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To enhance the ability to remove mercury(i) from aqueous media, an FezO, magnetic nanocomposite
(PPy—GO) composed of polypyrrole (PPy) and graphene oxide (GO) was synthesized in situ and
characterized via scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX),
transmission electron microscopy (TEM), X-ray photoelectron spectrometry (XPS), X-ray diffraction
(XRD), Fourier transform-infrared spectroscopy (FT-IR), zeta potential analysis, vibrating sample
magnetometer (VSM) and the Brunauer—Emmett-Teller (BET) method. The performance of the magnetic
PPy—-GO for adsorbing mercury(i) from water along with the effects of solution pH, adsorbent dosage,
coexisting ions, reaction time and temperature were studied in detail. The adsorption kinetics, isotherms
and thermodynamics were investigated in detail to gain insights into the adsorption process. The results
show that the BET surface area of the magnetic PPy—GO reached 1737.6 m? g~. The Langmuir capacity
of the magnetic PPy—-GO for mercury(i) adsorption was 400.0 mg g~* at 300 K and pH 7 + 0.1.
After adsorption, the magnetic PPy—GO nanocomposite could be efficiently separated from water via
a magnetic field. The adsorption process was endothermic and spontaneous and occurred in accord
with the Langmuir and pseudo-second-order models. The overall adsorption of mercury(i) not only

involved chemisorption, but was also partially governed by intra-particle diffusion. Data from the
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indicated a high removal efficiency of over 99% for mercury(n). Finally, a possible adsorption mechanism

DOI: 10.1035/c7ra01147d was discussed. All data showed that the magnetic PPy—GO material is a promising adsorbent to remove
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1. Introduction

The pollution of heavy metals has become more and more serious
due to the flourishing development of community economy,
industry and agriculture.* Mercury, cadmium, nickel, copper, lead,
zinc and chromium are the most common heavy metals contrib-
uting to serious pollution.>* Among these trace heavy metals,
mercury(n) has drawn much attention because of its adverse
impact on human beings and the natural environment. After
wastewater containing mercury is discharged into natural water,
the accumulation of mercuric compounds in the bodies of humans
and animals occurs, resulting in adverse effects.* In many coun-
tries, mercury is considered as a serious and hazardous pollutant.
The maximum acceptable content of mercury for human beings
recommended by the WHO is 6 ug L™" in drinking water.’

It is very important to separate mercury from aqueous media
before they are released into water bodies. Many methods can
be employed to separate mercury from aqueous media,

Center for Separation and Purification Materials & Technologies, Suzhou University of
Science and Technology, Suzhou 215009, P. R. China. E-mail: yongfuguo@163.com;
Tel: +86-512-68092987

18466 | RSC Adv., 2017, 7, 18466-18479

including physical, chemical and biological methods.® Among
these technologies, adsorption is often used to remove heavy
metals owing to its higher efficiency and wider adaptability.”®

Graphene oxide (GO), a derivative of graphene with an
extremely large BET surface area, contains plentiful oxygen-
containing functional groups with negative charges in its
structure, including hydroxyl, epoxide and carboxyl groups.®*®
These hydrophilic oxygen-containing functional groups make
GO easily dissolve to form homogeneous suspensions under
ultrasonic exfoliation." These advantages also give GO the
potential to separate heavy metal ions from aqueous media.
Yang et al. employed GO to remove Cr(u1) from water." Tan et al.
also reported the removal of Ni(u) and Cd(u) from aqueous
solutions using GO materials.”

Nevertheless, it is difficult to separate GO from aqueous media
after adsorption due to its low specific weight and small particle
size. Magnetic separation provides a promising technique for the
separation of GO materials due to its simplicity,'* high efficiency
and rapid speed compared to filtration and centrifugation.™*>*®

For instance, Wang et al. applied magnetic chitosan/GO to
adsorb Pb(u) and obtained a maximum adsorption capacity of
79 mg g~ ' (BET surface area = 392.5 m>g ', pH = 5);' Cui et al.

This journal is © The Royal Society of Chemistry 2017
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used xanthate-functionalized magnetic GO to remove mercu-
ry(u) and reached a capacity of 118.6 mg g~ (BET surface area =
301 m>g ", pH = 7).*®

However, the adsorption capacity of GO for heavy metals in
water is still not high enough due to its low BET value when it is
used as the basic adsorption material.*

Polypyrrole (PPy), one of the most common conductive poly-
mers, has some unique characteristics such as high conductivity,
good environmental stability, non-toxicity, low cost and ease of
preparing, and PPy has been widely used in batteries, sensors,
supercapacitors and microwave shielding devices.

Researchers have found that positive charges exist in the PPy
polymer due to the presence of nitrogen atoms. Moreover, PPy
polymer can participate in ion exchange with anions in aqueous
solution owing to its high surface energy, making it an ideal
adsorbent material. Based on these properties, researchers have
begun to study the application of PPy polymer to the adsorption
of heavy metal ions in water.”

Shafiabadi et al. employed polypyrrole (PPy)/SBA-15 to
remove mercury(n) and realized an adsorption capacity of
200 mg g~ " (BET surface area = 97.6 m> g, pH = 8).2! Chavez-
Guajardo et al. used a polypyrrole/maghemite magnetic nano-
composite to remove Cr(vi) and obtained a capacity of 208.8 mg
g~ (BET surface area = 30 m” g~ ', pH = 2).2

However, it is easy for PPy polymer to agglomerate in water
due to the existence of IT* in the main chain of the PPy polymer.
In addition, the small BET value and poor dispersion in water of
PPy polymer result in a low adsorption capacity for heavy
metals. At present, the practical uses of adsorption devices in
water treatment usually involve a fixed bed/column/tower and
employ fillers with large density and large size. Thus, it is
difficult to apply PPy polymer and GO in practical engineering
owing to their small sizes and low densities.

Based on the above considerations, the combination of PPy
polymer and GO with the addition of magnetic nanoparticles
should not only enhance the physical and chemical properties
of PPy and GO, but also increase their density and size. At the
same time, this method can also remarkably increase the BET
surface areas of the two nanomaterials and improve their
dispersion in water so as to enhance the adsorption capacity for
heavy metals. This is expected to allow the application of PPy
polymer and GO materials in a fixed bed/column/tower in
practical engineering activities.

Therefore, a magnetic polypyrrole-graphene oxide nano-
composite (PPy-GO) was chemically synthesized with pyrrole
monomer and GO in situ via the doping of magnetic nano-
particles. The as-prepared magnetic PPy-GO nanocomposite
was employed to remove mercury(u) from aqueous solution.
Batch adsorption experiments were carried out to investigate in
detail the performance of the magnetic PPy-GO for the removal
of mercury(u). The study is summarized by the following steps:
(a) produce the magnetic PPy-GO adsorbent with large BET
surface area; (b) investigate influence of solution pH, adsorbent
dosage, equilibrium time, adsorption temperature and coex-
isting ions; (c) investigate the adaptability of several adsorption
models; (d) discuss the probable adsorption mechanism for
mercury(u) onto the magnetic PPy-GO.

This journal is © The Royal Society of Chemistry 2017
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2. Experimental

2.1 Materials and reagents

Pyrrole monomer (Py, 98%), graphite (750-850 mesh), iron sulfate
heptahydrate (FeSO,-7H,0) and hydrogen peroxide (H,0,) were
obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Potassium permanganate (KMnO,), mercury(u) chloride
(HgCl,), sodium nitrate (NaNOj), iron chloride hexahydrate
(FeCl3-6H,0), sulfuric acid (H,SO,), nitric acid (HNO;), hydro-
chloric acid (HCIl), potassium peroxydisulfate (K,S,0g) and
phosphorus pentoxide (P,Os) were provided by Aladdin Chem-
ical. The chemicals used were all of analytical grade.

2.2 Preparation of materials

2.2.1 Preparation of GO. Natural graphite was used as the
raw material to prepare graphite oxide via a modified Hummers'
method.>?* First, natural graphite (2.0 g), H,SO, (15 mL),
K,S,05 (1.0 g) and P,O5 (1.0 g) were mixed and heated to 353 K
to produce dark-blue pre-oxidized graphite. The pre-oxidized
graphite powder was then produced by washing with ultra-
pure water and filtering with 0.45 pm filters until the solution
pH became neutral.

The above product (2.0 g) was put into concentrated H,SO,
(273 K, 50 mL) containing NaNO; (1.0 g) with agitation to
prevent the temperature of the mixture from exceeding 293 K.
The mixture was kept at 6 h at 273 K. Then, KMnO, (6.0 g) was
added gradually and agitated for 12 h at 308 K.

The above reactions were finished by adding ultra-pure water
(280 mL) and H,O, solution (30%, v/v, 5 mL) within 30 min.
Subsequently, a bright yellow mixture appeared. The mixture
was then washed with HCI (10%, v/v). The resulting solution was
centrifuged and washed until the solution pH became neutral.
Finally, the product was desiccated by freeze-drying for further
experiments.

2.2.2 Preparation of PPy-GO. Graphite oxide (0.2 g) was
dispersed in ultra-pure water (200 mL) with ultra-sonication for
1 h. Py monomer (0.5 mL) was then added and agitated for 1 h at
room temperature. Subsequently, PPy-GO solution was
produced by adding FeCl;-6H,0 (3 g) into the above solution
and continuing agitation for 2 h. The as-prepared PPy-GO
solution was washed with ultra-pure water to remove excess
impurities.

2.2.3 Preparation of magnetic PPy-GO. FeSO,-7H,0 (0.667
g) and FeCl;-6H,0 (1.000 g) were dissolved into the PPy-GO
solution (250 mL) prepared above and mechanically agitated in
inert atmosphere at 353 K for 30 min to completely load ferric
and ferrous salts onto the PPy-GO. Ammonia solution (15 mL,
30%, v/v) was dropped after 2 h of reaction at 353 K to form
magnetic nanoparticles, which were subsequently cooled,
filtered and washed to remove residual base. The resulting
magnetic PPy-GO composite was dried and stocked.

2.3 Adsorption experiments

A reserve solution of mercury(u) (1.0 ¢ L™') was obtained by
dissolving HgCl, (0.6767 g) in a mixed solution (500 mL) con-
taining HCI (0.01%, v/v) and HNO; (0.1%, v/v). The test was

RSC Adv., 2017, 7, 18466-18479 | 18467
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operated under various conditions, including different mercu-
ry(u) contents (20-100 mg L™ "), a range of reaction times (¢), pH
values (2-10), adsorbent amounts (0.01-0.09 g L~') and
temperatures (7, 300-320 K).

The equilibrium adsorption capacities (g., mg g ') were

determined by eqn (1):
(CO - Ce)
be="—p— *V 1)
where C, and C, are the original and residual concentrations of
mercury(n) (mg L"), respectively, V (L) is the solution volume,
and W (g) is the adsorbent dosage. For convenience, adsorbent
dosage was expressed as the ratio of solid to liquid (RSL, g L™1).

2.3.1 Experiments of pH effect. The test was operated by
adding magnetic PPy-GO adsorbent (0.005 g) into a conical
flask (250 mL) containing a mercury(u) solution (100 mL, 20 mg
L~ "). The flask was placed in a thermostatic shaker and agitated
at 170 rpm at 300 K for 10 h to achieve equilibrium. The solution
pH was changed between 2 and 10 by adding HCI or NaOH (0.1
M) with the aid of a pH instrument (PB-10, Sartorius, Germany).

2.3.2 Experiment of dosage effect. The dosage effect on the
capacity to adsorb mercury(u) was determined using RSL values
(0.01-0.09 g L™"). The values of C,, pH and solution volume
were 20 mg L', 7 and 100 mL, respectively. The removal effi-
ciency E (%) of mercury() was calculated from the difference
between C, and C..

2.3.3 Experiment of coexisting ions effect. The experiment
was carried out for 10 h in NaNO; solution with Na®
concentration in the range of 0.01-0.20 mol L™" under the
conditions of pH = 7.0 £ 0.1, RSL = 0.05 g L™ ", T = 300 K and
Co=20mg L.

2.3.4 Experiment of adsorption isotherms. The isotherm
data were generated at RSL = 0.05 ¢ L™, T'= 300-320 K, pH =
7.0 £ 0.1 and various C, values (20-100 mg L™ "). The instan-
taneous capacities for mercury(n) (g, mg g~ ') were calculated by

eqn (2):
(G -G)

T v, 2

q: =
where C, (mg g~ ') represents adsorbate content at time ¢ (min).
2.3.5 Experiments of adsorption kinetics. The test was
performed by adding magnetic PPy-GO adsorbent (0.015 g) into
a conical flask (500 mL) containing mercury(u) solution (300
mL, 20 mg L™ "). The flask was placed in a thermostatic shaker
and agitated at 170 rpm at 300 K. At various times ¢ (20-720
min), 3 mL samples were withdrawn and then filtered to
measure mercury(i) concentration.

2.4 Analytical methods

The BET value was determined from the nitrogen adsorption/
desorption plot using a specific surface area analyzer (V-Sorb
2800TP, Gold APP, China). The textural properties and surface
morphologies were characterized by SEM (ZEISS, Germany) and
TEM (JEM-2100, Japan). The elemental analysis was obtained by
EDX.

Analyses of the organic functional groups and lattice struc-
ture were conducted via FT-IR (Nicolet 6700, Thermo-Nicolet,

18468 | RSC Adv., 2017, 7, 18466-18479

View Article Online

Paper

USA) and XRD (D8 Advance, Bruker, Germany). The range of
diffraction angles (26) was 5° to 80°.

An electrophoresis analyzer (ZetaPALS, Brookhaven, USA)
was employed to determine the zeta potential values of the
absorbents under different pH values. An XPS meter (250Xi,
Thermo-VG Scientific, USA) was applied to analyze the element
valence state. The magnetic property was confirmed by a VSM
meter (Lakeshore 7404, USA) with a 10 kOe magnetic field at 298
K. The contents of mercury(u) ions were analyzed by cold atomic
absorption adsorption spectrophotometry (F732-V], Jiangfeng,
China).

3. Results and discussion
3.1 Characterization

3.1.1 Surface morphology. The SEM images shown in
Fig. 1(a) and (b) show that the magnetic PPy-GO had a cauli-
flower-like and granular morphology, implying the successful
polymerization of Py monomer on the surface of GO.>® The TEM
image of magnetic PPy-GO [Fig. 1(c)] shows a folded lamellar
structure. This structure is attributed to the unique attributes of
GO, which may provide a large BET value and more adsorption
sites. EDX elemental analysis [Fig. 1(d)] confirmed the presence
of C, O, Fe and N elements. All of these results suggested that
the Fe;O0, and PPy materials successfully combined with the GO
nanocomposite to form the magnetic PPy-GO nanocomposite.
The TEM and SEM images show that the Fe;O, nanoparticles
and PPy polymer were all loaded on the surface of GO, taking
full advantage of the large specific surface area of GO.

The combination of PPy, GO and Fe;O, nanoparticles is
conducive to improving the drawbacks of PPy and GO
mentioned above by increasing the density, size and BET values
of the composite nanomaterials and improving their dispersion
in water so as to enhance the adsorption capacity for heavy
metals.

3.1.2 Textural characterization. The textural characteristics
of the materials are displayed in Fig. 2. From Fig. 2(a), it can
draw a conclusion that the isotherm of the magnetic PPy-GO
exhibited an obvious H4 hysteresis loop, which shows that the
magnetic PPy-GO was a typical mesoporous material with pore
size between 2 and 50 nm [Fig. 2(b)]. All of the morphologies
agreed with the SEM and TEM images. The BET value of GO was
515.8 m® g~ ". After combining GO with PPy, the BET value of the
magnetic PPy-GO increased remarkably by 236.8% and reached
1737.6 m> g~ . The increased BET value was conducive to the
performance of magnetic PPy-GO for removing mercury(m).

The pore size distribution of magnetic PPy-GO is shown in
Fig. 2(b). The average pore diameter and pore volume were
4.2 nm and 0.89 cm® g™, respectively. According to the BET
determination, it can draw a conclusion that the characteristics
of the magnetic PPy-GO will be conducive to adsorbing
mercury(i).

3.1.3 XRD. The XRD image in Fig. 3 shows that GO typical
diffraction peaks appeared at 11.2° and 42.6°.%° In the diffrac-
tion pattern of the magnetic PPy-GO, five peaks were observed
at 30.3°, 35.7°, 43.3°, 57.0° and 62.9°; these are the

This journal is © The Royal Society of Chemistry 2017
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0 Si 0.1 0.1
Cl 0.1 0.1
Fe 32.0 10.1
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Fig.1 SEM (a) and (b), TEM (c), and EDX (d) images of magnetic PPy—-GO.
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Fig. 2 N, adsorption/desorption plots (a) and pore size distribution (b).

characteristic diffraction peaks of iron oxides in magnetic PPy~
GO* and belong to the crystal planes of Fe;O, (JCPDS no. 085-
1436).

Moreover, no peaks of Ppy were observed; these peaks may
have been completely covered by the strong diffraction peaks of
Fe;0, due to the effects of the magnetic nanoparticles in the
magnetic PPy-GO.°

3.1.4 Surface functional groups. FT-IR spectra (shown in
Fig. 4) were employed to determine the functional groups of the
prepared materials. The peaks at 3132.8 and 3418.9 cm ™' resul-
ted from the vibration of hydroxyl."” The vibrations at 1713.5 and
1633.2 cm ™~ are attributed to carbonyl and carboxyl groups (C=

This journal is © The Royal Society of Chemistry 2017

Diameter (nm)

0)."” The strong peaks appearing at 1600.1 and 1540.3 cm ™" were
related to the C=C bonds in the GO and Py rings, respectively,
further confirming the presence of polypyrrole.*®

The obvious peak at 1460.1 cm™ ' could be attributed to the
C-H stretching vibration in the structure of the pyrrole ring.*®
The peaks at near 1380 cm " correspond to the vibrations of
C-O in the carboxyl groups.” The two peaks at around 1373
em ! correspond to C-N bond stretching vibrations in the
structure of the pyrrole ring.>®**® The presence of the peak at
1160.3 cm ™' indicated the presence of C-O-C bonds in the GO
rings.*® A very strong band at 1034.1 cm ™' was assigned to the

RSC Adv., 2017, 7, 18466-18479 | 18469
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Fig. 3 XRD patterns of GO and magnetic PPy-GO.
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Fig. 4 FT-IR spectra of GO (black curve) and magnetic PPy—GO (pink
curve).
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in-plane deformation of the C-H and N-H bonds of the pyrrole
ring‘SO,Sl

The adsorption bands at 900.6 and 767.5 cm ™" were attrib-
uted to the deformation and out-of-plane vibration of C-H or
wagging vibration of pyrrole, respectively.>>*® The peak at 560.9
em™ ! indicated the presence of Fe-O vibration and the
successful combination of Fe;O, nanocomposite with GO,
which is consistent with the XRD data.

3.1.5 XPS. Comparing the wide-scan XPS spectra of PPy-GO
and GO [Fig. 5(a)] indicates that some new Fe 2p and N 1s peaks
appeared in the spectrum of magnetic PPy-GO, verifying that
Fe;0,4 and polypyrrole were successfully combined with GO.

In Fig. 5(b), the peaks at 283.7, 284.7 and 284.5 eV were all
assigned to the C-C or/and C=C bonds in the ring structures of
the magnetic PPy-GO and GO.*” However, there was an obvious
difference among the above three C 1s peaks because of the
presence of sp” hybridized carbon.

The peak at 286.6 eV belonged to epoxy and alkoxy.*** The
peaks at 286.2 and 286.3 eV should correspond to the carbon-
linking hydroxyl groups (C-OH) in GO.'*** The peaks at 287.3
and 287.7 eV should be attributed to carbonyl groups (C=0) in
the structure of GO.** The peak located at 288.5 eV was assigned
to the COOH groups in GO.*>*

The binding energies of Fe 2p,,, and 2p;, were 710.3 and
723.8 eV, respectively [Fig. 5(c)]. As shown in Fig. 5(d), the peak
belonging to O 1s moved from 531.7 eV for GO to 529.3 eV for
magnetic PPy-GO, which can be attributed to the characteristics
of lattice oxygen in the Fe;O, nanoparticles. Moreover, the

01 284.5 GO
@ Cls i Felp ®) 2837 286.6 Cls
Cls
286.2
N Is PPy-GO 284.7 28T s
280 285 - 290 295
Binding Energy (eV)
V\—-—Eg_.__.___ o 287.7 ®
\/\Nﬁ—' Magnetic PPy-GO
200 300 400 500 600 700 800280 285 290 295
Binding Energy (eV) Binding Energy (eV)
Fe2 d) ppy-GO Ols
(©) p (d) ppy -
700 710 720 730 740525 530 535 540 545
Binding Energy (eV) Binding Energy (eV)

Fig. 5 XPS spectra: wide scan (a), C 1s (b), Fe 2p (c), and O 1s (d).
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Fig. 6 Magnetization curve of the magnetic PPy—-GO.

binding energy of N 1s at 399.3 eV (not shown) confirmed the
presence and successful synthesis of PPy polymer.

3.1.6 Magnetization. Fig. 6 shows that the magnetization
curve of the magnetic PPy-GO had an S-like hysteresis loop, and
the value of saturation magnetization was 19.0 emu g~ . Under
the presence of an applied magnetic field, it was easy to separate
the magnetic PPy-GO nanocomposite from an aqueous
medium.

3.1.7 Electrochemical properties. The zeta potentials of the
magnetic PPy-GO under different pH values are shown in Fig. 7
(pink curve). It can be observed that the magnetic PPy-GO
nanocomposite possessed a positive charge at pH = 6 and
a negative charge at pH = 6. The zeta potentials of magnetic
PPy-GO quickly decreased with increasing pH, indicating that
massive negative charges were generated on the surface of
magnetic PPy-GO. This may be due to the dissociation or/and
de-protonation of magnetic PPy-GO at high pH. This change
was favorable for the removal of positively charged mercury(u).
However, the zeta potentials of GO (black curve in Fig. 7) were
all negative in a wide range from pH 3 to 10.

3.2 Adsorption studies

3.2.1 Effect of pH. The pH can significantly affect the
surface charges of adsorbents, ionic states of oxygen-containing
functional groups and ionic species of metals."”**** The influ-
ence of pH was evaluated at pH values of 2 to 10 (Fig. 8). As
shown in Fig. 8, the adsorption performance of the magnetic
PPy-GO strongly depended on solution pH, and the capacity for
mercury(ir) adsorption was enhanced with increasing pH. When
PH was less than 5, the adsorption capacity was weak (below

N W
IOO

PPy-MGO

_.
it

Zeta potential (mV)
S o

-20+ GO
=304 i\'\\/l\;_{»_;

Fig. 7 Zeta potentials of GO and magnetic PPy—-GO.
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Fig. 8 Adsorption capacities of GO and magnetic PPy—GO under
various pH conditions. Conditions: T =300 K, RSL = 0.05g L™ and C,
=20 mg L™* for magnetic PPy—GO; T= 298 K, RSL=0.5g L *and Cq
=100 mg L™ for GO.3?

60 mg g ). As the pH increased from 5 to 7, the adsorption
capacity of the magnetic PPy-GO increased quickly and reached
285.7 mg g~ " at pH 7.0, much higher than the capacity of GO at
pH 6.0 (10.0 mg g~ 1).*

Upon further increasing the solution pH, the adsorption
capacity of the magnetic PPy-GO continued to increase, but the
rate of increase gradually became slow (pH greater than 7).

The existence morphologies of mercury(u) in water can
explain the above phenomenon. The species of mercury present
in water change with solution pH as follows: main Hg”* and
minor HgCl" (pH less than 4.0); main HgCl, and trace Hg(OH),
(pH 4-6); HgCl,, HgOH', Hg(OH);" and minor Hg(OH), (pH of
6-8); and mainly insoluble Hg(OH), (pH greater than §8).>*3*

At low pH, the electrostatic repulsion between magnetic PPy—
GO and Hg”" hindered the removal of mercury(n). With the
increase in pH from 5 to 7, the surface of magnetic PPy-GO
became negatively charged, which was beneficial to the
adsorption of Hg>* and Hg(OH),. The increase in negative
charges on the surface of magnetic PPy-GO was obvious (see the
zeta potential shown in Fig. 7), corresponding to the quick
increase in adsorption capacity.

However, when solution pH was greater than 7, the increase
in the adsorption capacity of the magnetic PPy-GO gradually
became slow, which should be attributed to the deposition of
mercury ions as Hg(OH), (Ky, = 3.13 x 10 >°), resulting in the
removal of mercury(u).* Simultaneously, this might have orig-
inated from the lone electron pairs of the nitrogen atoms that
coordinated with Hg>" to form relatively stable complexes,
promoting the further removal of mercury(u).*® Additionally,
some active sites with negative charges would be produced from
the de-protonation of oxygen-containing functional groups and
PPy polymer at higher pH.* Thus, a pH of 7 was selected as the
subsequent experimental value.

3.2.2 Effect of dosage. The influence of adsorbent dosage on
mercury(n) removal is shown in Fig. 9. Based on the data,
increasing the absorbent dosage promoted the removal efficiency
of mercury(u). The efficiency was increased from 16.0% (RSL =
0.01 g L™ ") to 98.1% (RSL = 0.09 g L"), corresponding to a g, of
319.0 and 218.0 mg g™, respectively. With increasing RSL, the
active sites of the adsorbents also increased, promoting binding
between the magnetic PPy-GO and mercury(u).*
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Fig. 9 Effects of adsorbent dosage on the removal of mercury(n).
Condition: T=300K, Co=20mg L™, pH=7.0+0.1.

3.2.3 Effect of coexisting ions. Coexisting metal ions affect
many aspects of the adsorption process. For example, coexisting
ions can compete for the limited active sites, influence elec-
trostatic interactions and impede the transfer of metal ions
from solution to the adsorbent surface.” To understand the
impact of coexisting metal ions, experiments were carried out
with different concentrations of sodium ions to examine the
adsorption capacity of the magnetic PPy-GO. The results are
displayed in Fig. 10. As the concentration of sodium ions
increased, the adsorption capacity for mercury(u) decreased
slightly, indicating that sodium ions had a weak effect on
mercury(u) adsorption onto the magnetic PPy-GO.

Some literature pointed out that alkali metal ions including
Na' and K' can compete with mercury(n) for the limited active
sites due to the electrostatic effect.** The experimental results
showed that increasing the ionic concentration could increase
competitive adsorption between Na" cations and mercury(m). It
is clear that electrostatic effects play a significant role during
the adsorption of mercury(u).

3.2.4 Effect of reaction time. The experimental results
regarding the effect of reaction time are displayed in Fig. 11.
Based on Fig. 11, the adsorption capacity of the magnetic PPy-
GO increased rapidly but evenly over a long time period (0-120
min) with increasing contact time. Subsequently, the rate of
increasing adsorption gradually decreased and reached an
equilibrium state after approximately 600 min. Correspond-
ingly, the maximum g xp, of the magnetic PPy-GO was 285.7 mg
g ' in the equilibrium state. However, the adsorption capacity
of GO only increased slightly with time, and the maximum ge exp

132

of GO was only 13.0 mg g~ .

360
340+
3204
300
280+
260
240

Adsorption capacity (mg/g)

005 010 015 020

Concentration of NaNO, (mol/L)

220
0.00

Fig. 10 Effect of ionic strength on the removal of mercury(n).
Condition: T=300K, Co=20mg L% RSL=0.05gL L pH=70=
0.1.
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The above results are attributed to the many active metal-
binding sites on the surface of the magnetic PPy-GO at the
beginning of the experiment. After a period of time, it became
difficult for mercury(u) to occupy the remaining active sites
because fewer adsorption sites were available, and the repulsive
forces between the mercury(u) on the surface of the magnetic
PPy-GO and mercury(n) in the solution phase. Additionally, the
concentration gradients of mercury(u) between the solid surface
and liquid-phase surface gradually decreased, resulting in
a decelerating adsorption rate.

3.3 Adsorption kinetics

Adsorption kinetics can not only give a clear relationship
between the adsorption amount of mercury(u) and contact time,
but also provide some necessary information about the
adsorption mechanism.*” To study the kinetic process of the
adsorption for mercury(u), pseudo-first-order [eqn (3)] and
pseudo-second-order kinetic models [eqn (4)] were used to
investigate and fit the experimental results:

In(¢e — ¢) = In g — kyt (3)

and

i = ; + i (4)
4 4’k qe
where k&; (min~") and k, (mg mg ™' min~") are rate constants.
Normally, the intra-particle model [eqn (5)] is employed to
study the diffusion occurring in the inter-crystalline spaces of
the adsorbent, particularly for GO-based materials:

g0 = k> + C; (5)

where kgq; (mg g min"®°) and C; (mg g~ ') are the diffusion
coefficient and boundary-layer thickness at stage i, respectively.
In comparison, the Elovich equation is hardly influenced by
subjective factors and can be determined via eqn (6):
1
6
where « (mmol ¢~* min~') and 8 (g mmol ') are the adsorption
and desorption constants, respectively.

q = % In(aB) + = In ¢, (6)
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Table 1 Parameters of the kinetic models
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Pseudo-first-order

Pseudo-second-order

Geexp (Mg g™") Gecar (Mg &™) ky (min~") Ry Gecat (Mg g™ k, (mg mg ™" min™") R’
285.7 349.7 0.0062 0.974 321.7 0.189 0.998
Intra-particle diffusion

ki (mgg ' min™™)  Cy(mgg ") R’ ki (mgg' min~™)  C,(mgg ") R’ kas (mgg™' min™%)  C;(mgg ) RS’
15.17 —18.93 0.996 8.76 76.16 0.994 2.68 215.11 0.999
Elovich model

a; (mmol g ' min™") B (g mmol ) R a, (mmol g~ ' min™") B> (g mmol ) Ry’
1026.49 0.013 0.987 148.25 0.028 0.999

The above four models can produce different lines, indicating
a composite adsorption process that includes film diffusion,
exterior surface diffusion and intra-particle diffusion.** Based on
the literature, the plot of ¢ vs. g, will be linear if the process of
intra-particle mass-transfer is involved.*

According to the fitted kinetic results shown in Table 1,
the linear regression coefficient R,> (0.998) of the pseudo-
second-order kinetic model was higher than the coefficient
(R,> = 0.974) of the pseudo-first-order kinetic model
[Fig. 12(a) and (b)]. The ¢ge ca value of the pseudo-second-
order equation was more relevant to the experimental value
e,exp- Hence, the removal process of mercury() ions

conformed to pseudo-second-order model and involved
some chemisorption.

The plots in Fig. 12(c) show three linear stages, indicating an
adsorption process controlled by three stages. The values of Ky;,
C; and R in three stages are tabularized in Table 1.

The initial stage from 4.47°° to 15.49%° exhibited a sharp
gradient attributed to exterior surface diffusion or film diffu-
sion, corresponding to an instantaneous adsorption process
(K41 = 15.17) and indicating that a large amount of mercury(i)
was quickly adsorbed via the external plane of the adsorbent.
The second stage from 15.49%° to 24.49%° was attributed to
intra-particle diffusion. The third stage (plateau stage) from

& ;
54 S
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Fig. 12 Pseudo-first-order kinetic model (a), pseudo-second-order kinetic model (b), intra-particle diffusion kinetics (c) and Elovich model (d)

for the adsorption of mercury(i) onto the magnetic PPy—GO.
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24.49%> to 27.93%° belonged to equilibrium adsorption and
represented a gradual saturation adsorption process.

The values of Ky, that represent the diffusion rates at different
points during the adsorption process are tabulated in Table 1.
Adsorption rate decreased in the following order: Kq; > K4 > Kq3.
This is explained as follows. As adsorption on the external surface
reached saturation, the rate of mercury(u) penetrating into the
inter-crystalline regions of magnetic PPy-GO was gradually
decreased and finally reached an equilibrium stage (Kq3 = 2.68).

Moreover, C; (shown in Table 1) was not equal to zero,
indicating that the adsorption of mercury(n) involved some
chemisorption and was partially controlled by intra-particle
diffusion.*®**

Fig. 12(d) shows a linearized plot based on the Elovich
model. The intercept and slope of the plot are normally
employed to determine the initial adsorption rate o and
constant 3. From Fig. 12(d) it can be seen that «; was greater
than @; at each fitting segment. In addition, the desorption
coefficient 8, (0.028) was higher than $; (0.013), indicating
a gradually decelerating adsorption process trending towards
an equilibrium stage; these findings were consistent with the
fitting results from intra-particle diffusion.

The above results reveal that the general adsorption process
of mercury(1) onto magnetic PPy-GO was controlled by chem-
ical adsorption.

800 100
—a— Magnetic PPy-GO
% 700{ —*— GO 180
g
8 600+ L 60 5/
£ g
500+
~ o
s 40 &
> 400
J_;__-’—i—"""‘*‘_w
300 7 T T T T
295 300 305 310 315 320 325
T (K)

Fig. 13 Adsorption isotherms of mercury(i) onto the magnetic PPy—
GO nanocomposite. Conditions: pH =7+ 0.1, RSL=0.05gL " and Cq
=100 mg L™ for the magnetic PPy—GO; pH = 6, RSL = 0.5 g Lt and
Co = 100 mg L for the GO 22
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3.4 Adsorption isotherms

Adsorption isotherms are key to optimizing the application of
adsorbents as they can be used to assess the performance of the
adsorbent as well as to describe the interactions between
adsorbates and adsorbents.® For the sake of assessing the effect
of temperature on the adsorption process, adsorption isotherms
were constructed at various temperatures from 300 to 320 K.

The temperature effect (Fig. 13) reveals that the adsorption
capacity of magnetic PPy-GO was enhanced as temperature
increased, indicating a preferable adsorption performance at
higher temperatures. In comparison, the adsorption capacity of GO
was only slightly enhanced as the temperature increased from 298
to 323 K. This results is explained as follows. As the temperature
increased, the interaction between the solvent and adsorbent
surface decreased, leading to more available adsorption sites.

The Langmuir and Freundlich equations are often employed
for analyzing thermodynamic parameters. The Langmuir model
considers homogeneous, monolayer adsorption with no inter-
reaction between the adsorbed molecules and is given in
linear form by eqn (7):

C. G 1

qe B E QmKL’

where Q. (mg g ') represents the maximum adsorption
capacity, and K (L mg™ ') is a constant connected to enthalpy.
The Freundlich model given by eqn (8) is normally employed to
explain multilayer heterogeneous adsorption:

(7)

(8)

where 1/n is an empirical value that is connected with adsorp-
tion intensity and varies with the heterogeneity of the adsorp-
tion material, and K¢ is a constant connected with adsorption
capacity. The separation factor (R;) used to describe adsorption
characteristics can be calculated with K using eqn (9):*

1
T 14+ K.Gy

1
Ing. =In Kc + - In C,,
n

R, )

The parameters of the adsorption isotherms (Fig. 14) for the
adsorption of mercury(n) onto the magnetic PPy-GO at various
temperatures are listed in Table 2.

0.25 7.0
(a) = 300K (b) = 300K
020, o 310K o 310K
* 320K 6.5-M
2 0.151
an [ ]
= . 6.0
= 0.10- 5 .
S =
0.05- 5.5
0.00 A . . :
0 20 40 60 go 50 - i ; -
0 1 2 3 4 5
C, (mg/L) InC,

Fig. 14 Adsorption isotherms for the adsorption of mercury(i) onto magnetic PPy—GO: Langmuir (a) and Freundlich (b) models. Conditions: pH

=7+01RSL=0.05gL% Co=20-100 mg L%
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Table 2 Parameters of the isotherm models

Langmuir Freundlich
Experimental conditions Om (mgg™) K (Lmg ™) Ry Ry, 1/n Ko (mg' "L g™) Ry’
T =300 K 400.0 0.52 0.999 0.019 0.109 243.0 0.841
T=310K 526.3 0.86 0.999 0.011 0.096 340.7 0.924
T=320K 769.2 1.08 0.999 0.009 0.088 518.7 0.852

In comparison with Freundlich model, the Langmuir model
was more consistent with the adsorption of mercury(u) based on
correlation coefficient R?, indicating monolayer adsorption. The
maximum adsorption capacities of mercury(u) were 400.0 mg
g~ (T = 300 K) and 769.2 mg g~ ! (T = 320 K).

According to the data obtained from Fig. 14, the values of
Ry, were determined to be 0.019 (T = 300 K), 0.011 (T = 310 K)
and 0.009 (T = 320 K). Normally, the separation factor Ry,
represents favorable adsorption (0 < Ry, < 1), linear adsorption
(R, = 1), irreversible adsorption (R, = 0) or unfavorable
adsorption (R, > 1)."*¢ The obtained values of R; were less than
one, indicating favorable adsorption of mercury(u) onto the
magnetic PPy-GO.

Smaller values of 1/n indicate a higher adsorption intensity
and the involvement of a chemical process during the adsorp-
tion of mercury(u), in agreement with the larger K¢ values ob-
tained using the Langmuir model.

Based on the data of iy, k,, K;, and K from Kkinetics and
isotherm models, respectively, it can be concluded that it is easy
for mercury(u) to adsorb onto the magnetic PPy-GO, and that
the magnetic PPy-GO material has a higher adsorption rate and
capacity. According to the above results and the adsorption data
shown in Table 3, the adsorption capability of magnetic PPy-GO
for mercury(u) surpasses the performances of many other
adsorbents, indicating that the magnetic PPy-GO material is
a promising adsorbent.

3.5 Adsorption thermodynamics

The thermodynamic performance of the magnetic PPy-GO
material for mercury(u) adsorption was examined and evaluated
via Gibbs free energy (AG°), standard entropy [AS® (J mol™*
K™ ")] and standard enthalpy [AH® (k] mol™")] using eqn (10):

AS®  AH®
InKy=——

R RT’

(10)

where R is the universal gas constant, K4 is a thermodynamic
equilibrium constant without units. AS® can be determined
from the Langmuir equilibrium constant K;.**

The value of AG® can be determined by eqn (11):

AG® = —RTIn Ky, (11)
where AG® is the standard free energy (k] mol ).

The values of AG®, AS® and AH° are shown in Fig. 15, and the
corresponding data are listed in Table 4. Fig. 15 shows that the
adsorption for mercury(n) had an endothermic nature and
involved certain chemical reactions because of the large positive
AH°** The adsorption of mercury(n) was influenced by
temperature and had randomness on the solid-liquid surface
based on positive AS°.®!

The negative AG® suggested a feasible and spontaneous
adsorption process.**®* In addition, the decreasing AG® with
increasing temperature revealed that mercury(n) adsorption

Table 3 Comparison of adsorption capacities of various absorbents for mercury(i)

Adsorbents BET (m* g™ ) Qm (mgg™) Ref.
Magnetic PPy-GO 1737.6 400.0 (pH = 7) This work
GO 9.2 32.7 (pH = 6) 32
Magnetic GO (MGO) 58.6 71.3 (pH = 6) 32
3D reduced graphene oxide aerogel 185 (pH = 6) 47
Glutamine-modified chitosan magnetic composite 199.2 (pH = 5) 48
microspheres

Poly-dithiocrabamate series Less than 12 22.1 (pH = 5) 49
Coal-based activated carbon 900 48.9 (pH = 4) 50
Chitosan-coated magnetic nanoparticles 10 (pH = 3) 51
MnO,/CNT nanocomposites 110.4 58.8 (pH = 6) 52
Multi-walled carbon nanotubes 13.2 (pH = 8) 53
Multi-walled carbon nanotubes 270 25.6 (pH = 7) 54
Dithizone-immobilized zeolite 2.6 (pH = 7) 39
Bamboo leaf powder 27.1 (pH = 8) 55
Synthetic terpolymer 53.5 (pH = 4.5) 56
Chitosan 56 (pH = 5) 57
Magnetic porous microspheres 86.4 28.3 (pH = 7.4) 58
Biochar 4.5 8 (pH =7.7) 59
Natural pyrite 20.1 80.2 (pH = 8) 60

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 Thermodynamic fits for mercury(i) removal onto magnetic
PPy-GO.

Table 4 Thermodynamic parameters of mercury(i) adsorption onto
magnetic PPy—-GO

AG° (k] mol™)

AH® AS°
Co(mgL™ (Kmol™) (mol™"K') 300K 310K 320K
20.0 50.7 246.6 —22.9 267 —27.7
40.0 63.8 279.1 -20.2 —22.3 —25.8
60.0 47.1 218.9 -18.8 —20.4 —23.2
80.0 39.2 189.5 -17.7 —194 215
100.0 34.7 172.4 -17.1  —185 —20.5

onto magnetic PPy-GO was more advantageous at higher
temperature, which was consistent with the data shown in
Fig. 13. The small AG® (less than —40 k] mol %) indicated that
the interaction between adsorbed mercury(n) and the magnetic
PPy-GO material involved a strong chemical reaction.*®

3.6 Stability of magnetic PPy-GO

To evaluate the stability of the adsorbent, magnetic PPy-GO
was separated after reaction, rinsed three times with 0.5 L
ethanol solution (10 vol% HCI acid) and 1 L ultra-pure water,
and then dried at 378 K. Adsorbent stability was evaluated at
two different reaction conditions (pH = 4.0 and pH = 7.0)
based on the regeneration performance. Based on the test data
(not shown), the decreases in the adsorption capacities of the
magnetic PPy-GO at pH 4.0 and 7.0 were about 15.8% and
13.7% after three cycles and 20.8% and 22.7% after five cycles,
respectively.

The results indicated that the pH of the solution containing
mercury(u) affected the adsorption capacity of the as-prepared
adsorbent. This result might be related to the speciation mer-
cury(n) and the charge of the adsorbent at different pH values.
The isoelectric point of Fe;0, is pH = 6.5; thus, Fe;0, possesses
a positive charge at pH = 6.5 and a negative charge at pH = 6.5,
similar to the magnetic PPy-GO.

To further investigate the stability of the as-prepared
adsorbent, XRD was employed to characterize the magnetic
PPy-GO after reaction at pH 4.0 and 7.0. Based on the XRD
patterns shown in Fig. 16, there is little difference in peak
position before and after use at pH 4.0 and 7.0. These results
suggest that the as-prepared magnetic PPy-GO is relatively
stable.
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Fig. 16 XRD patterns of the magnetic PPy—GO after use.

3.7 Removal of mercury(u) from real electroplating effluent

Electroplating wastewater is a serious pollutant of the envi-
ronment and water bodies and contains many types of
poisonous and harmful substances, including massive heavy
metals in addition to organics. Some heavy metal ions in elec-
troplating wastewater, particularly mercury, chromium, nickel
and lead, cause serious harm to the human body and organ-
isms. Conventional methods including chemical precipitation
and biological treatment cannot completely remove all these
heavy metal ions to meet the Chinese national standard of
“Emission Standard of Pollutants for Electroplating” (GB 21900-
2008). Therefore, adsorption may represent a more suitable
method for the treatment of electroplating wastewater.

To investigate the potential for applying the as-prepared
magnetic PPy-GO adsorbent in real wastewater treatment, real
electroplating wastewater (after pre-treatment) was used as
a raw wastewater sample to be treated. The wastewater was
obtained from the effluent of a local company, Suzhou Third
Electroplating Co., Ltd. The concentrations of mercury(u),
chromium(vi), nickel(u), lead(n) and iron(i) were 0.05-0.1, 0.8-
1.5, 0.8-2.2, 0.3-0.6 and 2.5-5.0 mg L™, respectively. The COD,,
value of the wastewater was about 50-70 mg L~". The experi-
ment was carried out three times to obtain an average efficiency
under the conditions of RSL = 0.05 g L™ " and pH = 7 + 0.2.

The results show that the removal efficiency of total mercury
reached over 99%, and the removal efficiencies of other the metal
ions were over 80%. The effluent quality after adsorption basically
met the Chinese national standard with the exception of a slight
excess of chromium(vi). The results show that the as-prepared
magnetic PPy-GO material is indeed a potential adsorbent and
can be used as a base material to adsorb heavy metals.

3.8 Adsorption mechanism

The experimental results indicated that pH had an obvious
effect on the removal of mercury(n). In addition, the zeta
potentials and FT-IR data showed that oxygen-containing
functional groups played a significant role in the removal of
mercury(u). The zeta potentials also indicated that the quantity
of negative charges possessed by magnetic PPy-GO increased
significantly with increasing solution pH, which was beneficial
to the adsorption of positively charged mercury(u) via electro-
static attraction.

This journal is © The Royal Society of Chemistry 2017
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R-O + HgOH* — R-O---HgOH

showed that the magnetic PPy-GO had a high adsorption (electrostatic attraction, major), (17)
capacity for mercury(n). The main possible mechanism included
the formation of ionic pairs, hydrogen bonding between oxygen- R-COO~ + HgOH" — R-COO---HgOH
containing functional groups and various mercury species (Hg”", (electrostatic attraction, major), (18)
HgOH', Hg(OH);', HgCl', HOHgO ™~ and “OHgO~), ion exchange, - .
and electrostatic attraction. Moreover, these above morphologies R-O" + Hg(OH); — R70~~Hg(.OH)3 ‘ .
of mercury had a more favorable size and higher mobility than (electrostatic attraction, major), ~ (19)
Hg”", resulting in a higher adsorption capability for mercury(u). _ +
The possible interactions between the magnetic PPy-GO and R-COO™ + Hg(OH); — R—COO-:-Hg(OH?_; .
. . (electrostatic attraction, major), (20)
various mercury(n) species are formulated as follows:
— +
R.OH — R-O— + H* R-COO™ + HgCl l—> R—CQO ng . Y
(dissociation and de-protonation, major), (12) (electrostatic attraction, major),  (21)
— +
R_COOH — R-COO~ + H* R-O" + HgCl" — R’IO HeCl ‘ , »
(dissociation and de-protonation, major),  (13) (electrostatic attraction, major),  (22)
2R-O" + Hg® — R-O-Hg-O-R RO-H+HOHgO —~ R’Oh’lj”'o’ligf?lH . )
(ionic-pair formation, more major),  (14) (hydrogen bond, minor), (23)
2R-COO™~ + Hg®* — R-COO-Hg-OOC-R ZR;{OZ)H; OéHfI‘O(; _’H O R (hedrosen bond. mi
(ionic-pair formation, more major),  (15) ~O-H---O-Hg-O---H-O-R (hydrogen bond, minor), (24)
R-O" +R-COO™ + Hg** — R-O-Hg-OOC-R R-COOH + HO-Heg O~ — i_goo_li"’(;_H’?’_OH q
(ionic-pair formation, more major),  (16) (hydrogen bond, minor) an (25)
2R-COOH + O -Hg-O~ — R-COO-H:--
O-Hg-0O---H-OOC-R (hydrogen bond, minor), (26)
= =
Now 2 N“+w ) . (27)
= == (Dissociation and de-protonation, major),
= _ = = RS
- N"+ Hg> + | J— N—Hg—-NC] (28)
== = = (major) and
H
Dt 9 -3}
N=H— | @ + HOHgO" —» | @ N OHgOH
- S I\\H g [:/I g (29)
H
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where R represents the magnetic PPy-GO.

In addition to the above equations, the PPy polymer can also
react with various mercury species via electrostatic attraction
after dissociation or/and de-protonation as follows:

The above reactions suggest that a large number of OH™
radicals can react with H' resulting from -OH, -COOH or Py
polymer under high solution pH, promoting the reaction.
Moreover, high solution pH is favorable for the adsorption of
cationic mercury(u) with positive charge.

The fitting of kinetics and thermodynamics suggested that
mercury(u) removal was favorable, occurred in three stages (an
initial stage of exterior surface diffusion or film diffusion, intra-
particle diffusion and a plateau stage of equilibrium adsorp-
tion), and involved some chemisorption.

In addition, thermodynamic study also showed that the
adsorption processes for mercury(u) was endothermic and
spontaneous, and there were strong chemical interactions
between the adsorbed mercury(n) and the magnetic PPy-GO
material.

4. Conclusions

In this work, a Fe;O, magnetic nanomaterial (PPy-GO) was
synthetized and characterized for the removal of mercury(i)
ions. XRD, EDX, XPS and the measurement of magnetization
properties demonstrated that the Fe;0, and PPy nanoparticles
were successfully combined with GO.

Solution pH had a strong influence on the adsorption of
mercury(n). When solution pH and RSL were 7 and 0.05 g L™,
respectively, the Langmuir adsorption capacity of the magnetic
PPy-GO reached 400.0 mg g~ '. The content of Na* had a weak
influence on mercury(u) adsorption. The pseudo-second-order
and Langmuir models provided the best fits to the data. The
overall adsorption process of mercury(u) onto magnetic PPy-GO
involved chemisorption as well as intra-particle diffusion. The
thermodynamics indicated that the adsorption of mercury(u)
was endothermic and spontaneous.

The application of PPy-GO to the adsorption of heavy metals
from real electroplating wastewater indicated that the magnetic
PPy-GO material has a high adsorption efficiency. After the
adsorption of mercury(u), the magnetic PPy-GO material could
be easily separated from aqueous media. These results indi-
cated that the magnetic PPy-GO material is a promising
adsorbent for the removal of mercury(n) from aqueous media.
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