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Highlights
o HPA-GO was firstly prepared for Pb(II) and methylene blue removal.
e The pseudo-second-order model and Langmuir model fitted the adsorption process.
e The thermodynamics implied the adsorption was endothermic and spontaneous.
e The adsorption mechanisms were discussed.
e HPA-GO could be recycled efficiently in the adsorption—desorption cycles.

Abstract

Multifunctional hyperbranched polyamine modified graphene oxide (HPA-GO) was
successfully prepared and characterized by Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), X-ray diffraction (XRD), zeta potential and scanning
electron microscope (SEM) analyses. HPA-GO exhibited excellent adsorption performance
for the removal of a heavy metal (Pb(I)) and a dye (methylene blue (MB)). The equilibrium
adsorption capacity was 819.7 mg g for Pb(Il) and 740.7 mg g for MB under the optimal
conditions. The pseudo-second order equation and the Langmuir model exhibited good
correlation with the adsorption kinetic and isotherm data, respectively, for these two
pollutants. The thermodynamic results (AG <0, AH > 0, AS > 0) implied that the adsorption
process of Pb(Il) and MB was feasible, endothermic and spontaneous in nature. A possible
adsorption mechanism has been proposed where chelation and electrostatic attraction
dominated the adsorption of Pb(II) and n—= stacking interactions and electrostatic attraction
dominated the adsorption of MB. In addition, the excellent reproducibility endowed HPA-GO

with the potential for application in water treatment.
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1. Introduction

Industrial development has resulted in increased environment pollution. Therefore, the
decontamination of wastewater containing heavy metal ions and synthetic dyes from mining,
metallurgical and dye manufacturing processes has become an urgent issue in the field of
environment treatment [1]. Heavy metals and dyes are two of the most basic pollutants in
wastewater due to their strong toxicity, non-biodegradability and accumulation in plants,
animals and human beings [2] and [3]. Heavy metal ions, such as lead, can cause sickness,
neurological disorders, kidney disease, anemia and even death [2]. The plastics, leather,
papermaking and textile industries are some common sources of dye effluents. Dyes with a
complex aromatic structure are more stable and difficult to biodegrade. Methylene blue
(MB), which is the most commonly used substance for dying cotton, wood or silk, may cause
nausea, vomiting and neurological injury in humans after frequent contact [3]. Due to their
enormous harmful effects, heavy metals and synthetic dyes should be removed from
wastewater prior to being released into the environment. Traditional technologies that have
been explored for the removal of these contaminants include chemical precipitation,
membrane filtration, adsorption, biological treatment, conventional coagulation and
photocatalytic degradation [4] and [5]. Among these methods, adsorption is regarded as the
most effective and widely used approach due to its relatively low cost, simple operation, and
availability for many pollutants [6]. Therefore, various adsorbents, such as activated
carbon [7], zeolite [8], clay [9] and polymeric adsorbents [10], have been produced to meet
different needs. However, these traditional adsorbents are typically limited by low adsorption
capacities or recycling problems. Therefore, the development of new adsorbents with better

adsorption performance is highly desirable.

Recently, nanostructured adsorbents have been widely explored due to their high specific
surface areas and enhanced active sites. As an emerging carbon nanomaterial, graphene has
attracted considerable attention due to its unique properties. Due to its very large surface area,
flat structure and good mechanical properties, graphene has been used as an excellent
adsorbent to remove a range of heavy metals and benzenoid contaminants [11] and [12].
However, the performance of graphene nanoadsorbents is limited by the relatively low
density of surface functional groups and poor water dispersibility caused by aggregation via
van der Waals interactions [13]. To improve dispersion properties in aqueous solutions as
well as the adsorption capacity, graphene is often functionalized with inorganic nanoparticles,

surfactants, hydrophilic groups, or polymers [14] and [15].



Polymer adsorbents, such as polypyrrole [16], polythioamides [17], polyacrylamide [18],
polyacrylic acid [19] and chitosan [20], are effective for removing heavy metals and dyes.
Therefore, water-soluble polymers containing heteroatoms (N, O, S, P) are typically chosen
to modify graphene oxide (GO) and generate polymer/GO nanosorbents. This modified
procedure endows polymer/GO with good water solubility and abundant functional groups,
which is beneficial for improving its adsorption capacity [21]. Wang et al. [22] dotted
polyaniline nanorods on graphene oxide nanosheets to prepare a novel super adsorbent with a
superb removal capacity for Cr(VI). Liu et al. [23] successfully prepared water-soluble
cyclodextrin/poly(acrylic acid)/graphene oxide nanocomposites as new adsorbents for the
removal of cationic dyes from aqueous solutions. Wang et al.[24] fabricated a series of
polydopamine layer coated GO (PD/GO) composites, which were used for the removal of

organic dyes and heavy metal ions with a very high capacity.

In comparison to linear polymers, hyperbranched polymers (HPs) are more suitable for the
modification of GO to prepare an adsorbent due to its nearly spherical structure and
numerous surface functional groups. In addition, most of the functional groups can interact
with adsorbates due to weak or even non-existent molecular chain entanglements that exist in
HP [25]. HP has been used to modify some substrates, such as SiO,[26], fibers [27] and
membranes [28], for the effective removal of heavy metals and dyes. However, no studies

have employed hyperbranched polyamine modified GO as an adsorbent.

In this study, we combined multifunctional hyperbranched polyamine (HPA) with high
surface area GO to prepare a novel nanosorbent (HPA-GO) for the high efficiency removal of
both heavy metals and dye. Due to the abundant hydroxyl and amine groups, HPA exhibited
good water solubility and strong affinity for the pollutants. Grafting of HPA onto the GO
surface is expected to effectively improve the adsorption capacities of contaminants. The as-
prepared HPA-GO was characterized by FTIR, TGA, XRD, zeta potential and SEM analyses.
To further investigate the interaction mechanism between HPA-GO and contaminants,
kinetic, isothermal and thermodynamic studies of Pb(I) and MB adsorption by HPA-GO
were carried out. The batch adsorption tests are discussed in detail, and a possible adsorption
mechanism has been proposed. In addition, the effect of coexisting ions and the regeneration

of HPA-GO have been evaluated for practical applications.



2. Materials and methods

2.1. Chemicals and materials

Poly(ethylene glycol) diglycidyl ether (PEG-DE, Sigma Aldrich, USA) and N-ethylethylene
diamine (NEED, Alfa Aesar, London) were used as received. All of the other chemicals,
which were obtained from Sinopharm Chemical Reagent Beijing Co., Ltd, China, were of
analytical reagent grade. In addition, ultrapure water (EASY-pure LF, Barnstead
International, Dubuque, lowa USA) was used. 0.1 mol L' HCI and 0.1 mol L '"NaOH were
used for pH adjustment. Lead acetate, which was employed as the heavy metal source, and
methylene blue (MB), which was employed as the dye source, were dissolved in ultrapure

water prior to use.

2.2. Synthesis of hyperbranched polyamine (HPA)

Hyperbranched polyamine (HPA) was synthesized through the nucleophilic ring-opening
reaction of PEG diepoxy and amine monomer [29]. The reaction was conducted in a three-
neck flask equipped with a nitrogen inlet tube and a reflux condenser. PEG-DE (0.02 mol),
NEED (0.02 mol) and ethanol (60 mL) were added to the flask. The mixture was stirred at
room temperature for 48 h and then refluxed for an additional 24 h. After most of the ethanol
was removed by evaporation, the residue was precipitated in n-hexane to produce a viscous
liquid followed by drying in a vacuum oven at 45 °C for 24 h, which resulted in a light
yellow liquid with a yield of approximately 92%.

2.3. Synthesis of HPA-modified grapheme oxide (HPA-GO)

Graphene oxide (GO) was prepared from purified natural graphite using the modified
Hummers method [30]. HPA-GO was prepared according to the following steps: First, GO
(400 mg) was fully dispersed in 150 mL of water under ultrasonication for 6 h at room
temperature. Then, HPA (4 g) and KOH (150 mg) were added, and the mixture was
vigorously stirred at room temperature for 12 h and 80 °C for an additional 12 h. The color of
the solution became darker during the reaction process. Finally, the resulting product was
centrifuged (9500 rpm for 20 min) and repeatedly washed with ethanol (two times) and water
(two times) to remove the free HPA polymers that were not anchored to the nanosheets. The

final product (HPA-GO) was dried in vacuum at 45 °C for 24 h.

2.4. General characterization
The performance of the synthesized product was characterized using several techniques. 'H

nuclear magnetic resonance spectroscopy (‘H NMR) was performed with a DMX-300 MHz
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instrument (Bruker, Germany) using CDCl; as the solvent to dissolve HPA. The FTIR spectra
measurements were mounted by using a Perkin-Elmer Spectrum One FTIR spectrometer
(Perkin-Elmer, United States) in KBr pellet at room temperature in a spectral range of 4000—
400 cm™'. HPA was coated onto KBr chip for FTIR analysis. While dried GO or HPA-GO
powder was grinded with KBr and then pressed into thin slice for FTIR analysis. TGA was
performed on a Diamond High Temperature Type TG/DTA thermoanalyzer (Perkin-Elmer,
United States) under a N, atmosphere from room temperature to 800 °C with heating rate of
10 °C/min. The XRD patterns were acquired on a RigakuD/MAX 2200 X-ray diffractometer
(Tokyo, Japan). For zeta potential analysis, 10 mg of HPA-GO powder was dispersed in
50 mL of ultrapure water with various pH values, the obtained solution samples were
measured with a JS94H (Shanghai, China). SEM and energy-dispersive X-ray spectroscopy
(EDX) were performed using powder samples on a FEI QUANTA FEG250 coupled with
INCA Energy X-MAX-50.

2.5. Adsorption experiments

All of the pollutant solutions in the experiment were prepared by dissolving
Pb(CH;COOQ), and MB in ultrapure water. Fresh dilutions were used in each experiment.

To determine the optimum adsorption conditions and study the adsorption mechanism of
Pb(Il) and MB adsorption, batch adsorption experiments were performed. The prepared
adsorbent (HPA-GO) was placed in a beaker containing 50 mL of the Pb(II) or MB aqueous
solution and then shaken on a temperature-controlled shaker. The dosage effect was tested in
the 2—-14 mg range for Pb(II) and 2—16 mg range for MB (contact time was 3 h, temperature
was 298 K). The effect of pH was studied in the range of 1-6 for Pb(Il) and 1-8 for MB. The
effect of the contact time was determined from 20—120 min for Pb(Il) and 20—180 min for
MB (10 mg dosage was used for both Pb(II) and MB, pH = 6, temperature was 298 K). The
adsorption equilibrium isotherms were determined with an initial concentration range of 20—
200 mg L' for both Pb(II) and MB. The adsorption thermodynamics were studied at

temperatures ranging from 298 to 318 K with varying initial concentrations.

At the end of the adsorption, the mixed solution was centrifuged, and the supernate was
collected to determine the residual concentrations of Pb(II) and MB. The removal efficiency
and the amount of Pb(I) and MB adsorbed onto HPA-GO were calculated using the

following equations:



Co—Ce

Removal efficiency (%) = 100 x
Co (1)

(Co—Cp)V

m (2)
where Cy and Ce (mg L") are the initial and equilibrium concentrations of the pollutant,

t

respectively. C; (mg L™") is the concentration of adsorbate in the aqueous solution at
time t (min). g; (mg g ) is the amount of adsorbate adsorbed per unit mass of the adsorbent at

time t. V (L) is the volume of the adsorbed solution, and m (g) is the mass of the adsorbent.

2.6. Regeneration of the adsorbent

In the desorption experiments, an HCI solution (50 mL, 0.5 M) and ethanol (50 mL) were
used as the desorption agents for Pb(Il) and MB, respectively, to regenerate the adsorbents
from the HPA-GO loaded with Pb(Il) and MB samples, respectively. After shaking for
180 min at 298 K, the samples that were separated from the solution by centrifugation were
washed three times with ultrapure water and subjected to the adsorption—desorption process

to recycle. The adsorption—desorption cycle was successively conducted 5 times for each test.

2.7. Replication of batch experiment
Each batch adsorption experiment was conducted twice and the data shown are the average

values. The individual values were generally within 5%.

3. Results and discussion

3.1. General characterization

The preparation process of HPA-GO and its subsequent adsorption of Pb(Il) and MB are
shown in Scheme 1. Water-soluble HPA can be obtained through a one-pot reaction of
commercial PEG-DE and NEED. The molecular structure was determined based on the'H
NMR spectrum (Fig. 1a). The peaks at 0.8—1.4 ppm corresponded to the signal from the
methyl groups. In addition, the characteristic peaks of —CH,— and —CH- connected to
nitrogen and oxygen atoms appeared at 2.03—2.9 ppm and 3.1-4.1 ppm, respectively. The
results from the "H NMR spectrum indicated the successful synthesis of HPA according to
the literature [29]. HPA was further used to modify GO through a nucleophilic ring-opening
reaction between the amine groups of HPA and the epoxy groups of GO in a KOH solution to
introduce hydroxyl and amine groups onto the GO surface to increase the adsorption

efficiency of Pb(II) and MB. In addition, due to the good water solubility of HPA grafted



onto the GO surface, it was well dispersed in the aqueous solution, which was helpful for

improving the adsorption properties of HPA-GO.

Scheme 1. The process for preparation of HPA-GO and its adsorption of Pb(Il) and MB.

The covalent functionalization of graphene oxide with HPA was characterized by FTIR
spectroscopy (Fig. 1b). The characteristic peaks in the GO spectrum at 3410, 1739, 1626,
1415 and 1221 cm™ ' were due to the OH, C— O in -COOH, aromatic C— C, carboxy C-O,
and epoxy C-O stretches, respectively [31]. In the HPA spectrum, the broad adsorption band
located at 3412 cm™' was due to the stretching vibration of O—H and N—H. Due to the strong
absorption of the —OH groups and trace amounts of water, the O—H and N-H groups merged
into one broad peak. The two bands located at 2975 cm ™' and 2873 ¢cm ' corresponded to the
stretching of the —CH,— groups. The peak at 1656 cm ' corresponded to N-H bending
vibration of -NH;[32]. The characteristic peak of the aliphatic C—O ether bond appeared at
1086 cm ™. In the HPA-GO spectrum, the peak located at 1650 cm™' was due to vibration of
the aromatic rings and ~NH,groups. The peak located at 1221 cm ' that was assigned to
epoxy C—O stretches disappeared, suggesting the successful reaction of the epoxy groups on
graphene oxide with the amine groups of HPA. In addition, two new bands appeared at
2924 cm ' and 2843 cm! due to —CH,— stretching vibrations of HPA, which also indicated
the successful grafting of HPA onto the GO surface. It is important to note that the existence
of abundant hydroxyl and amine groups as well as ether bonds in HPA have two advantages
as follows: first, these functionalities endow HPA with good water solubility, which is
beneficial for improving the water dispersity of GO. Second, the abundant hydroxyl and
amine groups can interact with heavy metals and dyes [21]. Therefore, grafting of HPA onto

GO surface is expected to result in high efficiency removal of heavy metals and dyes.
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Fig. 1. Characterization of as-prepared adsorbent: 'H NMR spectrum of HPA in CDCl; (a);
FTIR spectra (b), TGA analysis (c), XRD patterns (d) of HPA, GO, HPA-GO; Zeta potential
of HPA-GO (e); SEM images of GO (f), HPA-GO (g), photographs for the dispersion status
of GO (left) and HPA-GO (right) in water settled for 2 h and 2 months, respectively (h); EDX
analysis of HPA-GO before (i) and after loading with Pb(Il) (HPA-GO-Pb(Il), j) and MB
(HPA-GO-MB, k).



The weight loss curves for GO, HPA and HPA-GO obtained from TGA are shown inFig. 1c.
The weight loss of GO started below 100 °C due to the volatilization of adsorbed water. A
relatively large weight loss was observed at approximately 195 °C, which was attributed to
the decomposition of oxygen-containing functional groups. In contrast, HPA exhibited a
weight loss stage from 260 °C to 450 °C, which appear to be effective in enhancing the
thermal stability of the GO sheets. For HPA-GO, the maximum weight loss temperature
(300 °C) and the residue at 800 °C (41.3%) is located between those of neat GO (195 °C,
55.1%) and HPA (360 °C, 0.2%), indicating that HPA has been successfully grafted onto the
GO surfaces. Therefore, the nanocomposite adsorbent exhibited good thermal stability, which

is beneficial for the application of the adsorbent.

The wide-angle XRD patterns of GO and HPA-GO are shown in Fig. 1d. In comparison to
the pure GO diffraction signals, no diffraction signals corresponding to GO in the HPA-GO
composites were observed at 10°. This results may be due to the grafting of a number of HPA
polymers onto the GO surfaces, which extends the layer distance of GO and reduces the
orderly aggregation of the GO sheets resulting in more fewer-layered GOs and weaker peaks
from carbon. In addition, a broad diffraction peak corresponding to amorphous HPA
appeared in the pattern of HPA-GO. The results from the XRD analysis also indicated that

HPA was anchored onto the GO nanosheets.

Zeta potentials are widely used to analyze the electronic charges on the surface of adsorbents
in aqueous solutions. The point of zero charge (pHzpc) of HPA-GO was determined by
measuring the zeta potential of the nanocomposite as a function of pH[33]. As shown
in Fig. le, the pHzpc of HPA-GO was 2.4, and the surface of HPA-GO was negatively
charged due to the deprotonation of the hydroxyl groups when the pH was higher than 2.4.
The pH of intrinsic water typically ranges from 7 to 9 [34]. Therefore, the as-prepared HPA-
GO will be negatively charged in most natural water environments. Because the adsorption
process of cation pollutants, such as heavy metal ions and cation dyes, is typically dominated
by electrostatic interactions, HPA-GO is expected to exhibit improved adsorption capacities,

and the performance of the adsorbents will increase in more alkaline conditions.

The SEM images showed the microstructure of GO (Fig. 1f) and HPA-GO (Fig. 1g). GO
possessed a paper-like folded structure with thin layers. After the introduction of HPA, the
surface of layered HPA-GO was smoother and thicker compared to that of GO.



Due to the introduction of water-soluble HPA, HPA-GO was easily dissolved in water using
ultrasonication. Fig. 1h shows the dispersion state of GO and HPA-GO in water (2 mg mL™")
at room temperature after settling for different periods of time. HPA-GO can be uniformly
dispersed in water to form homogenous and stable solutions, and then, the dispersions were
allowed to settle for at least two months without obvious precipitants (Fig. 1h right).
However, GO cannot be well dispersed in water, and precipitates formed in 2 h after
ultrasonication (Fig. 1h left). Therefore, the improved solubility of HPA-GO further supports

the successful functionalization of GO sheets.

EDX analysis was used to analyze the elemental composition of the sorbent before and after
adsorption. Based on the results shown in Fig. 1i, C and O existed in the spectrum of HPA-
GO prior to adsorption. After adsorption of Pb(Il) and MB onto HPA-GO, new peaks
corresponding to Pb and S appeared in the spectrum of HPA-GO-Pb(Il) (Fig. 1j) and HPA-
GO-MB (Fig. 1k), respectively. These results qualitatively indicate that Pb(II) and MB were
successfully adsorbed onto HPA-GO.

3.2. Factors affecting adsorption

3.2.1. Effect of dosage on the removal efficiency

The effect of the adsorbent dosage on the removal efficiency was investigated by adding
various amounts of the HPA-GO nanocomposite to 50 mL of Pb(Il) and MB solutions
(60 mg L") followed by shaking for 3h at room temperature (Fig.2a). The removal
efficiency of Pb(Il) and MB increased as the adsorbent dosage increased, which was due to
more adsorption sites being available at higher adsorbent dosages. However, when the
adsorption process reach a saturated state, no more Pb(Il) and MB can be adsorbed onto the
adsorbent even if the dosage of the adsorbent is increased. As indicated by the results, the
removal efficiency reached an equilibrium at 98.4% and 97.6% for Pb(Il) and MB,
respectively, corresponding to 0.01 g HPA-GO dosage. Considering the removal efficiency
and practicality, the optimal adsorbent dosage was maintained at 0.01 g for Pb(Il) and MB in

all subsequent experiments.
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Fig. 2. Effect of dosage (a), pH (b) and contact time (c) on adsorption behavior of Pb(II)
(Co=60mg L'.V=50mL, temperature at 298 K) and MB (Cy = 60 mg L', V=50mL,
temperature at 298 K).

3.2.2. Effect of pH on the removal efficiency

Because pH has been reported as a key condition that affects the adsorption performance of
heavy metal ions and dyes from aqueous solution [35], a series of batch equilibrium tests were
carried out to confirm the effect of pH on Pb(Il) and MB adsorption by HPA-GO in a wide
range of pH values. Fig. 2b shows the uptake of Pb(II) and MB onto HPA-GO as a function of
the corresponding solution pH. When the pH values of the solutions were less than 2.0, the
surface functional groups on HPA-GO were protonated resulting in a positively charged
surface [36], which was consistent with the zeta potential obtained from in Fig. le. The
adsorption capacities of Pb(II) and MB were low due to electrostatic repulsion [37]. As the pH
values increased, the surface charge of HPA-GO became more negative, and the adsorption
capacities of Pb(Il) and MB substantially increased due to electrostatic attractions between the
oppositely charged ions. However, when the pH values were higher than 6.1, hydrolysis of
Pb(Il) occurs, resulting in the formation of Pb(OH),[38]. Under these condition, the removal
mechanism of Pb(II) would become more complicated, and it would be difficult to distinguish
between the adsorption and precipitation of Pb(II) removed from solutions. Therefore, a pH of
6.1 was chosen for subsequent adsorption experiments for Pb(Il) to avoid precipitation of
Pb(OH),. In addition, as shown in Fig. 2b, the maximum removal efficiency (99%) was
achieved at a solution pH of 5.9 for MB. Therefore, the high surface charge density that was
generated on HPA-GO under high pH conditions, which was translated into a low zeta
potential, resulted in an increase in the adsorption capacity for MB'[39]. In addition, the pH
value of the original MB solution was measured to be approximately 6.0. Based on the removal
efficiency and simple operation, subsequent experiments were carried out with the original MB

solution.

3.2.3. Effect of contact time on the removal efficiency
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The contact time between the adsorbent and adsorbate is an important parameter for
evaluating the adsorption performance of adsorbents. Fig. 2c shows the influence of the
contact time on the removal efficiency of Pb(Il) and MB. In general, a longer contact time
was advantageous for achieving higher removal efficiencies of Pb(Il) and MB. Absorption is
a time-consuming process, and an increase in the contact time is beneficial for sufficient
interactions between Pb(I[)/MB and the adsorption sites of HPA-GO. For Pb(Il) adsorption,
the removal efficiency increased sharply within 40 min and reached equilibrium in 60 min.
For MB adsorption, the removal efficiency increased sharply within 80 min and reached
equilibrium in 150 min. In the initial stage of the adsorption reaction, the adsorption sites on
HPA-GO for Pb(I)/MB were sufficient. As time progressed, more and more adsorption sites
were occupied, and the adsorption capacity was eventually saturated. Therefore, 60 min and

150 min were selected as the optimum contact time for Pb(II) and MB, respectively.

3.3. Adsorption kinetics

The pseudo-first order, pseudo-second order, intraparticle diffusion and Bangham equations
were applied to describe the kinetics of the contaminant adsorbing onto HPA-
GO [40], [41], [42] and [43]. Each model is expressed as follows:

Pseudo-first order model:

In(g. — q,) = In q. — kqt 3)
Pseudo-second order model:

t 1 t

qt kzqe QE (4)

Intraparticle diffusion model:

— . 1.""24
. kdlft +C (5)

Bangham model:

Ing, = In ky + (n]?) Int
(6)

where . and g; (mg g ') are the amounts of pollutants adsorbed onto the adsorbent at
equilibrium and at time t (min), respectively. k; and k, (mg min g') are the pseudo-first order

-1/2

and pseudo-second order rate constant, respectively. Kgr (mg g~' min~"?) is the intraparticle

diffusion rate constant. m and k;, are the related constants of the Bangham model.

12



The linear fitting results of the kinetic data are shown Fig. 3, and the relevant calculated results
are listed in Table 1. The pseudo-second order kinetic model fitted well with all of the
experimental data compared to the three other models (Pb(II): R*=0.9995, MB:R? = 0.9984),
which indicated that the adsorption rate was primarily determined by a chemical adsorption
process. This result implied that electron transfer, exchange or sharing was generated and a
chemical bond was formed in the adsorption process [44]. In addition, the calculated g. from
the pseudo-second order kinetic model was 301.8 mg g for Pb(II) and 299.5 mg g ' for MB,
which are consistent with the experimental data (298.9 mg g~ for Pb(II) and 297.5 mg g for

MB).
6
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Fig. 3. Pseudo-first-order kinetics (a), pseudo-second-order kinetics (b), Intraparticle diffusion
kinetics (c) and Bangham kinetics (d) for adsorption of Pb(Il) (m = 10 mg, Cy = 60 mg L,
V=50 mL, pH at 6.1, temperature at 298 K) and MB (m = 10 mg, C, = 60 mg L, V=50mL,
pH at 5.9, temperature at 298 K).
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Table 1. Constants and correlation coefficients for the kinetic models of Pb(II) and MB onto
HPA-GO.

Kinetic model Parameter Pb(I) R’ MB R?

Pseudo-first-order k, (mg min g ') 0.0541 0.7963  0.0229 0.8829
g. (mg g ) 42.28 171.01

Pseudo-second-order  k, (mg min g ') 0.0014 0.9995  0.0003 0.9984
g. (mg g ™) 305.81 299.53

Intraparticle diffusion kgr(mg g ' min"?) 5.1043  0.5429  5.5445  0.8950

Bangham m 13.8889  0.6823  6.7083  0.9460
ko (mg g™") 216.8379 140.5102

3.4. Adsorption isotherms

The adsorption isotherms were investigated to provide insight into how an adsorption system
reaches dynamic equilibrium and how the adsorbate interacts with adsorbent surface [45].
Four isotherm equations were selected to model the adsorption isotherm data including the
Henry [46], Langmuir [47], Freundlich [48] and Temkin [49] equations, which can be
expressed as follows:

Henry equation:

Je = KuCe (7
Langmuir equation:
Ce_ 1 G
de  bGw qn ®)
Freundlich equation:
1
In g. = In K¢ +o In Ce ©
Temkin equation:
e RT In Ce +g In Ar
br br (10)

where Qp, (mg g_l) is the maximum adsorption capacity. Ky and Kg are the constants related
to the adsorption capacity and intensity, respectively. b (L mg™") is the Langmuir constant
related to the affinity of the binding site. A smaller 1/n value indicates a more heterogeneous

surface. However, a value closer to or equal to one indicates the adsorbent has relatively

RT
more homogeneous binding sites. b1 is related to the adsorption heat. At is the equilibrium

constant corresponding to the maximum binding energy.
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The fitting results obtained from these four common adsorption models are shown in Fig. 4,

and the calculated isotherm constants are listed in Table 2. According to the correlation

coefficients (Rz), the Langmuir model is more suitable than the three other models for
describing the adsorption of both Pb(II) (R?=0.9994, R*=0.9949,R*=0.9982) and MB
(R*=0.9962, R* = 0.9971, R* = 0.9933) at 298 K, 308 K and 318 K, respectively.
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Fig. 4. Henry (a), Langmuir (b), Freundlich (¢) and Temkin (d) adsorption isotherm fit of
Pb(Il) (m=10mg, Cyp=20-200 mg L, V=50mL, pH at 6.1, contact time for 60 min,
temperature at 298 K, 308 K and 318 K, respectively) and Henry (A), Langmuir (B),
Freundlich (C) and Temkin (D) adsorption isotherm fit of MB (m =10 mg, Cy=20-
200 mg L, V=50mL, pH at 5.9, contact time for 150 min, temperature at 298 K, 308 K
and 318 K, respectively).

These results indicated that the surface of HPA-GO has a monolayer coverage of Pb(II) or
MB, and the reaction interface between Pb(II)/MB and HPA-GO was nonhomogeneous [50].
The maximum adsorption amount calculated from the Langmuir model was 819.7 mg g ' for
Pb(II) and 740.7 mg g ' for MB at 318 K. A smaller 1/n value (<0.5) indicated that Pb(II) or
MB was easily adsorbed onto the heterogeneous surface of the HPA-GO composite. In
addition, for Pb(II) and MB adsorption onto HPA-GO, the correlation coefficients for the
Temkin isotherm model were all higher than 0.97, which indicated that the adsorption was
based on heat [51]. The adsorption capacity listed inTable 2 increased as the temperature

increased, which was due to an increase in the diffusion rate of the adsorbate across the

external boundary layer caused by the temperature increasing [52].
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Table 2. Adsorption isotherm parameters for Pb(Il) and MB adsorption onto HPA-GO at
298 K, 308 K, 318 K.

Temperature Adsorption isotherm Parameter Pb(II) R’ MB R
298 K Henry Ky 6.619  0.6640 3.555 0.5365
Langmuir b(Lmg"') 0.1902 09994 03616 0.9962
Om(mgg ') 714.29 558.66
Freundlich Ke 146.03 0.8550 187.59 0.8194
1/n 0.4154 0.2752
Temkin br 1930 0.9950 32.56 0.9705
Ar 2.793 15.680
308 K Henry Ky 10.118 0.7114 5.827 0.6141
Langmuir b(Lmg') 04286 0.9949 0.3856 0.9971
Om(mgg ) 775.19 666.67
Freundlich Kg 233.25 0.8565 207.65 0.8775
1/n 0.3405 0.3123
Temkin br 22.02 09863 26.78 0.9933
Ar 10.71 12.176
318K Henry Ky 12.673 0.6971 8.635 0.6959
Langmuir b(Lmg") 0.5922 0.9982 0.4470 0.9933
Om(mgg ') 819.67 740.74
Freundlich Kg 263.87 0.8413 235.83 0.8914
1/n 0.3488 0.3166
Temkin br 21.11 09956 25.52  0.9841
Ar 12.82 14.926

3.5. Thermodynamic parameters

To further investigate the effect of the temperature on the adsorption and explore the
mechanism involved in the adsorption process, the thermodynamic behavior was evaluated
using the following equations:

AG = —RTIn K, (an

AS AH

where R (8.314 J mol ' K™") is the gas constant, T (K) is the absolute temperature andKg is
the thermodynamic equilibrium constant. ASis the entropy change, AH is the enthalpy
change, and AG is the Gibbs free energy change in a given process (kJ mol'). The AS,
AH and AG results are shown in Table 3. The negative values of AG at the three temperatures
indicated that the adsorptive forces were sufficiently strong to overcome the potential barrier.
The adsorption process was spontaneous, and improved adsorption performance can be
achieved at a higher temperature. The positive values of AH suggested that the adsorption

process was endothermic in nature. In addition, the adsorption capacity of Pb(Il) and MB
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would increase as the temperature increased. The positive values of AS implied increased

randomness at the solid-solution interface and good affinity of Pb(Il) and MB with HPA-GO.

Table 3. Thermodynamic parameters for Pb(Il) and MB adsorption onto HPA-GO.

Pollutants Temperature InKg AG (kJmol™) AH (kJmol™") AS (@ mol' K™
Ph(II) 298 K 1.717643 —4.256 10.261 48.960

308 K 1.942880 —4.975

318K 1.976137 —5.225
MB 298 K 1.964634 —4.868 1.482 21.273

308 K 1.970714 —4.965

318K 2.002559 —5.128

3.6. Adsorption mechanism

The FTIR spectra of HPA-GO before and after loading Pb(I) and MB (referred to as HPA-
GO-Pb and HPA-GO-MB, respectively) were recorded to gain insight into the adsorption
mechanism (Fig. 5). A possible mechanism has been proposed in Scheme 2. For Pb(II)
removal, based on the zeta potential results, the protonation of the amino groups led to a
positively charged HPA-GO surface when the solution pH value was less than 2.4. Therefore,
the adsorption interaction may involve chelation of the amino and hydroxyl groups of HPA-
GO and lead [21] and [53]. By increasing the solution pH, deprotonation begins, and a new
electrostatic attraction may form among the negatively charged surface HPA-GO and the lead
ions. This interaction can also be confirmed by the FTIR spectra shown in Fig. 5. The peaks
at 3420 cm' and 1650 cm ', which are due to the stretching vibration of the O—H (or N-H)
groups and the bending vibration of the -NH,groups (before adsorption-spectrum HPA-GO),
shifted to 3408 cm ' and 1600 cm™'(after adsorption-spectrum HPA-GO-Pb), respectively,
indicating that all of these groups may interact with Pb(II) [54] and [55].
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Scheme 2. Proposed adsorption mechanism of Pb(Il) and MB adsorption onto HPA-GO.
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The removal of MB improved as the solution pH increased. In very acidic media (pH < 2.4),
the electrostatic repulsion between the positively charged HPA-GO and the MB" molecules
weakened the adsorption strength [S6] and [S7]. However, the removal efficiency still
reached 33% when the solution pH was 2. This result may be due to both MB and HPA-GO
possessing abundant aromatic rings, and m—7 stacking interactions may occur between MB
molecules and HPA-GO, resulting in effective removal of MB[58] and [59]. This interaction
can be verified by the FTIR spectra shown in Fig. 5. The adsorption peak corresponding to
the aromatic rings in HPA-GO shifted from 1650 cm ' (before adsorption-spectrum HPA-GO)
to 1605 cm ™! (after adsorption-spectrum HPA-GO-MB) due to n—r stacking interactions [60].
When the solution pH increased further, electrostatic attractions between the negatively
charged HPA-GO and cationic MB dyes formed, which increased the adsorption capacity of
MB [61]. The peak corresponding to the —OH groups at 3421 cm™" shifted to 3411 cm ™' and
may explain the interaction between the dissociated hydroxyls groups and MB" [55].

3.7. Performance evaluation

In addition, a comparison of the maximum adsorption capacities ((max) 0f HPA-GO with
other reported adsorbents for Pb(I) and MB was performed to illustrate the excellent
adsorption performance of HPA-GO (Table 4). The maximum adsorption capacities of HPA-
GO for Pb(Il) and MB were higher than those of other adsorbents. First, GO nanosheets have
a high specific surface area and large number of functional groups that provide reaction sites
for grafting of HPA molecules. Therefore, the existence of GO in HPA-GO increases the
contact area between the adsorbent and adsorbate. Second, grafting of water-soluble HPA
endowed HPA-GO with good water dispersity and abundant hydroxyl and amine groups,
which can strengthen the interaction between the adsorbent and the adsorbate. Therefore,
HPA-GO can effectively improve the adsorption capacity of Pb(Il) and MB. Based on the
convenient synthetic process and good adsorption performance, HPA-GO is a good absorbent

for treating polluted water.

Basic cations, such as K", Na*, Ca*" and Mg2+, are common metal ions in both natural water
resources and heavy metal wastewater from industrial sources. Their presence may compete
with Pb(II) for binding at the adsorption sites on the surface of HPA-GO. The effect of these
cations on Pb(Il) adsorption was investigated using KNOs;, NaNOs;, Ca(NOs), and

Mg(NOs), as the ionic medium. Based on the results shown in Fig. 6, the concentration of
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coexisting ions increased, the removal efficiency of Pb(Il) decreased slightly, which indicated
that the high-concentration coexisting ions had weak interferences to the Pb(Il) adsorption.

Table 4. Asorption capacities of various adsorbents for Pb(Il) and MB.

Material Target element Isotherm Q,(mgg ') Refs.
HPA-GO Pb(1I) Langmuir 819.7 This paper
MB 740.7
LS-GO-PANI Pb(1I) Langmuir 216.4 [21]
PDA-GO Pb(1) Langmuir 53.6 [24]
GO-ethylenediamine triacetic acid Pb(1I) Langmuir 454.6 [62]
EDTA-mGO Pb(II) Langmuir 508.4 [63]
Chitosan/magnetite composite beads  Pb(II) Langmuir 63.3 [64]
Chitosan functionalized with xanthate Pb(II) Langmuir 322.6 [65]
p-CD/PAA/GO MB Langmuir 248 [23]
SBA/HPG-COOH MB Langmuir 159.9 [26]
PANF-g-HPEI MB Langmuir 161 [27]
GO MB Langmuir 351 [59]
MCGO MB Langmuir 95.1 [66]
GO sponge MB Langmuir 389.8 [67]
Graphene MB Langmuir 153.9 [68]
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Fig. 6. Effect of coexisting ions on adsorption of Pb(II) (the initial concentration of Pb(II)
(cpoan) was 60 mg L™". The concentration ratio of coexisting ions (K, Na*, Ca*" or Mg*") to
Pb(II) (c/cppan) was 0, 1, 10, 50, 100 and 200, respectively. V = 50 mL, pH = 6, temperature

at 298 K).

21



From a practical point of view, regeneration or desorption of pollutants from the sorbent
results in a more economical sorption process. The regeneration and reuse of adsorbents is an
important factor for evaluating their performance for practical applications. Inexpensive
reagents (i.e., HCI solutions (0.5 M) and ethanol) can be used as desorption agents to recover
Pb(Il) and MB, respectively, from the HPA-GO adsorbent. As shown in Fig. 7, the
regenerated HPA-GO exhibited an acceptable removal efficiency for these two pollutants
with low decline after 5 adsorption—desorption recycling experiments. Therefore, HPA-GO

exhibited the potential for easy recycling and reuse for wastewater treatment.

100 - -sz-

. VB

Q 80 1
~
g
= 604
@
2
g
@ 40-
Il
-
z
S 20-
&

(-

1 2 3 4 5
Recyles

Fig. 7. Adsorption—desorption recycles (m =10 mg, V = 50 mL, pH = 6, temperature at
298 K, the initial concentration of Pb(Il) and MB were 60 mg L, respectively).

4. Conclusions

In this study, a simple and effective approach based on surface modification of grapheme
oxide with a multifunctional hyperbranched polyamine was developed to obtain a HPA-GO
adsorbent. HPA-GO performed well for the adsorption of Pb(II) and MB from aqueous
solutions. The equilibrium adsorption capacity of HPA-GO was 819.7 mg g ' for Pb(II) and
740.7 mg g_1 for MB at 318 K. The results form the adsorption kinetics and isotherm studies
indicated that the adsorption processes of these two types of pollutants fitted well with the
pseudo-second order equation and Langmuir model, respectively. In addition, the
thermodynamic studies indicated that the adsorption process was endothermic and

spontaneous in nature. Importantly, HPA-GO can be easily regenerated by inexpensive
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reagents and exhibited considerable adsorption capacity after multiple adsorption—desorption
cycles. Based on the high efficiency and feasibility, HPA-GO is a promising absorbent for

water purification.
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