for recognizing the suitable model for describing the
sorption data and providing information about the effectiveness
of PNA-MGO adsorption system. Freundlich adsorption
model, expressed as eqn. 7 assumes the existence of different
adsorption surface sites with variable interaction energies
between the adsorbed species [47]. It is often used for single
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Fig. 4. Effect of pH, contact time and mass of MGO nanoparticles on the percentage PNA removed (25 mL of 20 ppm) at 25 °C
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solute adsorption systems with heterogeneous energetic
distribution of active binding sites in a specific concentration
range.

q. =K.C" )
where q. (mg) is the amount adsorbed of p-nitroaniline per 1
g of magnetic graphene oxide adsorbent, C. is the equilibrium
concentration (mg/L), while Kr and n are the model constants.
Kr measures the sorption capacity is a function of sorption
energy and temperature while n reflects the adsorbent-adsorbate
bond strength (adsorption intensity) and can help to determine
whether adsorption is favoured. The value n < 1 describes un-
favourable adsorption, n > 1 describes favourable adsorption
and n = 1 characterizes linear adsorption situations. The linear
form of Freundlich isotherm can be expressed by eqn. 8.

(®)

The values of K¢, n and R* for the investigated PNA-MGO
adsorption system derived from the slope and intercept of the
linear plots of eqn. 8 are listed (Table-1). It is concluded that
the calculated values of n > 1 in addition to the high value of
R?, Table-1 suggest the favourable adsorption and suitability
of Freundlich model to describe the adsorption behaviour in
this study. On the other hand, Langmuir model, eqns. 9 and
10 assumes the occurrence of a reversible sorption process in
a uniform sorbent surface with limited binding sites to form a
monolayer of non-interactive adsorbed species, which occupy
separate surface sites with equal affinity and uniform sorption
energies [48].

1
log q, =—log C,+log K.
n

_Ki4,.C

1+K,C, ©)
where C. (mg L") describes the equilibrium concentration of
p-nitroaniline, q. (mg g') is the p-nitroaniline amount adsorbed
on magnetic graphene oxide surface at equilibrium, Q. (Mg
¢) is the maximum adsorption capacity, which corresponds
to a complete monolayer coverage and Ky, (L mg™) is the Langmuir
adsorption affinity constant.

c, C, 1
= +

Q' A Kl

The values of gm. and Ky, derived from the slope and

intercept of the linear plots of C./q. vs. Ce, eqn. 10 are listed in

Table-1. The maximum sorption capacity for p-nitroaniline

was 482.7 mg g (Table-1). The essential characteristics of

Langmuir isotherm can be expressed in terms of dimensionless
separation factor, F using eqn. 11 [49-51].

1
F=——1—
" 1+K,C, D

The adsorption nature is unfavourable if F;, > 1, linear if
F. =1, favourable if O < F;. < 1 and irreversible if F;, = 0. The

qe

(10)

calculated F, values (Table-1) show that for the investigated
sorption systems are within the range 0.011-0.004 in the initial
p-nitroaniline concentration range of 2.0-50 ppm, indicating
favourable p-nitroaniline sorption onto magnetic graphene
oxide. Also, the R? values (= 1.0) confirm the suitability of
Langmuir isotherm model to describe the experimental sorption
data and suggest the homogeneous monolayer sorption.
Adsorption kinetics: The experimental kinetic data of
p-nitroaniline sorption onto magnetic graphene oxide surface
were examined using four kinetics models, namely; Lagergren
pseudo-first order, pseudo-second order [52,53], Elovich [54]
and intra-particle diffusion [55] models. The mathematical
equations representing these models are given by eqns. 3-6.
Lagergren pseudo first-order:

In(q, —q,)=Inq, —kt 3)
Pseudo second-order:
et
q ko q @
Elovich:
q, =lln(0([_’))+llnt 5)
B p
Intra-particle diffusion:
q, =k, Nt+C (6)

where . and g, (mg g™') are the sorption capacity at equilibrium
and time t (min), k is the rate constant and R? is the correlation
coefficient, expressing the uniformity between the experi-
mental data and the calculated data predicted from the kinetic
models, the Elovich constants are the initial adsorption rate, o
(mg g min™) and the desorption constant, B (g mg™ min™)
which is related to the activation energy and the extent of surface
coverage for chemisorption and C is the intra-particle diffusion
rate constant. All of these kinetic model-derived fitting para-
meters are collected in Table-2. When comparing the calculated
and the experimental values of q. and the values of correlation
coefficients (R?) of the investigated kinetic models, it can be
concluded that the experimental kinetic data follow the pseudo
second-order kinetic model very well with higher correlation
coefficient (R =0.991). Moreover, it is revealed that the adsorp-
tion capacity was proportional to the amount of active sites
and the sorption rate-limiting step is controlled by chemical
process [56].

Desorption and reusability studies: In practical appli-
cations, the desorption extent and regeneration performance
of the adsorbent can be determined by both the recycling of
the adsorbent and recovery of analyte species. Based on the
pH effect, the p-nitroaniline sorption onto magnetic graphene
oxide surface is insignificant at pH > 10. Therefore, the loaded
nanoparticles are re-suspended in NaOH solution (0.1 M)

TABLE-1
DIFFERENT ADSORPTION ISOTHERM PARAMETERS FOR p-NITROANILINE (25 mL OF 2-50 ppm)
ONTO MAGNETIC GRAPHENE OXIDE NANOPARTICLES AT 25 °C AND OPTIMUM pH VALUES

Langmuir model

Freundlich model

Gmax Ky R, range

RZ

Kr n R?

482.7 46.38 0.0157-0.0874

0.998

44.08 3.07 0.956
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TABLE-2
KINETIC PARAMETERS USED TO ANALYZE THE
ADSORPTION OF 20 ppm p-NITROANILINE ONTO
MAGNETIC GRAPHENE OXIDE NANOPARTICLES

Kinetic models and parameters

q. (exp.) (mg g) 4.744

Pseudo first order Pseudo second order
g (calc.) (mg g™") 5.154 g (calc.) (mg g") 4.789
K, (min™) 1.640 | K, (min") x 10° 12.467
R? 0.934 R? 0.991

Elovich Intra-particle diffusion

Qe (calc.) (mg.g™) 3.766 Qe (calc.) (mg g™) 3.560
o (mg g min?) 1.136 | K, (mg g’ min"?)? 0.770
B (g mg' min™) 0.867 C 0.118
R? 0.976 R? 0.979

with sonication period (5 min) to desorb all p-nitroaniline from
magnetic graphene oxide nanoparticles. After removing
magnetic graphene oxide from NaOH solution using a magnet
separation, the p-nitroaniline concentration in solution was
determined and the percentage recovery of magnetic graphene
oxide adsorbent was found to be 99.2 % =+ 3.4, indicating a
complete desorption of p-nitroaniline. To estimate the sorbent
reusability, three cycles of adsorption—desorption processes
were conducted using the same sorbent and only a loss of 3.6-
5.1 % in the removal efficiency was noticed. These results
indicate that the magnetic graphene oxide nanoparticless have
good reusability and stability.

Extraction of p-nitroaniline from real samples: The
magnetic solid phase extraction of p-nitroaniline from industrial
wastewater samples of four different matrices was successfully
accomplished by the proposed method and the results of this
study are collected in Table-3. The first and second samples
are textile dyes wastewaters, the third one is antiseptic waste-
water while the fourth sample is agriculture wastewater. The
percentages of p-nitroaniline removal efficiency for all samples
were found to be 94.3-96.6 % + 2.7-4.2. These results assure
the potential application of magnetic graphene oxide nano-
particles for the p-nitroaniline removal from various industrial
wastewater matrices using batch equilibrium technique.

TABLE-3
MAGNETIC SOLID PHASE EXTRACTION OF
p-NITROANILINE FROM DIFFERENT INDUSTRIAL
WASTEWATER SAMPLES BY 0.100 g OF MAGNETIC
GRAPHENE OXIDE NANOPARTICLES

Industrial wastewater LT (ol reios
sele detected after MSPE) % PNA
(ug mL") removal efficiency
Sample 1 2731 (0.156)
(Textile dyes wastewater) ’ 94.29 % + 3.4
Sample 2 3.169 (0.107)
(Textile dyes wastewater) ’ 96.62 % +4.2
Sample 3 1.077 (0.042)
(Antiseptic wastewater) ’ 96.10 % + 2.7
Sample 4 2983 (0.114)
(Agriculture wastewater) ) 95.01 % +4.6
Conclusion

This work reports the usage of magnetic graphene oxide
nanoparticles for effective p-nitroaniline extraction from
aqueous media. The magnetic graphene oxide nanoparticles

have good stability, dispersibility and magnetic property. The
adsorption processes were fully optimized and found to be
affected by pH change significantly. The optimum solution
pH for the adsorption of p-nitroaniline onto the MNPs was
7.2. The sorption equilibrium was attained within 40 min and
well-fitted to Langmuir model. Also, the adsorption kinetics
follows the pseudo second order equations. The examined
magnetic nanoparticles showed excellent efficiency for p-nitro-
aniline extraction from industrial wastewater samples.
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