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ABSTRACT

To investigate the effects of oxygen contents and surface area of the adsorbents on their removal
efficiencies, poly(ethylene glycol) (PEG) with various molecular masses (200, 2,000, and 20,000) modified
graphene oxide (GO-PEG) composites were fabricated and used for the removal of Pb(II) from aqueous
solutions. The morphologies, specific surface area, and surface functional groups of the GO-PEG
composites were characterized by field-emission scanning electron microscopy, Brunauer—-Emmett—
Teller method, thermogravimetric and differential thermogravimetric analyses, Fourier-transform
infrared spectroscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy. Batch experiments
were conducted to evaluate the effects of contact time, initial concentration, adsorbent dosage, and
temperature on the adsorption efficiencies of the adsorbents. The experimental data indicated that
the adsorption of Pb(Il) onto GO-PEG composites fitted well to the pseudo-second-order kinetic
model and the Langmuir isotherm model. Thermodynamic studies indicated that the adsorption was
a spontaneous and endothermic process. The obtained GO-PEG (200), GO-PEG (2000), and GO-PEG
(20000) composites exhibited the maximum adsorption capacities of 204.50, 72.73, and 196.46 mg g™
toward Pb(II), respectively. The higher adsorption capability of GO-PEG (200) toward Pb(II) could be
attributed to its relatively higher oxygen content and larger SSA. The adsorption capacities of GO-PEG
(200) toward other metal ions including Cu(II), Cd(II), Mn(II), Ex(IlI), and Y(III) were 48.04, 80.48, 36.1,
23.1, and 12.2 mg g7, respectively.

Keywords: Poly(ethylene glycol); Graphene oxide; Metal ions; Adsorption; Oxygen content; Surface
area

1. Introduction

Water contaminations caused by persistent organic
pollutants and heavy metals have threatened the bal-
ance of nature, the global sustainability, the biodiversity,
and the human health [1-6]. Various treatment methods
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including coagulation [7], chemical oxidation [8], photo-
degradation [9,10], membrane separation [11], and adsorp-
tion [12-15] have been generally developed for the water
restoration. Adsorption technique has been considered as
one of the most important and highly efficient methods for
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the treatment of wastewater due to its advantages such as
easy implementation, low cost, and high efficiency. Effective
adsorbents with strong affinity and high loading capacities
for the contaminants are urgently needed and have been
deeply investigated [1-3,12-15].

Due to their high specific surface area (SSA), abundant
surface functional groups, porous structures, and excellent
hydrothermal stability, carbon-based nanomaterials including
graphene, carbon nanotubes, and fullerene have been widely
employed as highly efficient adsorbents. As a member of nano-
carbon derivatives, graphene oxide (GO) has shown a strong
propensity to interact with positively charged species such as
metal ions and cationic dyes due to its high theoretical surface
area, extensive electron delocalization, good chelating ability,
and abundant adsorption sites [16,17]. However, GO suffers a
separation troubling in adsorption technique due to its better
dispersion ability in aqueous solutions [18-21]. To improve the
separation possibilities and enhance the adsorption capacities of
GO-based adsorbents, there has been an increasing interest on
the exploiting of novel covalent and noncovalent functionalized
GO composites. Chelating groups including carbonyl (-C=0),
diol, hydroxyl (-OH), thiol (-SH), carboxyl (-COOH), and amino
(-NH,) have been considered to be beneficial to their adsorption
efficiencies toward metal ions. For example, pyridine covalently
modified GO composite showed an increased adsorption capac-
ity of 119.6 mg g™! toward Cu(II) due to the introduced nitrogen
contents [22], and N-(trimethoxysilylpropyl) ethylenediamine
triacetic acid-modified GO also exhibited higher adsorption
capacity toward Pb(II) (479 + 46 mg g™) [23].

Poly(ethylene glycol) (PEG), a linear or branched poly-
ether with nontoxic and non-immunogenic properties, is
usually prepared through the ring-opening polymerization
of ethylene oxide [24]. As one of the low-cost polymers,
which are extensively used in pharmaceutical industry and
tissue culture, PEG is soluble in water and biocompatible
[25]. Carbon nanomaterials modified with PEG have been
investigated, and the obtained nanocarbon-based composites
were used as controlled release drug delivery and gene trans-
fection carriers [26]. For example, hybrid PEG functionalized
GO or reduced GO materials can be well dispersed in water
and nonpolar/nonprotic solvents [27], which could be used
for intracellular drug delivery [28,29] due to their relatively
high cytocompatibility [30].

To generate more oxygen species on the surface of GO,
herein, three kinds of PEG with different molecular masses
were used as the modification reagents. The adsorption
capacities of PEG-decorated GO (GO-PEG) composites
toward metal ions were investigated. The effects of vari-
ous parameters including initial metal ion concentration
(1090 mg L7), contact time (5-120 min), temperature
(25°C—45°C), and molecular masses of PEG were studied in
detail. The adsorption kinetics, isotherm, and thermodynam-
ics were also explored.

2. Materials and methods
2.1. Materials

Flake graphite (99.90%) was obtained from Tianjin Kermel
Chemical Reagent Development Center (Tianjin, China). Lead
nitrate (AR) was obtained from Xilong Chemical Co., Ltd.

(Guangdong, China). Sulfuric acid (H,SO,, 98%), phosphoric
acid (H,PO,, 85%), hydrogen peroxide (H,O,, 30%), hydro-
chloric acid (HCI, 37%), and PEG of different molecular
weights (Mw 200, 2,000, and 20,000 g mol™; AR) were pur-
chased from Sinopharm Chemical Reagent Beijing Co., Ltd.
(Shanghai, China). N,N-dimethyl formamide (DMF; AR),
yttrium chloride heptahydrate (YCl,#7H,0; 99.90 wt%), and
erbium chloride hexahydrate (ErCl,¢6H,0; 99.90 wt%) were
supplied by Tianjin Fuqi Chemical Co., Ltd. (Tianjin, China).
Sodium hydride (NaH, 60% dispersion in mineral oil) was
obtained from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China).

2.2. Preparation of GO

GO was prepared by the improved Hummers” method
previously reported [31,32]. Flake graphite (0.3 g) and
KMnO, (1.5 g) were added in a round-bottom flask which
was cooled in an ice-water bath. A mixture of concentrated
H,SO,/H.PO, (40 mL; V/V = 9:1) was slowly added into the
mixture under vigorous stirring. The reaction was then con-
stantly stirred at 50°C for another 12 h. After that, the reac-
tion mixture was naturally cooled to room temperature, then
poured into a solution of ice water (40 mL) and 30% H,O,
(3 mL) until no more bubbles appeared. Finally, the obtained
mixture was rinsed repeatedly with ultrapure water and cen-
trifuged at 10,000 rpm until the pH of the supernatant was
neutral. After that, the solid residue was dispersed in deion-
ized water by ultrasonication, and freeze-dried at -50°C for
48 h, then stored in a desiccator for further use.

2.3. Preparation of GO-PEG composites

2.0 g of NaH (60% dispersion in mineral oil) was sus-
pended in anhydrous DMF (10 mL) under strictly water-free
and oxygen-free conditions. A solution of PEG (4.0 g) (with
different molecular weights of 200, 2,000, or 20,000 g mol™)
and anhydrous DMF (40 mL) was added dropwise to the
mixture under stirring. After the reaction was heated to
50°C for 3 h, 0.4 g of GO was added into the suspension and
reacted at 80°C for 30 h. The resultant product was added
into 20 mL of 0.1 M HCI for 24 h, and filtered, then rinsed
repeatedly with ethanol and deionized water, finally freeze-
dried to obtain PEG functionalized GO (marked as GO-PEG
[200], GO-PEG [2000], and GO-PEG [20000], respectively) for
further use.

2.4. Characterization of GO and its composites

The morphologies of GO and GO-PEG composites were
characterized by a field-emission scanning electron micros-
copy (FE-SEM) using a MIRA3 TESCAN electron micro-
scope (TESCAN, UK). Raman spectra were recorded on a
micro-Raman spectrometer (Ramascope-2000, Renishaw,
Gloucestershire, UK) with a laser excitation wavelength of
514.5 nm. Fourier-transform infrared (FI-IR) spectra of the
samples were recorded on a Nicolet-Avatar360 FT-IR spec-
trometer (Thermo Nicolet Corporation, Madison, WI, USA).
SSA measurements of the GO-PEG composites were carried
out on a Kubo-X1000 analyzer (Beijing Builder Electronic
Technology Co., Ltd., China) by the Brunauer—-Emmett-Teller
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(BET) nitrogen (N,) adsorption-desorption method at
77 K. Thermogravimetric and differential thermogravimet-
ric (TG-DTG) analyses were conducted on a TA instruments
DSC 2910 (TA instruments Inc., Wilmington, DE, USA) over
a temperature range from room temperature to 1,000°C with
a heating rate of 10°C min™ in argon (Ar) atmosphere. X-ray
photoelectron spectroscopy (XPS) data were collected on a
PHI-5000C ESCA system (PerkinElmer, MA, USA) with Al
Ka X-rays operated at 250 W.

2.5. Batch sorption experiments

Batch sorption experiments were carried out to study
the sorption performances of Pb(II) on GO-PEG (200, 2000,
and 20000) composites. The sorption capacities of various
GO-PEG composites (5.0 mg) toward Pb(II) were investigated
at three different temperatures of 298, 308, and 318 K, respec-
tively. The condition parameters including initial Pb(II) con-
centrations (10-120 mg L), pH values (1.0-7.0), and contact
time (5-120 min) were investigated. The adsorption kinetics,
isotherms, and thermodynamics were also studied. Samples
were withdrawn from the mixture at certain time intervals,
which were filtered through a 0.45-pum filter membrane, and
then Pb(Il) concentrations were determined by an induc-
tively coupled plasma-optical emission spectroscopy. The
adsorption capacity and removal efficiency of the GO-PEG
(200, 2000, and 20000) composites could be calculated using
the following equations:

q.=(C,=C)xV/m 1)
R(%)=(C, -C,)/ C,x100% @)

where C; and C, (mg L) represent the initial and residual
Pb(Il) concentrations, respectively; V (L) represents the
volume of Pb(Il) solution; m (g) represents the mass of dry
sorbent; q, (mg g™) is the equilibrium adsorption capacity
of the adsorbent; and R (%) is the removal efficiency of the
adsorbent toward Pb(II).

3. Results and discussion
3.1. Characterization

N, adsorption-desorption measurements were carried
out to quantitatively analyze the SSA of the GO-PEG compos-
ites. Adsorption—-desorption isotherm curves of the samples
are displayed in Fig. 1. The three typical type-III isotherms of
the GO-PEG composites exhibited a gradual increase in N,
adsorption with increasing p/p,. The SSA of GO-PEG (200),
GO-PEG (2000), and GO-PEG (20000) calculated by the BET
method were 126.0472, 40.8159, and 39.4487 m* g™, respec-
tively. It is obvious that the GO-PEG (200) possesses the high-
est SSA among the three GO-based composites.

The differential thermal-thermogravimetric analysis
(DT-TGA) and differential thermal differential thermogravi-
metric (DT-DTG) analyses of PEG-200, GO-PEG (200), PEG-
2000, GO-PEG (2000), PEG-20000, and GO-PEG (20000) in
argon (Ar) atmosphere at a heating rate of 10 K min™ were
carried out. To determine the effect of chemical modification
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Fig. 1. The N, adsorption-desorption isotherm loops of the
samples: (a) GO-PEG (200), (b) GO-PEG (2000), and (c) GO-PEG
(20000).

on thermal stability of the GO-PEG composites, the TG-DTG
analyses were also carried out. As shown in Fig. 2, the weight
losses of GO-PEG (200), GO-PEG (2000), and GO-PEG (20000)
below 100°C which are related to the physically adsorbed
water are 7.05, 7.27, and 7.89 wt%, respectively. The second
weight loss (18.77 wt%) of GO-PEG (200) occurred in the
temperature region of 342.32°C-807.46°C corresponded to
thermal decomposition of grafted PEG-200. While the sec-
ond weight loss (25.35 wt%) of GO-PEG (2000) occurred in
the temperature region of 371.51°C-660.48°C, and the second
weight loss (63.02 wt%) of GO-PEG (20000) occurred in the
temperature region of 304.14°C-597.10°C.

In order to identify the surface functional groups,
FT-IR spectra of the as-prepared GO, GO-PEG composites,
and GO-PEG (200)-adsorbed Pb(II) were recorded (Fig. 3).
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Fig. 2. DT-TGA and DT-DTG analyses of the samples: (a) PEG-200, (b) GO-PEG (200), (c) PEG-2000, (d) GO-PEG (2000), (€) PEG-20000,

and (f) GO-PEG (20000).

As shown in Fig. 3(a), the absorption peak at 3,402 cm™ corre-
sponds to the stretching vibration of hydroxy group (-OH);
the peak appeared at 1,620 cm™ corresponds to the stretch-
ing vibration of carbon-carbon double (C=C) bond; the
absorption peak at 1,734 cm™ is assigned to the stretch-
ing vibration of carboxyl group (C=0); the peaks at 1,141
and 1,114 cm™ can be assigned to carbon-oxygen (C-O)
and carbon-oxygen—carbon (C-O-C) stretching vibra-
tions. The FT-IR spectra of GO-PEG (200), GO-PEG (2000),
and GO-PEG (20000) were also obtained (Fig. 3(b)-(d)).
All the spectra showed a common broad peak of -OH at
3,445-3,430 cm™. While the absorption peaks of C=O bond
shifted to 1,715-1,700 cm™. What is more is that the peaks at
1,245-1,210 cm™ of C-O bonds and the peaks at 1,169, 1,104,
and 1,088 cm™ of C-O-C bonds are still presented. After
adsorption of Pb(Il), the absorption peak of C=O shifted
to low wavenumber, indicating metal coordination was
involved in the adsorption (Fig. 3(e)).

Raman spectroscopy is a powerful and sensitive tool for
the characterization of graphene-based materials because
of the high Raman intensities generated by the conjugated
C=C bonds [33]. Fig. 3(f) shows the Raman spectra of GO,
GO-PEG (200), GO-PEG (2000), and GO-PEG (20000).
As can be seen, the two characteristic peaks at 1,330 and
1,588 cm™ which belong to the disorder band caused by
the graphite edges and the in-phase vibration of the graph-
ite lattice (G band), respectively [33], are presented for GO,
GO-PEG (200), GO-PEG (2000), and GO-PEG (20000). The
intensity ratio of the D band and G band (I,/I.) indicated
the density of structural defects on the surface of graphene-
based composites. The I,/I. of the samples increased obvi-
ously for GO-PEG (200) (I,/I,=1.23), GO-PEG (2000) (I/I. =
1.28), and GO-PEG (20000) (I,/I, = 1.37) compared with that
of GO (I/I, = 0.79), indicating the presence of more defects
due to the introduction of sp*-hybridized oxygen-containing
groups.
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To demonstrate the morphologies of the samples, SEM
characterization was carried out, and the obtained SEM
images are shown in Fig. 4. Unlike the very smooth surface
with fracture edges and layered structure of GO (Fig. 4(a)),
multilayer stack structures could be observed in the GO-PEG
composites (Figs. 4(b)-(d)). Due to the interactions between
GO-PEG layers and the resulted agglomeration, thickened
and wrinkled structures of the GO-PEG composites with
rolled-up edges emerged. As shown in Table 1, the chemi-
cal compositions of the GO-based samples were analyzed
by energy dispersive X-ray spectroscopy (EDS). The oxygen
content in the samples gradually increased with an increase
in the molecular mass of PEG.

3.2. Adsorption of Pb(II) onto GO-PEG: effects of the conditions,
adsorption kinetics, pH values, thermodynamics, and isotherms

3.2.1. Effects of contact time

The effects of contact time on the adsorption of Pb(II) by
GO-PEG were investigated. As presented in Fig. 5, the adsorp-
tion of Pb(Il) on the GO-PEG composites slowly increases
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Fig. 3. Spectral curves of the samples: (A) FI-IR (a) GO,
(b) GO-PEG (200), (c) GO-PEG (2000), (d) GO-PEG (20000), and
(e) GO-PEG (200)-adsorbed Pb(Il); and (B) Raman spectra.
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within 20 min, and equilibrium is reached after 30 min. The
adsorption capacities of GO-PEG (200), GO-PEG (2000),
and GO-PEG (20000) toward Pb(II) were 232.87, 100.56, and
175.72 mg g™, respectively. GO-PEG (200) possesses the high-
est adsorption capacity due to its relatively larger SSA (Fig. 1).
While GO-PEG (20000) possesses higher adsorption capacity
than GO-PEG (2000), indicating the presence of more oxygen
groups is beneficial to the adsorption when the adsorbents
possess similar SSA (Fig. 1; Table 1).

Fig. 4. SEM images of the samples: (a) GO, (b) GO-PEG (200),
(c) GO-PEG (2000), and (d) GO-PEG (20000). Scale bars are 10 pm.

Table 1
EDS data of the GO-based sorbents
Samples C (wt%) O (Wt%)
GO 83.90 16.10
GO-PEG (200) 70.84 29.16
GO-PEG (2000) 67.79 32.21
GO-PEG (20000) 63.95 36.05
270
2140l GO-PEG (200)
210¢ PEG (20000
- 1801 GO-PEG (20000)
'en 150 -
£ 120 GO-PEG (2000)
2 9
60
30

%20 40 60 80

t (min)
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Fig. 5. Effects of contact time on the removal of Pb(II) by GO-PEG
(C,=50mg L™, m=5mg, and T =298 K).
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3.2.2. Effects of initial Pb(II) concentration

Series of adsorption experiments were undertaken to
investigate the effects of the initial Pb(Il) concentration
(10-90 mg L) on the removal rate of GO-PEG composites.
As shown in Fig. 6, the GO-PEG (200) and GO-PEG (20000)
exhibited sharply enhanced adsorption capacities at a low
concentration Pb(Il), and then adsorption slowed down and
gently reached the maximum in later stages because a large
number of available surface sites may be largely occupied in
the initial stages.

3.2.3. Effects of pH

The surface charge on an adsorbent and the existing ion
species would be affected by changing the solution pH value,
which would then affect the adsorption properties of GO-PEG
composites toward metal ions. To observe pH values on the
performance of GO-PEG composites toward Pb(II), the initial
pH values of all solutions were adjusted in the range of 1.0
7.0 using standardized hydrochloric acid (HCI, 1 mol L) and
sodium hydroxide (NaOH, 1 mol L) solution because Pb(II)
would form a precipitate at high pH value of overt 8.4 due to
the solubility product constant of Pb(OH), (K = 1.2 x 107").
Obviously, the adsorption capacities of GO-PEG composites
toward Pb(II) increased with an increase of pH values, indi-
cating the existence of adsorption competition between Pb(II)
and hydrogen ion (H") (Fig. 7).

3.2.4. Effects of temperature on Pb(II) sorption and adsorption
thermodynamics

Changes of Gibbs free energy (AG°, KJ mol™), enthalpy
(AH®, K] mol™), entropy (AS°, ] K'mol™), and other thermo-
dynamic parameters were determined using the following
equations:

a v.C
K, =25 =1s=s
‘ ae yECE (3)
AG® =-RTInK, 4)
AG° = AH® —TAS® ®)

where K, is the thermodynamic equilibrium constant; T (K)
is the absolute temperature of the solution; R is the universal
gas constant (8.314 ] mol™ K™); a_and a, are the activity of
adsorbed Pb(Il) and the activity of Pb(Il) in solution at
equilibrium, respectively; v _and vy, are the activity coefficient

Table 2
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Fig. 6. Effects of initial Pb(II) concentrations on adsorption
capacities of GO-PEG composites (adsorbent dosage =
5 mg/20 mL and contact time = 120 min).
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Fig. 7. Effects of initial pH on the adsorption of Pb(II) onto
GO-PEG composites (adsorbent dosage = 5 mg/20 mlL,
C,=50 mg L™, and contact time = 120 min).

of adsorbed Pb(Il) and the activity coefficient of Pb(Il) in
equilibrium solution, respectively; and C_denotes the amount
of Pb(Il) adsorbed on the adsorbent (mg‘ g).

As listed in Table 2, the negative values of AG°
revealed that the adsorption process is spontaneous in
the temperature range of 298-318 K. The low and positive
AH® values (<20 KJ mol™) also indicated thst the mecha-
nism is physisorption and the adsorption is endothermic.
The absolute value of AG® increased with an increase of
temperature, indicating that the reaction temperature is a
major driving force, and an endothermic sorption process
can again be proved. The positive AS° values indicated the
randomness at the solid/solution interfaces increased during
the Pb(II) sorption onto the GO-PEG composites.

Adsorption thermodynamic parameters of Pb(I) onto GO-PEG composites at different temperatures

Adsorbent AG®, (K mol™)  AG®,, (KJmol™")  AG®, (KJmol™)  AH® (K] mol™) AS° (J K'mol™) R?

GO-PEG (200) -7.261 -7.984 -8.708 14.296 72.337 0.999
GO-PEG (2000) —2.637 -3.204 -3.772 14.273 56.744 0.994
GO-PEG (20000) -3.486 -3.733 -3.981 3.892 24.758 0.999
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3.2.5. Adsorption kinetics

To deeply explore the adsorption process, the experi-
mental data of the adsorption process were analyzed using
pseudo-first-order model, pseudo-second-order model, and
intraparticle diffusion model, respectively. Equations repre-
senting these models are listed as follows.

The pseudo-first-order equation is expressed as follows:

In(g, —q,) =Ing, -kt 6)

The pseudo-second-order equation is expressed as
follows:

1,1,
9, ka4, @

The Intra particle diffusion equation is expressed as
follows:
g, =k, t" +c (8)

dif

where k; (min™) and k, (mg min g™') are the adsorption rate
coefficient of pseudo-first-order and pseudo-second-order
kinetic models, respectively; g, and g, (mg g™) are the values
of the amount of Pb(II) adsorbed per unit mass at equilibrium
and instant of time t (min), respectively; and k, (mg g™ min'?)
is the intraparticle diffusion rate constant.

All the kinetic data were calculated (Fig. 8), fitted to the
above three equations and tabulated in Table 3. As can be
seen from the coefficient of determination (R?), it is obvious
that pseudo-second-order model provided a better fit to
the obtained data. In addition, the g, value calculated by
the pseudo-second-order model was also more consistent
to the experimental data. Therefore, it could be concluded
that the adsorption kinetics of Pb(II) onto GO-PEG compos-
ites could be described by the pseudo-second-order reaction
model.

3.2.6. Adsorption isotherms

The adsorption isotherm could provide the qualitative
information about the adsorption capacity of the adsorbent
and the distribution of the adsorbate among the solid adsor-
bent and the liquid phase at equilibrium [34]. To simulate the
adsorption isotherms of Pb(II) onto the GO-PEG composites,
Langmuir (Eq. (9)) and Freundlich (Eq. (10)) isotherm models
were used for analyzing the experimental data, respectively.

Table 3
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Parameters of different kinetic models for the adsorption of Pb(II) onto the GO-PEG sorbents

Adsorbent Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model
k, 9. R k, 9. R ki R?

GO-PEG (200) 0.06004 20.11 0.9804 0.00818 234.19 0.9999 1.76505 0.7934

GO-PEG (2000) 0.01516 5.49 0.7417 0.02096 100.00 0.9998 0.57243 0.4976

GO-PEG (20000) 0.00990 9.47 0.3909 0.01328 173.91 0.9997 1.19748 0.6689
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where g, and g, (mg g™) are the equilibrium amount of adsor-
bate on adsorbent and the maximum adsorption capacity of
the adsorbent, respectively; C, (mg L™) represents the Pb(II)
concentration at equilibrium; b (L mg™) is the Langmuir
constant related to the adsorption energy; and K, and 1/n
represent the Freundlich constants related to the adsorption
capacity and the adsorption intensity, respectively.

The adsorption of Pb(Il) onto GO-PEG composites was
investigated with varying initial concentrations (10-90 mg L) at
three different temperatures (298, 308, and 318 K). The adsorption
isotherm parameters of Pb(II) onto GO-PEG sorbents are shown
in Fig. 9, and the parameters calculated from the two isotherm
models are listed in Table 4. From the R? values, it is obvious
that the adsorption data are better fitted to the Langmuir iso-
therm model (R? > 0.98), assuming monolayer adsorption occurs
at the finite or fixed number of definite localized sites [47]. The
results are highly in agreement with the above adsorption kinet-
ics analysis. Furthermore, GO-PEG (200) showed observably
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higher g, (204.5mg g™') for Pb(II) due to its larger SSA and higher
amount of oxygen-containing functional groups.

To verify the practicability of the developed GO-PEG
adsorbent, the removal of Pb(Il) from Xiangjiang River
water (Changsha, China) was studied. The removal rate of
GO-PEG (200) and GO-PEG (20000) for the Pb(II) solution
with low-concentration (50 mg L™) was up to 100% in 30 min.
The adsorption performance of GO-PEG (200) Cu(II), Cd(II),
Mn(II), Er(Ill), and Y(III) was also investigated, and the
adsorption capacities were tested to be 48.04, 80.48, 36.1, 23.1,
and 12.2 mg g, respectively.

3.2.7. Contrast experiments

The contrast of the Pb(II) adsorption capacities of
GO-PEG composites with previously reported adsorbents is
summarized in Table 5. It is obvious that some adsorbents
including Aspergillus oryzae (HA) composited by peanut
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Fig. 9. The Langmuir model of Pb(II) on (a) GO-PEG (200), (b) GO-PEG (2000), (c) GO-PEG (20000) and the Freundlich model of Pb(II)
on (d) GO-PEG (200), (e) GO-PEG (2000), and (f) GO-PEG (20000) at three different temperatures.



J.-Y. Yang et al. / Desalination and Water Treatment 138 (2019) 147-158 155

Table 4

Calculated isotherm parameters of Pb(II) onto GO-PEG sorbents by Langmuir and Freundlich isotherm models

Adsorbent Models Parameters 298 K 308 K 318K
GO-PEG (200) Langmuir b 1.1506 -0.7612 -2.7701
q, 204.50 189.04 193.05
R? 0.9972 0.9885 0.9982
Freundlich K, 188.89 193.57 193.73
1/n 0.0121 0.0064 0.0028
R? 0.1386 0.0458 0.0353
GO-PEG (2000) Langmuir b -0.0248 1.6676 1.2876
q, 72.73 87.03 93.46
R? 0.9991 0.9981 0.9990
Freundlich K, 63.07 70.43 75.74
1/n 0.0364 0.0529 0.0502
R? 0.4291 0.5163 0.7489
GO-PEG (20000) Langmuir b 1.3683 3.3333 4.7455
q, 196.46 188.68 191.57
R? 0.9901 0.9994 0.9998
Freundlich K, 186.69 185.27 180.74
1/n 0.0047 0.0011 0.0135
R? 0.0084 0.0033 0.6706

Table 5
A comparison of the maximum Pb(II) adsorption capacities of
various adsorbents

Adsorbents q, (mgg) Reference
Peanut shell-HA 20.92 [35]
Millet chaff-HA 21.786

CSB@Fe,O, 83.33 [36]
ox-MWCNT-CI, 87.57 [12]
SY-m-SNPs 94.53 [37]
XG/GG 98.4 [38]
GO-TA 125.63 [39]
SAPL 130.2 [40]
nZVI/OBA 160.00 [41]
WHAC 118.8 [42]
Cross-linked GO 186.48 [43]

SMA 143.3 [44]
MDAe@Fe,O, 333.3 [45]
Porous biosilica 120.4 [46]
GO-PEG (200) 204.50 This work
GO-PEG (2000) 72.73

GO-PEG (20000) 196.46

ox-MWCNT-Cl,, diiodocarbene functionalized oxidized multi-
walled carbon nanotube.

shell (peanut shell-HA) or millet chaff (millet chaff-HA),
sodium hypochlorite-modified starch nanoparticles (SY-m-
SNPs), chitosan schiffs base@Fe,O, (CSB@Fe,O,), sulfuret-
ted lignin (SAPL), tartaric acid-modified GO (GO-TA), acti-
vated carbon from water hyacinth (WHAC), polysaccharide
mixes of xanthan gum, synthetic mineral adsorbent (SMA),
and guar gum (XG/GG), zerovalent iron particles-modified

ostrich bone ash (nZVI/OBA), and melamine-based den-
drimer amine-modified Fe,0O, (MDA@Fe,O,) showed lower
Pb(II) adsorption capacities than those of GO-PEG (200) and
GO-PEG (20000), indicating the GO-PEG composites could
be used as highly efficient adsorbents in removal of metal
ions from aqueous solutions.

3.2.8. Adsorption mechanism of Pb(Il) onto GO-PEG sorbents

The schematic representation of Pb(II) adsorption onto
GO-PEG is shown in Fig. 10. First, PEG reacted with NaH
to form alkoxide negative ion; second, a nucleophilic addi-
tion reaction and a ring-opening addition reaction occurred
between the alkoxide negative ion and GO to generate the
GO-PEG composite. Due to the abundant oxygen-containing
groups (-C=0, -OH, and -COOH of GO and terminal -OH
and C-O-C of PEG), it is easy for the formation of complexes
between GO-PEG and Pb(II).

From FT-IR spectra (Fig. 4(e)), it is obvious that
metal-oxygen coordination was involved in the adsorp-
tion because the absorption peak of C=O of the GO-PEG
(200)-adsorbed Pb(II) shifted to low wavenumber (Fig. 4(e)).
In addition, the chemical states of C, O, and Pb of GO-PEG
(200)-adsorbed Pb(II) were also analyzed by XPS (Fig. 11(a)).
It is obvious that there are C 1s, O 1s, and Pb 4f peaks in
GO-PEG (200)-adsorbed Pb(II). The C 1s and O 1s spectra
have been previously investigated in detail [24]. The C 1s
spectra reveal four characteristic peaks at 284.5 eV (C=C),
2849 eV (C-0), 2854 eV (C=0), and 286.6 eV (O-C=0),
respectively (Fig. 11(b)). And, the O 1s spectra reveal three
characteristic peaks at 531.6 eV (C-0O), 532.5 eV (C=0), and
533.7 eV (O-C=0), respectively (Fig. 11(c)). The Pb 4f spectra
for the GO-PEG (200)-adsorbed Pb(IT) showed two sets of 4f
doublet peaks at 144.2/139.3 eV and 143.6/138.6 eV in accor-
dance with the reference compounds of PbO and Pb(NO,),
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in the literature [48], indicating the presence of Pb(II) on the
surface of the adsorbent through both direct physisorptions
and Pb-O coordination interactions (Fig. 11(d)).

From previous characterization (Fig. 1), it is obvious
that GO-PEG (200) possesses the highest BET SSA
(126.0 m? g™*) which is almost three times as that of GO-PEG

J.-Y. Yang et al. / Desalination and Water Treatment 138 (2019) 147-158

(2000) (40.8 m? g™) or GO-PEG (20000) (39.4 m* g™'), indicating
thst better physical adsorption can be achieved by GO-PEG
(200) composite. Additionally, the oxygen content in the
samples gradually increased with an increase in the molec-
ular mass of PEG from 200 to 20000, indicating that more
active adsorption sites were formed on the surface of the
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Fig. 10. Schematic representation of the Pb(II) adsorption onto GO-PEG sorbents.
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adsorbents. However, the differences observed at the oxygen
content levels of the three adsorbents were minor. Therefore,
physisorption dominants the reaction and GO-PEG (200) pos-
sesses the highest adsorption capacities for Pb(Il). GO-PEG
(2000) and GO-PEG (20000) possess almost the same SSA,
while the later possesses higher oxygen content. Therefore,
GO-PEG (20000) showed relatively higher adsorption capac-
ities for Pb(II) than that of GO-PEG (2000).

3.2.9. Regeneration of the adsorbents

The regeneration of an adsorbent is very important for its
practical applications. The initial Pb(II) concentration and the
amount of GO-PEG (200) were set to be 20 and 500 mg L7,
respectively. After the adsorption, the adsorbent was filtered
from the solution and soaked in dilute nitric acid (HNO,,
0.1 mol L) for 4 h, then rinsed with deionized water for
three times, and used for another adsorption. The adsorption
efficiency of GO-PEG (200) approached 95% even after five
successive cycles of adsorption—desorption.

4, Conclusion

ToevaluatetheeffectsoftheSSAand thesurfacecomplexation
groups of the adsorbents toward metal ions, GO-PEG (200),
GO-PEG (2000), and GO-PEG (20000) were prepared by a nuc-
leophilic addition reaction. The morphologies, surface func-
tional groups, SSA, and chemical compositions of the GO-PEG
sorbents were characterized by FE-SEM, BET, DT-TGA, FT-IR,
XPS, and Raman spectra. By using Pb(II) as the model metal ion,
the removal abilities of the GO-PEG sorbents toward metal ions
were investigated. The adsorption conditions were optimized.
The adsorption thermodynamics, kinetics, and isotherms
were studied in detail. The maximum adsorption capacities
of GO-PEG (200), GO-PEG (2000), and GO-PEG (20000) for
Pb(II) reached 204.50, 72.73, and 196.46 mg g™, respectively.
The removal rate of GO-PEG (200) and GO-PEG (20000) for the
Pb(II) solution with low-concentration (50 mg L) was up to
100% in 30 min. Both the SSA and the surface functional groups
were found to greatly affect the adsorption performance of the
adsorbents. The results could provide some references for the
further researches in developing and researching novel highly
efficient adsorbents.
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