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Abstract

A novel modified graphene oxide nanocomposite was fabricated via a facial procedure, aiming to removal of the aroma-
tic pollutants from aqueous solution. The graphene oxide (GO) was functionalized with 9-aminoanthracene and produ-
ced graphene oxide-9-aminoanthracene (GO-9-AA). FTIR, XRD, TGA, TEM and Raman spectroscopy techniques we-
re used for characterization of the adsorbents. Adsorption of naphthalene (NAP), acenaphthylene (ACN), and phenant-
hrene (PHN) as a model of polycyclic aromatic hydrocarbons (PAHs) was investigated by GO-9-AA. The adsorbent
showed excellent removal efficiency towards PAHs from aqueous solution. Equilibrium data of the adsorption process
were successfully fitted with Freundlich model from single solute system, and the maximum adsorption capacities fol-
lowed the order of NAP > ACN >PHN. The kinetic analysis revealed that the overall adsorption process was fast and
successfully fitted with the pseudo-second-order kinetic model. The anthracene ring makes GO-9-AA m-electron rich,
thus facilitating m—m EDA interaction between NAP, ACN and PHN with GO-9-AA.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a
group of organic compounds that contain two or more fu-
sed rings of carbon and hydrogen. They are persistent en-
vironmental contaminants and usually arise from incom-
plete combustion of hydrocarbons and other organic mate-
rials such as petroleum, coal, gas, garbage, tobacco,
wood, and biomass."”” PAHs enter the environment from
different sources, including combustion fuel gasses, wa-
stewater, and runoff from the petroleum industry. They
were identified in industrial and municipal wastewater,
effluents, rain, surface and drinking water, soils, and
plants.** PAHs can transport long distance in air and wa-
ter due to their chemical persistence and semi-volatile na-

ture and are difficult to biodegrade. Presences of PAHs in
the environment are of great concern because many of
them are toxic, carcinogenic, and they tend to bioaccumu-
late in aquatic organisms. Some PAHs are capable of inte-
racting with DNA to promote mutagenic and carcinogenic
responses. Therefore, they are considered as priority pol-
lutants by both the US Environmental Protection Agency
(EPA) and the European Environmental Agency. So, effi-
cient, low-cost and robust methods to decontaminate wa-
ters from PAHs are vital to protect human and environ-
ment. Numerous studies have focused on the effective eli-
mination of PAHs from aqueous solutions by different
strategies such as photocatalysis, adsorption, electrolysis,
organobentonite, and sonication. Among these approac-
hes, adsorption removal of PAHs has been considered as
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an efficient technique due to its low-cost, high efficiency
and facile operation routes. For the adsorptive removal of
PAHs from aqueous environments, various kinds of adsor-
bents have been extensively investigated. However, the
adsorption capacities of aforementioned materials are not
sufficient. Therefore, it will be beneficial to develop new
adsorbents with higher adsorption capacities for persistent
organic pollutant management in the environment.
Carbon-based nanomaterials have unique m-electro-
nic structure and been used as an excellent sorbents for the
removal of aromatic compounds.'>™"> GO, as a newly
found carbon-based nanomaterial with fascinating two-di-
mensional (2D) atomic structure and only one atomic
thickness, have attracted considerable attention in a broad
range of application in addressing environmental chal-
lenges.'®!8 Due to its large specific surface area (theoreti-
cal limit, 2630 m* g™'), remarkable electronic properties
and high ability of modification, potential environmental
applications of GO as a superior adsorbent has been re-
cognized for removal of organic and inorganic contami-
nants from water and gasses.'”*® GO can be well-disper-
sed in water due to its abundant hydrophilic groups on its
surface such as hydroxyl, carboxylic and epoxide.*!* In
addition, the interaction between GO and pollutants is
closely related to its surface structure which is tunable and
flexible.”*** The surface of GO usually consists of two
parts: unoxidized and oxidized zones. The unoxidized zo-
ne is referring to the lowly oxidized GOs while oxidized
zones consist of both sp” zones and sp? clusters. The oxy-
gen-containing functional groups could be found on the
surface of GO in the oxidized zones. The sp? clusters are

affinitive to non-electrolytic organic compounds by m—n
stacking or other hydrophobic interactions***” whereas
the oxygen-containing functional groups tend to bind
hydrophilic species due to hydrogen bonding, ion exchan-
ge or coordination effects.”®** Due to diverse zones of GO
with different adsorption affinity, the adsorption behavior
of GO mainly depends on its surface structural feature.
Therefore, introduction of a suitable functional group on
GO surface can improve its adsorption capacity for the re-
moval of target pollutants. In the current research GO was
modified and functionalized with 9-aminoanthracene by
formation of the chemical bonds between carboxyl groups
of GO and amine groups of 9-aminoanthracene to produce
GO-9-AA (Scheme 1). The aim of functionalization of
GO with 9-aminoanthracene is to increase the sp? clusters
in GO for enhancing adsorption of non-electrolytic orga-
nic compounds by n—7 stacking or other hydrophobic in-
teractions. The fabricated composite was utilized for the
removal of NAP, ACN and PHN as a model of PAHs and
adoption mechanism of aforementioned PAHs was also
proposed. To the best of our knowledge, this research is
the first example of GO-9-AA fabrication and its applica-
tion for the removal of NAP, ACN and PHN from aque-
ous solution.

2. Experimental
2. 1. Materials

All reagents were the analytical grade and used wit-
hout further purification. Graphite powder (~ 325 mesh si-
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Scheme 1. Schematic illustration of GO-9-AA fabrication
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Table 1. Physicochemical properties of the selected PAHs

Molecular weight

Vapour pressure Water solubility

PAH’ Struct log K
i ructure (g mol™) at 25 °C Pa L™ 8 Bow

Naphthalene 128 10.4 31~ 3.37
CoHg

Acenaphthylene PN 152 0.9 393 4.00
C,Hg = | #

Phenanthrene O 178 0.02 1.2 4.57
Cuthy e

ze, 99.9995%) was obtained from Alpha Aesar Company
(Karlsruhe, Germany). Sulfuric acid (H,SO,), potassium
persulfate (K,S,0,), phosphorus pentoxide (P,0O,), potas-
sium permanganate (KMnO,), hydrogen peroxide (H,0,),
hydrochloric acid HCI, hydrazine hydrate (H,N,O), nitric
acid (HNO,), glacial acetic acid, sodium hydroxide (Na-
OH) and SnCl, were purchased from Merck Chemical
Company (Darmstadt, Germany). NAP, ACN, PHN and
anthracene were purchased from Sigma-Aldrich Chemi-
cal Company (Dorset, UK). All aqueous solutions were
prepared with ultrapure water (16 MQ.cm) from the Mil-
li-Q water purification system (Millipore, Bedford, MA,
USA). The physicochemical properties of PAHs are
shown in Table 1.

2. 1. 1. Fabrication of GO

GO was synthesized using modified Hummer’s met-
hod. Graphite flakes were oxidized using a combination of
powerful reagents, i.e., sulfuric acid (H,SO,), potassium
persulfate (K,S,0,) and phosphorus pentoxide (P,O).
Briefly, 3.0 g of graphite flakes were suspended in 10 mL
of H,SO,. Oxidizing agents K,S,0, and P,O, were gra-
dually added to the graphite and sulfuric acid mixture and
stirred at 90 °C until the flakes were dissolved. The stirring
continued for 4 more hours at 80 °C, and the solution was
then diluted with 500 ml Milli-Q Millipore water. After di-
lution, the solution was stirred overnight, and then filtered,
washed with deionized water and thereafter dried to get the
powdered form of GO. Pre-oxidized GO powder was then
subjected to further oxidation with 125 mL of H,SO, and
15 g of potassium permanganate (KMnO,) in an ice bath.
After 2 more hours stirring, 130 mL of Milli-Q Millipore
water was added to the mixture, and this caused the tempe-
rature to rise to 95 °C. After 15 minutes, 15 mL hydrogen
peroxide (30%, v/v) was added to reduce manganese to
manganese sulfate (Mn — MnSO,). Finally, the solution
was diluted with 400 mL of Milli-Q Millipore water and
yellowish suspension was stirred overnight. GO was filte-
red and washed thoroughly with HCI and water till the rin-
sed water pH was found to be approximately 7.

2. 1. 2. Preparation of 9-nitroanthracene (3)

9-nitroanthracene (3, Scheme 2) was prepared ac-
cording to a previous report. Briefly, concentrated nitric
acid (4 mL) was added dropwise to a suspension of ant-
hracene (1) (10.0 g, 56.0 mmol) in glacial acetic acid (40
mL) maintaining the temperature below 30 °C. The reac-
tion mixture was stirred vigorously for 1 h to form a
clear solution. Then a mixture of concentrated HCI (50
mL) and glacial acetic acid (50 mL) was added slowly
resulting in a pale yellow precipitate of 9-nitro-10-chlo-
ro-9,10-dihydroanthracene (2). The solution was filte-
red, and washed with glacial acetic acid (3 x 25 mL) and
thoroughly with water until the washings were neutral.
The resulting yellow solid was treated with a warm solu-
tion (60-70 °C) of 10% NaOH (200 mL), filtered, was-
hed with warm water until the washings were neutral. Fi-
nally, the solid was air-dried and recrystallized from gla-
cial acetic acid affording fluffy yellow needles (8.31 g,
67% yield), mp 148-150 °C (lit. 145-146 °C). R;=0.30
(n-hexane/EtOAc 9:1). 'H NMR (300 MHz, CDCl,) 6=
8.57 (1H, s), 8.03 (2H, d, J =7.6 Hz), 7.92 (2H, d, J =
7.6 Hz), 7.68-7.52 (4H, m).

2. 1. 3. Preparation of 9-aminoanthracene (4)

9-aminoanthracene (4, Scheme 2) was prepared ac-
cording to the procedure reported by Janovec et al.,.
Briefly, a suspension of 9-nitroanthracene (3) (7.24 g,
32.5 mmol) in glacial acetic acid (145 mL) was heated in
70-80 °C for 1.5 h. To the resulting clear solution was ad-
ded a slurry of SnCl, (31.0 g, 163.2 mmol) in concentra-
ted HC1 (110 mL) via a dropping funnel. The resulting
yellow precipitate was stirred at 80 °C for a further 30
min, cooled to room temperature, filtered, washed with
concentrated HCI (3 x 10 mL), treated with a solution of
5% NaOH for approximately 15 min with manual stirring
from time to time. Finally, product was collected by filtra-
tion, washed thoroughly with water until the washings
were neutral and vacuum-dried at 50 °C for 6 h to afford a
yellow powder (5.18 g, 83% yield). No further purifica-
tion was required, M.p 161-166 °C (lit. 153-154 °C). R, =
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Scheme 2. Schematic illustration of 9-aminoanthracene synthesis. Reagents and conditions: (i) concd. HNO,/HCI, <30 °C; (ii) NaOH (10%),

60-70 °C; (iii) SnCl,/concd. HCl, glacial HOAc, 70-80 °C.

0.39 (n-hexane/EtOAc 3:1). 'H NMR (300 MHz, CDCl,):
8 =7.98-7.94 (m, 4H), 7.88 (s, 1H), 7.47-7.39 (m, 4H),
4.82 (s, 2H, NH,).

2. 1. 4. Preparation of GO-9-AA

The GO suspension (1 mg/mL) was sonicated in the
bath under 100W power for 1 h. The resulting suspension
was taken for further carboxylation and amidation. In car-
boxylation of GO, 1.5 g NaOH and 1.5 g sodium chloroace-
tate were added into 300 mL GO suspension and sonicated
in the bath for 1 h to convert hydroxyl and epoxide groups to
carboxyl groups. The resulting mixture was neutralized with
diluted HCI, and purified by repeated centrifugation at 4,000
rpm for 45 min and rinsed with ultrapure water, then evapo-
rated to dryness in vacuum yielding a dark black solid pro-
duct. The carboxylated graphene oxide, GO—-COOH, was
reacted in 20 mL of SOCI, (containing 2 mL of dimethylfor-
mamide) at 70 °C for 24 h to convert the carboxyl groups in-
to acyl chlorides, then evaporated to dryness in the vacuum
and resuspended in dry acetonitrile containing 9-aminoant-
hracene (500 mg). The mixture was stirred vigorously at 50
°C for 48 h under nitrogen atmosphere, and then the product
was purified by repeated centrifugation at 4,000 rpm for 45
min and rinsed with ultrapure water, acetone, and dichloro-
methane to remove unreacted 9-aminoanthracene. The final
product, graphene oxide-9-aminoanthracene (GO-9-AA),
was dried at room temperature in vacuum yielding 270 mg.

2. 2. Characterization

The fabricated GO-9-AA was characterized by
FTIR, XRD, TGA, TEM and Raman spectroscopy.
FTIR spectra of materials were recorded within 400 to
4000 cm™' region with Shimadzu FTIR 8300 spec-
trometer in KBr matrix. Raman spectra were measured
using SENTERRA (2009) (BRUKER, Germany). The
TGA data were acquired with Shimadzu TA-50 thermal
analyzer (Shimadzu, Japan) at heating rate of 5 °C min™'
from room temperature to 800 °C. High-angle X-ray
diffraction patterns were obtained with STOE diffracto-
meter using Cu-Ko radiation at scanning rate of 3/min
from 20 = 5°-80°. The morphology of the GO-9-AA
was recorded with Philips CM 120 transmission electron
microscopy (TEM).

2. 3. Batch Adsorption Experimental

All adsorption experiments were carried out in a
batch reactor at 25 = 1 °C. Different concentrations of NAP,
ACN and PHN (1-30 mg L") were made by preparation of
simulated wastewater of three adsorbates (in pure metha-
nol) with DI water. Adsorption experiments were conduc-
ted by adding a specific amount of GO-9-AA to the synthe-
tic wastewater, including water/methanol solution (20%
v/v) in 50 mL glass centrifuge tubes sealed with Teflon-li-
ned screw caps. During the adsorption experiments, negli-
gible amounts (0-0.15 pL) of 0.1 M HCI or 0.1 M NaOH
were added to the solution for adjusting the pH to 7.0 £ 0.1.
After obtaining the equilibrium, the mixture was centrifu-
ged at 6000 rpm for 10 min, and then concentrations of the
solutes in the supernatants phase were measured by UV/vi-
sible spectrophotometer (UV/Vis 2100 Shimadzu).

2. 4. Data Analysis

The equilibrium data of the adsorption experiments
were fitted with two conventional isotherm models, i.e.
Langmuir and Freundlich to determine the theoretical
maximum adsorption capacity of the GO-9-AA. Based on
the Langmuir isotherm model, adsorption process takes
place on a homogeneous surface by monolayer adsorp-
tion, and there is no interaction between adsorbed partic-
les. It is formulated as:

mece
de = 1+bCe M
Where C, is the equilibrium concentration of the ad-
sorbate in mg L™, q, the amount of PAHSs adsorbed at equi-
librium in mg g, g,, and b are the Langmuir constants
which demonstrate the adsorption capacity of adsorbent
and apparent heat change in mg g™ and I mg™', respectively.
Dimensionless constant separation factor (R;) ref-
lects the fundamental characteristics of Langmuir model,
and it is expressed as:

R, = — 2)

1+b €y

Where b is the Langmuir constant and C is the
highest initial concentration of adsorbate mg L~'. The
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value of R illustrates the types of Langmuir isotherm.
Adsorption phenomenon is irreversible (R, = 0), favo-
rable (0 < R < 1), linear (R; = 1), or unfavorable (R;
>1). The Freundlich isotherm model assumes that ad-
sorption process is multilayer and occurs on heterogene-
ous surfaces. The Freundlich isotherm model is given
by:

qe = Kp /" 3)

Where K (mg™""" ¢! L) and n are Freundlich
isotherm model constants, representative of the saturation
capacity and intensity of adsorption process.

The Kinetics of the adsorption of the NAP, ACN,
and PHN onto GO-9-AA were investigated by fitting the
adsorption data with pseudo first-order and pseudo-se-
cond-order kinetic models. The pseudo-first order assu-
mes that adsorption rate is a proportion with the number
of free adsorption sites and it is formulated as:

log (4c — q¢) = logqe — 7=t “)

Where g, and q, are the amounts of NAP, ACN and
PHN adsorbed (mg g™') onto GO-9-AA at equilibrium and
any time t (min), respectively, and k, is the rate constant of
the adsorption process (min™).

The linear relationship between adsorption rate and
the square of the number of unoccupied adsorption sites is
an assumption of the pseudo-second order kinetic model,
and it is given by:

t 1

+ = 5)

qe - k2qg qe

Where k, is the adsorption rate constant (mg g~'
min™).

All of the isotherm and kinetic model parame-
ters were obtained by fitting the models in Sigma Plot
12.0.

3. Results and Discussion
3. 1. Preparation of GO-9-AA

After modification of the GO surface by a chlorine
group using thionyl chloride, the reaction of highly
reactive chlorine with the amino group of 9-aminoant-
hracene is led to the formation of title sorbent. Pyridine
was added to the reaction mixture to react with the side
product (HCI). The formation of GO-9-AA nanocompo-
site was confirmed by IR spectroscopy, elemental analy-
sis, thermal gravimetric analysis, Raman spectroscopy,
powder X-ray diffraction and transmission electron mi-
croscopy.

3. 2. Characterization of GO-9-AA
3. 2. 1. FTIR Analysis

The FTIR spectra of GO and GO-9-AA are shown in
Figure 1. The appearance of characteristic absorption peaks
at 3449, 1735, 1631 and 1067 cm™' revealed the stretching
vibrations of -OH, C=0, C=C, and C-O functional groups
in GO, respectively. After the amidation reaction, several
new peaks appeared on the FTIR spectrum of GO-9-AA.
The amide characteristic (-C(O)NH-) stretching vibration
peak at 1653 cm™" indicates that the amide bond formed by
reaction between GO and 9-aminoanthrace. Furthermore,
the new peak at 1573 cm™' corresponds to the N-H bending
vibration and the peak at1192 cm™ for C-N in-plane stretc-
hing demonstrates that the 9-aminoanthracene was grafted
onto the GO by the amide bond.

a | 1735 | \/
1067
\ 1631
S
@ \ -
c
£ 3449
E
w
s e o
= e T
= il W
B by B / W/ Ry Y /f
\ 1653 \ If
o 1573 | !
1192
4000 3000 2000 1000

Wavenumbers (cm™)

Fig. 1. FT-IR spectra of (a) GO and (b) GO-9-AA

3. 2. 2. Raman Spectroscopy

Raman spectroscopy as a powerful tool has been fre-
quently used to investigate the structural and electronic

——GO-9-AA
—_— GO

Intensity (a. u.)

500 1000 1500 2000 2500
Raman shift (cm-1)

Fig. 2. Raman spectra of GO and GO-9-AA
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properties of GO. Figure 2 shows the Raman spectra of
the pristine GO and GO-9-AA. As expected, the pristine
GO displays a prominent G-band (graphitic band) at 1598
cm™ which is due to the influence of defects and isolated
double bonds, and D-band (disorder band) at 1326 cm™.
The D-band in carbon materials is associated with the pre-
sence of Zdisorder’ such as defects or simply nanoscale di-
mensions. The significant structural changes occurring
during the amidation reaction were also reflected in the
Raman spectra. In GO-9-AA, the G band shifts back to
1579 cm™ which is relatively close to the G-band of the
pristine graphite compared with GO, suggesting that elec-
tronic conjugation in GO-9-AA was restored after 9-ami-
noanthracene grafting on GO structure.**’

3. 2. 3. TGA Analysis

Strong evidence for successful functionalization of
the GO with 9-aminoantheracene was also provided via
TGA analysis (Fig. 3). GO shows slight mass lose from
room temperature to 210 °C and significant mass lose
from 210 to 230 °C. Following with slight mass lose up to
600 °C. The major mass lose at ~ 220 °C is caused by
pyrolysis of the oxygen-containing functional groups, ge-
nerating CO, CO,, and stream. In compared with GO,
TGA of GO-9-AA shows an enhanced thermal stability
due to the removal of oxygen-containing functional
groups by amidation reaction. This change led to a new
thermal decomposition at 490-570 °C which attributed to
the formation of amide-bounds of 9-aminoanthracene
functional group. This mass changes indicate successful
covalent functionalization of GO by 9-aminoanthracene
which was also in agreement with the results of FTIR and
Raman analysis.

20

-20

-40

-60

Weight Loss %

-80

-100

-120

0 100 200 300 400 500 600 700 800
Temperature ('C)

Fig. 3. TGA of GO and GO-9-AA

3. 2. 4. XRD Analysis

Figure 4 shows XRD patterns of both pristine GO
and GO-9-AA. The peak at 11.06° corresponds to the
(001) diffraction with an interlayer spacing of approxima-
tely 0.74 nm. As it can be seen, this peak in XRD pattern

—GO
——GO-9-AA

Intensity (a. u.)

5 15 25 35 45 55
26 (degrees)

Fig. 4. X-ray diffraction patterns of GO and GO-9-AA

of GO after amidation has been eliminated, suggesting ex-
foliation of layered in GO-9-AA.

3. 2. 5. TEM Analysis

The natural structure of GO could be proved by na-
tural ripples on the GO surfaces. The microstructure of the
sorbent before and after modification was investigated by
TEM analysis. The TEM images demonstrated that both
GO and GO-9-AA nanosheets were transparent (Figure
5). As it can be seen, GO has fairly flat surface compared
with that of GO-9-AA and its wrinkles were mainly posi-
tioned on the boundary regions of the GO and created
scrolls, whereas the surface of GO-9-AA has more aggre-
gations and wrinkles which mostly on the basal planes to
make groove regions.

3. 3. Adsorption Isotherms

Describing the interaction between adsorbent and
the adsorbate is usually the aim of adsorption isotherm
models when the adsorption process reaches equilibrium.
The isotherm models allow having the most vital parame-
ter for designing an appropriate adsorption system. The
adsorption isotherms of NAP, ACN, and PHN on GO-9-
AA are shown in Figure 6, and the regression parameters
are listed in Table 2. In general, all adsorption isotherms
were nonlinear, and the regression parameters are listed in
Table 2. The results indicated that the nonlinear correla-
tion coefficients of the Freundlich isotherm model for
NAP, ACN, and PHN onto GO were 0.991, 0.997 and
0.997, and onto GO-9-AA were 0.998, 0.997 and 0.997,
respectively. The higher correlation coefficients for
Freundlich model imply that adsorption process takes pla-
ce mostly onto heterogeneous regions such as edges,
grooves, and wrinkles. The same result has also been re-
ported in the removal of PAHs by other adsorbent mate-
rials such as modified periodic mesoporous organosilica,
GO and graphene.**® Based on Langmuir isotherm mo-
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Fig. 5. TEM micrograph of GO (left) and GO-9-AA (right)

Table 2. Isotherm parameters for NAP, ACN, and PHN adsorption onto GO and GO-9-AA

Langmuir Freundlich
q q 4 2 Kf (mg™ " 2
Adsorbates m,cal eexp b (I m; R, R gl N R
mgg") (mggh PUmE) K g L
NAP 22.93 23.16 0.52 0.18 0.987 9.43 3.40 0.991
GO ACN 18.80 21.28 0.38 0.21 0.995 4.93 222 0.997
PHN 17.83 19.30 0.34 0.23 0.988 4.71 2.19 0.997
NAP 57.00 78.08 1.31 0.09 0.994 42.18 2.06 0.998
GO-9-AA ACN 46.32 57.60 0.59 0.16 0.995 21.18 2.26 0.997
PHN 44.50 52.02 0.58 0.17 0.994 18.95 2.32 0.997
a) 25 b) ©
) ) .
GO
- 4 1
29 . -
’f“
¥ al
- 15 - “o
@ 2
E )
3 . o
10 20 4 L] a;-m:::mmﬂ-n
rimenial Nephtne ©  Experimentsi stz of Acsnaphtiylene
24 ::M :::m,:;“. r Experimental dats of Phe na nthrane
5 44 v Experimentsl ata of Phe nanthrens 10 T :'N:::h
Ls ngmusr
——— Feundich "
oé : : : : o 2 : ¢ s 1
0 5 10 15 20 25 Comg. L.1
c,,mg.L"
Fig. 6. Adsorption isotherms of NAP, ACN, and PHN onto GO and GO-9-AA at room temperature and pH =7.0
del, maximum theoretical adsorption capacity (g, ;) we- ACN, and PHN, respectively. The same trends were ob-

re obtained 23.16, 21.28 and 19.30 mg g”' onto GO and served for experimental adsorption capacities (g,,,,) i.¢.,
78.08, 57.60 and 52.02 mg g”' onto GO-9-AA for NAP, 22.93, 18.80 and 17.83 mg g”' for NAP, ACN and PHN
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onto GO and 57.00, 46.33 and 44.50 mg g™' onto GO-9-
AA, respectively. Separation factor (R, ), derived from the
Langmuir isotherm model was also calculated (Table 2) to
prove the favorableness of the adsorption of three adsor-
bates onto GO and GO-9-AA. The values of R; are calcu-
lated in the range of 0.09-0.23 demonstrating a favorable
adsorption process of NAP, ACN, and PHN. Adsorption
intensity of adsorbates could be attributed to the Freund-
lich constant (1/n). Adsorbates could be easily adsorbed
when 0.1 < 1/n £ 0.5, adsorption process of the adsorbates
is difficult when 0.5 < 1/n £ 1, and when 1/n > 1 adsorp-
tion is entirely difficult to occur. The 1/n values of NAP,
ACN, and PHN onto two adsorbents were calculated in
the range of 0.1-0.5 proofing that the adsorbates could be
easily adsorbed. Since GO-9-AA showed a notable ad-
sorption capacity in comparison with GO, it was selected
to precede extra adsorption experiments.

3. 4. Adsorption Kinetics

Rapid treatment of a large volume of drinking water
is the main factor which sometimes limits practical appli-
cation of the adsorbents. In order to investigate the requi-
red time for obtaining adsorption equilibrium, kinetic stu-
dies were performed. The effect of adsorption time on the
removal of NAP, ACN, and PHN by GO-9-AA is shown in
Figure 7. Adsorption kinetic data were evaluated with two

. e &
- — =
p———p 9.9
@
o
E
&
MNephthalene
Acenaphthylens
Phe nanthrene
Pseudo first order kinetic model
Pseudo second order kinefic model

60 80 100 120
Time (houn)

Fig. 7. Adsorption kinetics of NAP, ACN, and PHN on GO-9-AA at
room temperature and pH =7.0.

semi-empirical kinetic models: the pseudo-first and se-
cond-order equations. The validity of two models was in-
vestigated by nonlinear regression. It can be seen from Fi-
gure 7, the adsorption rate was quite fast with the order of
magnitude NAP > PHN > ACN within the first 20 h, and
then gradually slowed down until equilibrium was reached
within 48 h which quite similar to that reported for aroma-
tic compounds. Parameters obtained with two models are
summarized in Table 3. As depicted in Figure 7 and Table
3, predicted adsorption data of NAP, ACN, and PHN onto
GO-9-AA by pseudo-second order kinetic model showed a
quite good agreement with measured data for both fast and
the slow adsorption steps (nonlinear correlation coeffi-
cients of the model for NAP, ACN, and PHN onto GO-9-
AA were 0.991, 0.996 and 0.994, respectively). Constant
rates of NAP, ANC, and PHN adsorption, in the liquid pha-
se, are comparable to those calculated for other aromatic
hydrocarbons on different adsorbents. The experimental
values of g, for NAP, ACN, and PHN were 56.3, 46.24 and
45.92 mg g, respectively, which are consistent with the q,
values calculated from the pseudo-second order model
which summarized in Table 3. The good agreement of ad-
sorption kinetic data with pseudo-second order model indi-
cates that adsorption of the target adsorbates on GO-9-AA
is due to a chemical adsorption.

3. 5. Comparison of Adsorption Behavior
Based on Literature Data

The efficacy of GO-9-AA adsorbent was evaluated
in comparison with other adsorbents (Table 4). As it can
be seen, the sorption capacity of PAHs on GO-9-AA com-
posites is much higher than other adsorbents.

3. 6. Desorption

For the environmental protection and economic
purposes, adsorbents should both have adequate capacity
to decrease the pollutants concentration to satisfy envi-
ronmental protection agencies standards and have been
recycled and reused in successive cycles because they
might have either precious raw substance or consist of
hazardous materials. The recycling NAP, ACN, PHN and
the regeneration of GO-9-AA are illustrated in Figure 8.
The adsorption-desorption experiment results demonstra-
ted that the efficiency of the applied GO-9-AA adsorbent

Table 3. Kinetic parameters of NAP, ACN, and PHN adsorption on GO-9-AA

Pseudo-first-order

Pseudo-second-order

Adsorbates k, q 2 k,(mg g™ q, . R’
1 eexp | R q, .. o) e, cal

(min™) (mgg™) &l min~) (mg g™)
NAP 56.30 0.50 51.79 0.974 0.71 54.14 0.991
ACN 46.24 0.56 43.41 0.991 0.80 45.21 0.996
PHN 45.92 0.49 42.16 0.985 0.67 44.09 0.994
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Table 4. Comparison of maximum adsorption capacity of different adsorbents for adsorption of PAHs

Adsorbent Adsorbate Adsorption _clapacity Tempfrature Eguilibrium References
(mg.g™) °0O) Time (hour)
NAP 1.63
SBA-15-NH, ACN 1.01 25 10 “
PHN 0.60
PMO NAP 46.64 28 50 4
RHAC NAP 63.60 28 120 46
Activated carbon (Coconut Shell) PHN 20.22 25 1 4
Multilayer Graphene PHN 28.1 25 NA 48
MWCNT30 PHN 14.1 25 NA 4
Biochar PHN 14 25 672 50
C60, Fullerene NAP 2.3 25 72 31
Activated carbon NAP 58.36 25 280 52
Zeolite NAP 29.59 25 6 53
NAP 78.08
GO-9-AA ACN 57.60 25 72 Present study
PHN 52.02

was satisfactory for the removal of target PAHs by remo-
ving 94% (56.50 mg g7'), 79% (46.92 mg g™'), and 74%
(44.24 mg g") of NAP, ACN, and PHN, respectively in
the first cycle. As can be noticed on Figure 8, the ab-
sorption capacity of GO-9-AA remained essentially the
same after five successive cycles of testing. After fifth ad-
sorption-desorption experiments, the efficiency of GO-9-
AA was 83.5% (50.09 mg g™'), 68% (41.00 mg g™'), and
66% (39.90 mg g“) of NAP, ACN, and PHN, respecti-
vely. The negligible decrease in the GO-9-AA capacity
(around 10%) revealed the good reusability and stability
of this adsorbent; therefore, it could be a suitable choice
to be used efficiently for the treatment of wastewater pol-
luted by PAHs.
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Fig. 8. Recycling of GO-9-AA in the adsorption of NAP, ACN, and
PHN, at room temperature. and pH = 7.0

3. 7. Adsorption Mechanism

Isotherm and kinetic parameters of NAP, ACN, and
PHN adsorption on GO-9-AA are listed in Table 2 and 3,
respectively. As it can be seen, the maximum adsorption
capacity (q,) for three adsorbates are in the following or-
der of magnitude NAP>ACN>PHN onto GO-9-AA. A si-
milar behavior was also observed for the adsorption coef-
ficient (K, = ¢/C,, in Fig.9) values at different equi-
librium concentrations. As it depicted in Figure 9, adsorp-
tion coefficients for NAP, ACN, and PHN have a similar
trend. However, a marked decrease in the K, values for the
three adsorbates (magnitude of decrease was in the order
of NAP>ACN>PHN) was different. Based on the assump-
tions of Freundlich isotherm model, removal of NAP,
ACN, and PHN by heterogeneous adsorption onto GO-9-
AA is concerning to the presence of high surface energy
sites, such as defects, edges, and groove areas.’*®! In this
case, three adsorbates would primarily be adsorbed with
high affinities to these regions. Inherent surface heteroge-
neity on GO and increasing the amount of groove and fol-
ded regions of GO after functionalization (Figure 5) give
rise to charge in homogeneities into the modified GO.
Uneven charge sharing on the GO-9-AA could generate
high active region in wrinkles and defect parts from the
chemical perspective; as a result, NAP, ACN, and PHN
could be adsorbed more in these active sites. As Figure 9
shows, adsorption coefficient values for three adsorbates
reduce considerably with increasing concentrations,
which is in agreement with the K;-C, curve obtained in
the current study for GO-9-AA.

Figure 9 shows that the adsorption of three adsorba-
tes is favorable at a low concentration. Also, the starting
point and decreasing slope for NAP is larger than the ot-
her two adsorbates, i.e., ACN, and PHN which shows ad-
sorption of NAP is more favorable than ACN, and PHN.
Nevertheless, this is not consistent with the hydrophobi-
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Fig. 9. Adsorption coefficients of NAP, ACN, and PHN onto GO-9-
AA in different concentrations

city (K_,) trend of the target PAHs, i.e., PHN>ACN>NAP.
Wang and et al. suggested that different adsorption capa-
cities of PAHs by carbonic adsorbents after eliminating
hydrophobic effect might be due to sieving effect. Since
adsorption of NAP, especially in the low concentration
with approximately high solubility range is more favorab-
le than ACN, and PHN; this shows more heterogeneous
regions such as wrinkle surfaces, which have rich m-elec-
tron density onto GO-9-AA and readily available for the
molecule with a smaller size.

Finally, several possible interactions between GO-9-
AA and aromatic compounds (as an adsorbate) are res-
ponsible for the adsorption of NAP, ACN, and PHN. The-
se interactions are a hydrophobic effect, electrostatic and
electron donor-acceptor (EDA). Based on the adsorption
mechanism between aromatic compounds and carbonace-
ous adsorbents®® EDA interaction was proposed to be the
main mechanism for adsorption of NAP, ACN, and PHN
on GO-9-AA. One type of EDA interaction is m—nt EDA
interaction. T—nt EDA interaction is specific and noncova-
lent, that exists between electron-rich and electron-poor
compounds. The existence of anthracene rings on GO-9-
AA makes it more electron-rich; therefore, the m—t EDA
interactions between three adsorbates and GO-9-AA sur-
face will be stronger and easier.

4. Conclusion

GO-9-AA composite was successfully prepared via
a facial strategy, characterized and its performance eva-
luated for the removal of NAP, ACN, and PHN. Incorpora-
tion of 9-aminoanthracene in the structure of GO led to
both high adsorption capacity and fast removal kinetics
that was proved by isotherm and kinetic experiments. The
adsorption isotherm and kinetic data were fitted better by
Freundlich and pseudo-second-order, respectively. It
seems that more conformational change of GO after func-
tionalization with 9-aminoanthracene and stronger elec-
tron donor-acceptor interaction between NAP, ACN, and
PHN with modified GO are the main reasons for higher

adsorption capacity of GO-9-AA for the removal of the
target adsorbates. Furthermore, the adsorption efficacy of
GO-9-AA was evaluated in comparison with other adsor-
bents. The results showed that the adsorption capacity of
GO-9-AA for the removal of target PAHs is much higher
than other adsorbents. Therefore, GO-9-AA could be con-
sidered as a promising adsorbent for the removal of PAHs
from water in real world applications.
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Modificiran grafenov oksid smo pripravili z namenom njegove uporabe kot odstranjevalca aromatskih onesnazevalcev
iz vodnih raztopin. Grafenov oksid (GO) smo funkcionalizirali z 9-aminoantracenom in pripravili grafenov oksid 9-
aminoantracen (GO-9-AA). Za karakterizacijo adsorbenta smo uporabili naslednje metode: infrardeco spektroskopijo
(FTIR), rentgensko praskovno difrakcijo (XRD), termogravimetri¢no analizo (TGA), transmisijsko elektronsko mikro-
skopijo (TEM in ramansko spektroskopijo. Kot modelne aromatske ogljikovodike, primerne za preucevanje adsorpcije,
smo uporabili naftalen (NAP), acenaftalen (ACN) in fenantren (PHN). Adsorbent GO-9-AA je bil zelo u¢inkovit v pri-
meru odstranjevanja aromatskih ogljikovodikov iz vodnih raztopin. Ravnotezni podatki adsorpcijskih procesov sledijo
Freundlichovemu modelu, maksimalne adsorpcijske kapacitete za preucevane aromatske ogljikovodike pa lahko poda-
mo z zaporedjem NAP > ACN >PHN. Iz podatkov kineti¢ne analize lahko razberemo, da je proces hiter in uc¢inkovit in
ustreza kineti¢nemu modelu psevdo-drugega reda. Obroci antracena na grafenovem oksidu (GO-9-AA) so »bogati« s 1t
elektroni in zaradi tega pospesujejo interakcijo le-tega z aromatskimi ogljikovodiki (NAP, ACN in PHN).
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