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Abstract: p-Phenylenediamine-functionalized magnetic graphene oxide nano-
composites (PPD-MGO) were prepared and utilized in the adsorption and
removal of bisphenol A from aqueous solution. The novel nanomaterials were
characterized by transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FT-IR) and a vibrating sample magnetometer (VSM).
The factors affecting the adsorption of bisphenol A, including adsorption time,
temperature and pH of solution, adsorption kinetics and isotherms were all
investigated. The results showed that the PPD-MGO nanomaterial exhibited
good adsorption ability for bisphenol A and good re-usability. The maximum
adsorption capacity reached 155.0 mg g! at 45 °C and pH 7. The removal rate
was 99.2 % after three times adsorption with the new nanomaterials. After five
adsorption cycles, the adsorption capacity of the PPD-MGO remained at 94.0
%. The adsorption of bisphenol A was found to fit pseudo second order kin-
etics equations and the Freundlich adsorption model. The experimental results
showed the PPD-MGO nanomaterial had a good adsorption ability to remove
organic compounds from aqueous solution.
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INTRODUCTION

With the development of modern industry in these years, water pollution has
become a universal crisis.! Continuous concern for public and environmental
health has led to increasing interest in treating toxic organic and inorganic
pollutants in water.2 Moreover, many new chemical compounds have been iden-
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tified as harmful to the environment. Endocrine disrupting compounds (EDCs)
are derived from various kinds of chemicals, including drugs, pesticides, con-
sumer products, and pollutants.3 EDCs are harmful to human health and the
ecological environment, and could result in bio-accumulation and reproductive
toxicity. It was reported that EDCs disturb the human endocrine system by
mimicking, blocking or disrupting the functions of hormones.*

Bisphenol A (BPA), classified as a type of EDC, is widely used in the pro-
duction of polycarbonates, epoxy resins, plasticizers, flame retardants and other
chemical products.> Since BPA at low concentrations could cause infertility and
breast cancer, wastewater containing BPA has to be treated adequately before
being discharged into environment.® The development of a rapid and efficient
method for removal of BPA is therefore of considerable importance.

Nowadays, many techniques have been applied in water treatment. Among
these techniques, adsorption seems to be the most extensively utilized and eco-
nomically feasible method, possessing a relatively high capacity and low cost.”
Various nanomaterials have been used as adsorbents for the removal of toxic
pollutant from water in recent years.3-11 Graphene oxide (GO) is a novel two-
-dimensional nanomaterial prepared from graphite. It has attracted significant
attention in wastewater treatment due to its high mechanical strength and ease of
functionalization.!2 GO contains abundant hydrophilic oxygen-containing func-
tional groups on its basal planes and edges, which provide GO with a highly
efficient adsorption ability.!3 Therefore, GO could serve as an ideal adsorption
material because of its large specific surface area, abundant groups and high
water solubility.!415 Magnetic nanomaterials have drawn much attention in ads-
orption and separation because they are easily separated from the solution and
recycled. The magnetic properties of magnetic nanomaterials enable separation
using a magnet instead of filtration, centrifugation or decantation.!6:17 Magnetic
nanomaterials have been used as adsorbents for the adsorption and removal of
toxic compounds in aqueous solution, especially after modification.!8 GO-based
magnetic nanomaterials were also widely used in pollution control.!922 The
combination of magnetic materials and GO could significantly simplify the
separation process and increase the adsorption capacity.

In this study, p-phenylenediamine (PPD)-functionalized magnetic nanopar-
ticles (PPD-MN) were successfully synthesized and bound onto GO, and the
PPD-functionalized magnetic GO (PPD-MGO) was applied in the adsorption
and removal of BPA. The existence of PPD could increase the interaction
between adsorbent and target compounds because of the introduction of phenyl
groups and amino groups. The effects of pH, temperature and adsorption time on
the adsorption of BPA, the re-usability of PPD-MGO and removal of BPA were
investigated. The kinetics and isotherm parameters of the adsorption were
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determined and calculated. The experimental results showed PPD-MGO had a
high adsorption capacity and could be easily re-used.

EXPERIMENTAL
Chemicals and materials

Bisphenol A (BPA), p-phenylenediamine (PPD), glutaradehyde, N-hydroxyl succinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and 3-amino-
propyltriethoxysilane were purchased from Sigma—Aldrich. Ferric chloride hexahydrate
(FeCly-6H,0) and poly(ethylene glycol) (PEG 6000) were purchased from Sinopharm Che-
mical Reagents. Ultrapure water (18.2 MQ cm resistivity) was obtained from a Milli-Q water
purification system. All other reagents used in this study were of analytical grade.

Preparation of PPD-MGO

Preparation of PPD functionalized Fe;0, nanoparticles (PPD—MN). FeCl;-6H,0 (1.350
g), PEG 6000 (1.000 g) and anhydrous sodium acetate (3.600 g) were mixed in ethylene
glycol (40 mL) under stirring for 30 min. The mixture was transferred to a stainless steel
autoclave and maintained at 180 °C for 8 h. Finally, the black Fe;O,4 nanoparticles were
obtained by magnetic separation, washed with ethanol three times and dried under vacuum at
40 °C for 2 h. The Fe;0,4 nanoparticles (0.100 g) were then added into an ethanol solution
(200 mL, 99.5 %) with mechanical agitation. After 30 min reaction, 3-aminopropyltriethoxy-
silane (2.0 mL) was slowly added and the solution was stirred at room temperature for 6 h.
The obtained amino Fe;O,4 nanoparticles were washed with ethanol three times and dried
under vacuum at 40 °C for 2 h. The amino Fe;0,4 nanoparticles (0.100 g) were added into a
glutaradehyde solution (20 mL, 5 vol. %) and stirred for 30 min. Then PPD solution (5 mL,
20 mg mL!) was added to the mixture and stirred. After further 30 min reaction, the excess
PPD was removed by magnetic separation and the PPD-MN was washed three times with
ethanol. The PPD-MN was dried under vacuum at 40 °C for 2 h.

Preparation of GO. GO was prepared according to the improved synthetic method
reported by Marcano.?? Concentrated H,SO, (120 mL), H;PO, (13 mL), graphite flakes
(1.000 g) and KMnOy, (6.000 g) were mixed and heated at 50 °C for 12 h with magnetic
stirring. Then the mixture was poured into ice (130 mL) containing 3 mL of 30 % H,0, and
centrifuged (8000 rpm) for 1 h. The supernatant was decanted and the solid material was
washed with 30 % HCI and water five times respectively under the same centrifugation con-
ditions. Finally, the obtained solid material was dried under vacuum at 40 °C for 6 h.

Preparation of PPD-MGO. EDC (5 mL, 5 mg mL!) and NHS (5 mL, 5 mg mL"!) were
added to a solution of GO (50 mL, 2 mg mL"!) under continuous stirring to activate the
carboxyl groups of GO.2* PPD-MN (0.200 g) was then added and dispersed ultrasonically for
30 min. The obtained product was collected by magnetic separation and dried in vacuum at 40
°C for 4 h.

Characterizations of PPD-MGO

PPD-MGO and GO were characterized using a JEOL200CX electron microscope (Jeol,
Tokyo, Japan) at 160 kV for TEM images. FT-IR spectra were obtained using a Nicolet avatar
360 FT-IR spectrophotometer (Thermo Fisher Nicolet, Orlando, USA). The magnetic property
was investigated at room temperature using a Lakeshore 7407 vibrating sample magnetometer
(VSM, Westerville, Ohio, USA).
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Adsorption of BPA

PPD-MGO (5 mg) was added to solutions (20 mL) containing different concentrations
of BPA and the mixtures were shaken for 120 min at 25, 35 and 45 °C. The mixtures were
separated with a magnet and the concentration of BPA was monitored by UV—Vis spectro-
photometer (UV-2600, Shimadzu, Kyoto, Japan) at 276 nm. For comparison, the same amount
of Fe;04 nanoparticles, GO, PPD-MN and PPD-MGO (5 mg) were added to BPA solution
(20 mL, 250 mg L-!) and the mixtures were shaken for 120 min at 25 °C. The mixture was
separated with a magnet or centrifugation and the concentration of BPA was monitored by
UV-Vis spectrophotometry at 276 nm. To study the effects of the initial pH on the adsorption
of BPA, the initial pH value of the solution was adjusted to 5.0-9.0 by addition of hyd-
rochloric acid or sodium hydroxide. All experiments were performed in triplicate.

Adsorption kinetics

PPD-MGO (5 mg) and BPA solution (20 mL, 100 mg L!) were mixed and shaken at
25 °C. The concentration of BPA was monitored by UV—Vis spectrophotometry at certain
intervals. In order to study the mechanism of the adsorption kinetics, the pseudo-first-order
kinetic model and the pseudo-second-order kinetic models were used.

The pseudo-first-order kinetic model could be expressed by the following equation:

In(ge —g,) =Inge — kit (M
where g, (mg g'!) is the equilibrium adsorption capacity, q, (mg g™!) is the amount of adsorbed

at time 7, k; (g mg™! min'!) is the rate constant of adsorption.
The pseudo-second-order kinetic model could be expressed by the following equation:

t 1 1
—= 5 +—t 2
4q: kadqe de
where kyy (g mg! min!) is the rate constant of adsorption, g, (mg g!) is the equilibrium
adsorption capacity, ¢, (mg g'!) is the amount adsorbed at time #.25

Adsorption isotherm

PPD-MGO (5 mg) was added to BPA solution (20 mL) at a concentration in the range of
75-250 mg L-!. The mixtures were shaken at 25, 35 and 45 °C for 120 min and the con-
centration of BPA was determined. The Langmuir and Freundlich isotherm2¢ models were
used to evaluate the adsorption isotherm.

Reusability of PPD-MGO

To study the reusability, PPD-MGO (5 mg) was added to a BPA solution (20 mL,
100 mg L) and shaken for 120 min at 45 °C. The mixture was then separated with a magnet
and the concentration of BPA was determined. The recycle of PPD-MGO was obtained by
washing with ethanol and water three times. Then the recycled PPD-MGO was added into
another BPA solution to start a new adsorption. All the experiments were performed in
triplicate.

RESULTS AND DISCUSSION
Characterization of PPD-MGO

The TEM images of GO and PPD-MGO are presented in Fig. 1. The sheet
structure with smooth surface and wrinkled edges of GO could be found in Fig.
la. It also could be seen that PPD-MN was bound with GO and the shape of GO
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changed in Fig. 1b. The mean diameter of the Fe304 nanoparticles was about 200
nm. These characteristics of GO and the shape of Fe304 nanoparticles could also
be found in reported related research.27-28 It could be considered that PPD-MGO
was successfully fabricated.

500 nm "

Fig. 1. TEM images of (a) GO and (b) PPD-MGO.

The FT-IR spectra of Fe304 nanoparticles, PPD-MN, GO and PPD-MGO
are presented in Fig. 2. The FT-IR spectrum of the Fe3O4 nanoparticles showed
the major characteristic peak at 572 cm!. The FT-IR spectrum of PPD-MN
showed featured adsorptions due to the presence of PPD. The adsorptions at
3423, 1510, 1083 and 821 cm! could be identified as N-H stretching vibrations,
the skeleton vibration of the benzenoid ring, and the in-plane and out-of-plane
bending vibrations of C-H, respectively.29-30 Additionally, the weak band at
2921 cm~! was associated with C—H stretching vibrations. The bands at 1627

3423

Fe,O, nanoparticles
— PPD-MN
—— PPD-MGO

) T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Fig. 2. FT-IR spectra of: a) Fe;04 nanoparticles, b) PPD-MN, ¢) GO and d) PPD-MGO.
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cm! and 1296 cm~! were assigned to C—N stretching vibrations.3! The spectrum
of PPD-MN also showed the characteristic peak at around 580 cm~!, assigned to
Fe—O vibrations. The FT-IR spectrum of GO showed absorptions at 3432, 1731
and 1630 cm™1, assigned to hydroxyl, carbonyl and sp2-bonded carbon groups on
the GO, respectively.32:33 The absorptions at 1054 cm~! and 1384 cm™! were
considered as the C-O stretching peak and O-H deformation peak.32 All the
feature peaks of the spectra of GO and PPD-MN could be observed in the spec-
trum of PPD-MGQO. It could be assumed that PPD-MGO was successfully syn-
thesized.

The VSM characterization of the Fe304 nanoparticles and PPD-MGO were
conducted at room temperature to confirm the magnetic properties. As shown in
Fig. 3, the saturation magnetization values of the Fe304 nanoparticles and PPD—
~MGO were 71.7 and 33.6 emu g1, respectively. Compared to Fe304 nanopar-
ticles, the decrease in the saturation magnetization value of PPD-MGO could be
attributed to the existence of non-magnetic materials.3435 The sufficient mag-
netic response and almost zero remanence of PPD-MGO guaranteed the mat-
erials for magnetic separation with an ordinary magnet.

80
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Fig. 3. Magnetization curve of: a) Fe;04 nanoparticles and b) PPD-MGO.

In order to confirm the adsorption capacity of PPD-MGO, the adsorption of
BPA with Fe3O4 nanoparticles, GO, PPD-MN and PPD-MGO were conducted
and compared under the same condition. The adsorption capacities of Fe304
nanoparticles, GO, PPD-MN and PPD-MGO at 25 °C were 40.4, 108.3, 62.8
and 151.6 mg g1, respectively. It was found that the adsorption capacity was
increased after the modification of PPD and the combination between GO and
PPD-MN. As adsorption is a surface phenomenon, the adsorbent with a higher
surface area leads to a higher adsorption capacity. The excellent adsorption
ability of PPD-MGQO is the result of its large surface area (theoretical surface
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area up to 2675 m? g!) and its abundance of carboxyl, hydroxyl and epoxy
groups.36-38

Effect of pH

The pH of a solution plays an important role in adsorption processes. It
affects the adsorption capacity of an adsorbent and electrostatic interaction
between compounds and the adsorbent surface. The effect of pH on the ads-
orption of BPA was investigated at different pH values, ranging from 5.0 to 9.0.
As shown in Fig. 4, the adsorption capacity reached a maximum when the pH
was 7.0 and then decreased with increasing pH.3° The decrease in the adsorption
capacity for BPA might be due to deprotonation of the hydroxy of phenol when
the pH was above 7.40 The adsorptive effect might be mediated by hydrogen
bonding between BPA and PPD-MGO and by hydrophobic adsorption.4!-42
Therefore, the optimum pH for adsorption of BPA was set at 7.0.

140 i/i/.\i\
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E
. 604
o
401
20
0 T T T T T
5 6 7 8 9  Fig. 4. The influence of the initial pH value
pH on the adsorption of BPA.

Adsorption kinetics

The data related to kinetics of BPA adsorption on PPD-MGO are shown in
Fig. 5a. The concentration of BPA decreased significantly in the first 30 min, and
then the decrease trended to slow down until the adsorption equilibrium was
achieved. When the incubation time exceeded 120 min, no increase in the ads-
orbed amount was apparent. Considering the efficiency of the experiments, an
adsorption time for the experiments was selected to be 120 min.

The adsorption of BPA was fitted with the pseudo-first-order and pseudo-
-second-order kinetic equations. The corresponding results are shown in Fig. 5b
and c, respectively. For the pseudo-first-order equation, the constant ki was
calculated as 0.0343 g mg! min~! and the correlation coefficient of fitting the
model was 0.996, while the constant k;q in the pseudo-second-order kinetic
equation was calculated as 0.0055 g mg~! min~! and the correlation coefficient of
fitting the model reached 0.999. The results indicated that the adsorption of BPA
on PPD-MGO fitted better with the pseudo-second-order kinetic equation. It
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could be suggested that the adsorption behavior of BPA onto PPD-MGO was
promoted by a chemical process involving valence forces through sharing or
exchange of electrons between sorbent and sorbate as covalent forces.3 This
means that the sorption of BPA on PPD-MGO might be due to chemical reaction
between the negative charge on PPD-MGO and the positive charge on the BPA

molecules.44
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024 * Fig. 5. a) Adsorption kinetics in aqueous
: : ; : i . solution of BPA with PPD-MGO, b) the
0 30 60 9 120 150 180 pseudo-first-order adsorption rates and c)
Time, min the pseudo-second-order adsorption rates.

Adsorption isotherm

Adsorption isotherm is important for investigating the adsorption behavior of
an adsorbent. The correlation between the experimental equilibrium data and
theoretical model is also essential for the interpretation of the adsorption. In this
study, the isotherm data for the adsorption of BPA on PPD-MGO were fitted
with the Langmuir and Freundlich models. The adsorption isotherms are shown
in Fig. 6 and the parameters of the Langmuir and Freundlich models were listed
in Table I. Apparently, the coefficient of correlation of Freundlich model was
higher than that of Langmuir model. The Freundlich isotherm model can be used
to describe sorption on heterogeneous surfaces and multilayer sorption form-
ation.4> Therefore, compared to the Langmuir model, the adsorption of BPA on
PPD-MGO was more coincident with the Freundlich model.
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TABLE I. Isotherm parameters for the adsorption of BPA on PPD-MGO

t/°C

Model Parameter T 35 25
Langmuir Gm/ mgg! 152.0 155.0 158.0
b 0.0552 0.0542 0.0551
R? 0.703 0.7177 0.7114
Freundlich 1/n 0.8328 0.8627 0.8665
K/mgg! 12.1367 10.5974 9.9038
R? 0.9882 0.9863 0.9896

Reusability of PPD-MGO and removal of BPA

The reusability of an adsorbent is important in practical applications. The
recycling of an adsorbent would reduce the cost of the adsorbent and the impact of
the adsorbent on the environment.46 The results of the reusability test of PPD—
—MGO are shown in Fig. 7. During five cycles of use, a small drop in the ads-
orption capacity of PPD-MGO could be observed. However, the adsorption cap-
acity of PPD-MGO remained at 141.0 mg g—1 (94 % of the initial adsorption
capacity) after five cycles. These results showed that PPD-MGO exhibited satis-
factory reusability in adsorption.

The removal of BPA with successive cycles of PPD-MGO was conducted.
After one cycle adsorption, the absorbent was separated with a magnet and new
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PPD-MGO was added to start the next cycle of adsorption. The removal effi-
ciency was calculated using the following equation:

Removal efficiency, % = 100{1 - C—GJ (5)
o
where c. (mg L1) is the equilibrium concentration of BPA and ¢y (mg L-!) is the
initial concentration of BPA. The removal efficiency of BPA with successive
new PPD-MGO could reach 99.2 % after three cycles (Fig. 8). These results
showed that the prepared adsorbents could effectively remove BPA from the
environment.

140 = == == ==
1204
100
8o
g
. 604
o
40
204
0 T T T T T
i 2 8 4 : Fig. 7. Reusability of PPD-MGO.
Cycles
100+
. 904 I/l’”’%
5 ]
i=1
.g 804
k=)
.
&
60
! 2 3 Fig. 8. Removal of BPA using PPD—
Cycles ~MGO.
CONCLUSIONS

In summary, PPD-MGO was successfully prepared and characterized. The
adsorption kinetics and isotherms were investigated in detail. The adsorption of
BPA followed pseudo-second-order kinetics and the equilibrium data were fitted
well with the Freundlich isotherm model. PPD-MGO also showed good reus-
ability in the adsorption and BPA could be effectively removed by three times
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successive adsorptions. In conclusion, PPD-MGO could be a competitive can-
didate with great potential applications for the removal of BPA from water.
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U3BOJ
ANCOPITIHUJA U YKIIALAILE BUCOEHOJIA A 3 BOOEHHUX PACTBOPA IPUMEHOM
MATHETHOI TPA®EH-OKCUIA MOOUPUKOBAHOT p-¢EHWIEHIUAMHWHOM
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HaHOKOMNO3UTH MarHeTHor rpadeH-okcuna (GYHKIMOHAIU30BAaHOT p-(EeHUIEeHIU-
amuHoM (PPD-MGO) cy npunpemMibeHH U KOpHIIheHHU 3a afcopnuujy M yKiIamame ducde-
HOoMa A W3 BOfeHHMX pacTBopa. HoBM HaHOMaTepHjaau Cy OKapaKTEPUCAaHH TPAHCMHUCHOHOM
enekTpoHckoM Mukpockonujom (TEM), nHdpaupseHoM crekrpockonujom ca dypujeoBom
tpaHcdopmanujom (FT-IR) u marneromeTtpom ca Budpupajyhum ysopkom (VSM). Axcopr-
uuja ducdenona A je ucnuTHBaHa nmpahemeM BpeMeHa azcopmniudje, Temneparype, pH pac-
TBOpA, aiCOPIIIMOHE KUHETUKEe U U30TepMHU. PesynraTu cy nokasanu ga je PPD-MGO HaHo-
marepujan fodap agcopdent ducdenona A u fa je moryha merosa BULIECTPyKa IPUMEHA Kao
amcopbenta. MakCHMaIHM afiCOPIIMOHHA KamanuteT &uo je 155,0 mg ¢! na 45 °C u pH 7.
CreneH yxiawama je 0uo 99,2 % HaKOH TPU IyTa MOHOB/EHE AACOPILHMje ca HOBUM HaHO-
matepujanuma. [locie mer mMiiIyca ancoprudje, afgcopnudoHu Kamanuter PPD-MGO je
octao 94,0 %. Ancopnuyja ducdeHona A npaTuia je KHHETHKY TIceyno apyror peaa 1 Ppojua-
JINXOBY a[COpHUUOHY u3oTepMmy. ExcriepumenTanu pesynratd cy nokasanu ga PPD-MGO
HaHOMAaTepHjaJl UMa JoOpe afCoOPNLUUOHE KapaKTEPUCTUKE 33 YK/Iambambe OPTaHCKUX jeUIEHba
U3 BOIEHUX PacTBOpa.

(ITpumsseno 30. anpuna, pesuaupano 17. centemdpa, mpuxsaheno 10. oxTodpa 2016)
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