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ABSTRACT

Novel adsorbent is prepared by modifying graphene oxide/sodium alginate with disodium
ethylenediaminetetraacetate (SGE). Benefiting from the network-alike structure, and the abundant
hydroxyl and amino groups, the removal of SGE for Pb*, Cd*, Mn*, and Mg* ions from water is
effective and fast at neutral pH values. The adsorption equilibrium of SGE for Pb*, Cd*, Mn?*, and
Mg?*" ions can be well-modeled with the Langmuir isotherm. The adsorption processes of Pb*, Cd*,
Mn?, and Mg?* ions onto SGE are shown to follow the kinetics of pseudo-second-order reactions.
The maximum adsorption capacities for Pb*, Cd*, Mn*, and Mg* ions are 121.2, 117.1, 56.7, and
41.8 mg/g at 298 K, respectively. The desorption and regeneration experiments show that the respec-
tive adsorption capabilities for Pb*, Cd*, Mn?*, and Mg?" are approximately 92.8%, 91.1%, 89%, and
85.7% after the 5th cycle. These results demonstrate that SGE composite is a promising adsorbent

for the treatment of wastewater heavy metal ions.
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1. Introduction

Heavy metal ions such as Pb* and Cd* ions are
commonly used in a number of industrial processes, and the
accumulation of these ions in nature poses serious environ-
mental problems worldwide. Though Mn?* and Mg?* ions
are necessary micronutrient elements for plants and human
beings, they could also induce damages to human health
if their amounts exceed a certain threshold. According to
the WHO regulation, the permissible limits of the metal
concentrations in drinking-water samples are 0.05 mg/L for
Pb, 0.003 mg/L for Cd, and 0.5 mg/L for Mn [1]. Therefore,
it is essential to effectively purify the metal-ions contain-
ing industrial effluents so that their concentrations fulfill
the international safety standard. Nowadays many strat-
egies have been developed to remove metal ions in fluid,
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including flocculation—-coagulation [2], electro-chemical
precipitation [3], cyanide treatment [4], ion exchange [5],
and adsorption [6,7]. Adsorption is the most widely used
method because of its high efficiency, easy-handling, and
low cost. Especially, carbon-based adsorbent such as acti-
vated carbon [4,8,9], carbon nanotubes [10], and graphene
[11], have been applied to remove organic and inorganic
pollutants in water treatment [12].

Graphene oxide (GO) is a two-dimensional material,
which possesses abundant adsorption sites and high sur-
face area [9,13,14]. GO possesses a corrugated carbon sheet
with over half of the carbon atoms are functionalized with
hydroxyl and epoxy groups. Its edges are partially occu-
pied by hydroxyl, carboxyl, ketone, ester, and even lactol
groups [13,14]. Due to a large amount of available func-
tional groups and mt-electron system [15], GO can be easily
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chemical-modified; and hence offers abundant binding sites
for the adsorption of metal ions. Its practical application is,
however, limited since GO has high hydrophilicity, which
makes it difficult to be separated from the treated water.

To fully use the special structural properties of GO,
and at the same time minimize the disadvantages from its
hydrophilicity, other strategies can be combined. For exam-
ple, sodium alginate (SA), a kind of polyanion electrolyte
including many carboxylic acids, has been widely used
for water treatment because of its non-toxicity, biocom-
patibility, and high viscosity [16,17]. Its three-dimensional
network structure can be easily prepared by cross-linking
with sodium alginate and calcium. In addition, disodium
ethylenediaminetetraacetate (EDTA) is a well-known heavy
metal ion chelating agent through its four carboxyl and
two amino groups. Therefore novel adsorbents based on the
above components could be promising for enhancing the
adsorption of metal ions in water [18].

In this paper, a simple synthesis route is developed
and a novel type of adsorbent named SA/GO/EDTA (SGE)
can be obtained. The structural property of this new adsor-
bent is characterized using scanning electron microscopy
(SEM). The removal of the SGE foam for Pb*, Cd*, Mn?%,
and Mg”" in aqueous solutions at varying pH values, initial
ions concentrations and contact times are systematically
compared. The adsorption kinetics and mechanisms are
analyzed using different models. In the end, the regenera-
tion of the adsorbents is investigated.

2. Experimental
2.1. Materials

Graphite flakes are acquired from Sigma-Aldrich
(St. Louis, USA). EDTA, Pb(NO,),, CdCl, MnCl, and
Mg(NO,), are purchased from Sinopharm Chemical Reagent
Co., Ltd., (Shanghai, China). All the other chemicals used
in this study are analytical grade. De-ionized water is used
for the preparation of all required solutions.

2.2. Preparation of GO and sodium alginate composites

GO is synthesized from natural graphite powders
according to a modified Hummers method [19]. Firstly,
graphite flakes (1.5 g) are added to concentrated H,SO,
(180 mL) and H,PO, (20 mL) solution under mild agitation
at ice temperature. KMnO, (9 g) is then slowly added to
the suspension under stirring. The rate of addition is care-
fully controlled to keep the reaction temperature below
25°C. Afterwards, the temperature is increased to 50°C and
maintained for 12 h under continuous stirring. De-ionized
water (500 mL) is then slowly added to the mixture and
the reaction temperature is controlled at 98°C for 2 h. The
mixture solution is subsequently treated with H,O, (30 mL,
30 wt.%). This mixture is repeatedly centrifuged and washed
several times with a 10% HCI aqueous solution to remove
the metal ions. Finally, the mixture is filtered and washed
with de-ionized water until its pH value reaches about 7.
The resulted GO is freeze-dried for 24 h. For the following
chemical synthesis, GO is dispersed in de-ionized water in an
ultrasonic bath for 2 h to obtain a colloidal solution of 3 g/L.

The SGE materials are synthesized using the reported
method [20]. SA (0.4 g) and EDTA (0.1 g) are dissolved

completely in a 10 mL GO solution using a magnetic stirrer
for 4 h. The solution is set for 12 h to remove the air bubbles.
Afterward, it is frozen in an ultra-low temperature freezer
at -80° (DW-HL540, Zhongke Meiling low-temperature
Technology Co., Ltd., Hefei, China) for 1 h. Subsequently, it
is dried in a vacuum freeze drying machine (SCIENTZ-10,
Xinzhi Biotechnology Co., Ltd., Ningbo, China). The resulted
foam-alike composite is soaked in a 1% CaCl, solution for
1 h for cross-linking. Finally, the SGE foam is washed with
de-ionized water to remove the residual calcium chloride
and is dried at 50°C afterward.

2.3. Characterization

The morphology of the SGE foams is characterized by
FEI Quanta 450 SEM is made in USA. Fourier transform
infrared (FT-IR) spectra are obtained using a Nicolet iS10
spectrometer of Thermo Fisher Scientific is made in USA.
Inductively coupled plasma optical emission spectrometer
(Optima7000, PE Company, USA) is used to determine con-
centrations of the heavy metal ions.

2.4. Experimental methods

The synthesized SGE materials, cut into thin strips, are
put into the mixed aqueous solutions at a concentration of
0.5 g/L. The concentration of Pb*, Cd*, Mn*, and Mg* ions
is 10 mg/L, respectively. To facilitate the adsorption of heavy
metal ions, the mixture solution is stirred for 3 h in a tem-
perature-controlled water bath shaker. Afterward, the con-
centrations of the Pb*, Cd*, Mn?, and Mg?* ions in the liquid
phase are analyzed using an inductively coupled plasma
optical emission spectrometer. The amount of adsorption
and the removal rate is calculated as the following.

To calculate the amount of adsorption at the equilibrium,
Eq. (1) is used.

0 :(CO;CB)XV (1)

To calculate the removal rate, Eq. (2) is used:

R% = (¢ _C“)xloo% @)

)

where g, is the equilibrium adsorption (mg/g), V the solu-
tion volume (L), m the mass of the adsorbent (g), ¢, the ini-
tial concentration of Pb*, Cd*, Mn?*, and Mg?* ions (mg/L),
¢, the concentration of Pb*, Cd*, Mn*, and Mg* ions at the
adsorption equilibrium (mg/L), and R the removal rate (%).

3. Results and discussion
3.1. Characterization of material morphology

The surface and fracture edges of the SGE foam are
characterized using SEM, and the results are shown in
Figs. 1a and b. The surface of SGE clearly reveals abun-
dant porous structure with varying pore sizes. The frac-
ture edges image (Fig. 1b) reveals well-ordered and
vertically-arranged channel-like morphology. Such a kind
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Fig. 1. SEM images are taken from the surface (a) and the cross-section (b) of SGE foam.

of morphology is probably caused by two reasons. Firstly,
the EDTA molecules and GO layers are wrapped with SA,
forming an interconnected network with Ca* ions through
interactions such as hydrogen-bonds, and van de Waals
forces [21,22]. The material property such as mechanical
strength and resilience is improved because of excellent
toughness of GO sheets and high elasticity of SA chains
[23-25]. Secondly, the formation of ice crystals from the bot-
tom to the top leads to a honeycomb-structured after lyo-
philization of solution [26]. The GO layers are relatively
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ordered alignment along the growth direction of the ice
crystals. After the sublimation of ice crystal, the chan-
nel-alike morphology is left in the foam. The particular
“riband bridges” structure of the SGE foam is dense which
indicates an excellent tensile strength [27]. The possible
self-assembly procedure mechanism of the SGE is illus-
trated in Scheme 1. With in situ crosslinking processes,
the edges of GO sheets interact with adjacent EDTA mol-
ecules and SA chains. Hence the GO sheets and EDTA are
able to be immobilized in the SA matrix [23].

Hydrophilic
assembly
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Scheme 1. Schematic illustration of the synthesis process and adsorption mechanism of the SGE.
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Fig. 2 shows the FT-IR spectra of GO, SA, EDTA, and
SGE foam. For the native GO, the IR peaks at 3,555; 1,715;
1,604; and 1,325 cm™ are assigned to the OH stretching
vibration, C=O stretching vibration of the carboxylic group,
C=C stretching in the C-O-C group, and —-OH in the alcohol
group, respectively [28]. For SA, the IR peak at 3,566 cm™
is due to the OH stretching vibration. Moreover, the peaks
at 1,592 and 1,402 cm™ are attributed to the symmetric
and asymmetric COO- stretching vibration of the carbox-
ylate salt group, and the peak located at 1,028 cm™ is the
stretching vibration of the C-O-C groups [29]. For EDTA,
the IR peaks at 3,022 and 2,948 cm™ are the symmetric and
asymmetric -CH, stretching vibration of the linear paraffin.
The peaks at 1,623 and 1,400 cm™ are the symmetric and
asymmetric COO" stretching vibration of the carboxylate
salt group [30]. The FTIR spectrum of SGE foam reveals
the characteristic peaks of SA chains, EDTA chains, and
GO sheets. The two peaks at 2,928 and 2,846 cm™ from the
symmetric and asymmetric -CH, stretching vibration of the
EDTA chains can be observed, which suggests that EDTA
has been linked into the SGE foam. Molecular interactions
via hydrogen bonding often occur when organic substances
have certain functional groups, such as -COOH, -OH,
and -NH, [31]. In the molecular structure of EDTA there
are six coordination atoms including two nitrogen atoms
and four carboxyl oxygen atoms. They could provide lone-
pair electrons to form hydrogen bonds, such as O-H:-O or
O-H-N, with the hydroxyl-rich GO sheets and SA chains.
Furthermore, the OH stretching vibration which appears at
3,555 cm™ in GO and 3,556 cm™ in SA, is broadened, strength-
ened, and shifts to 3,270 em™ in SGE. This phenomenon
indicates that SA, EDTA, and GO in the SGE foam are inter-
connected via strong hydrogen-bonding interactions. In the
IR spectrum of SGE foam, it is evident that when SA, EDTA,
and GO cross-linked with Ca*, the symmetric COO- peak
shifts to a higher wavenumber (from 1,402 to 1,412 cm™)
and the asymmetric COO- peak shifts to lower wavenum-
ber (from 1,592 to 1,584 cm™). This phenomenon has been
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Fig. 2. FT-IR spectra of GO, SA, EDTA, and SGE foam.
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assigned to cross-linking via strong interactions between
the carboxylate group and the multivalent cation [25,32].

3.2. Effect of solution pH values

The solution pH values, varied from 3 to 7, are inves-
tigated to determine the removal rates of Pb*, Cd*, Mn?,
and Mg?* ions by the SGE foam. As shown in Fig. 3, the
removal rates increase with the increase of pH value from
3 to 6. The reason could be that the carboxyl and hydroxyl
groups of the SGE foam are protonated at the lower pH
values, which weakens the electrostatic attraction with the
cations [33]. The amount of protons decreases at higher
pH values. Therefore, the competitive adsorption induced
by protons with the SGE foam decreases, which in turn
increases the possibilities that metal ions Pb*, Cd?*, Mn?,
and Mg? to adsorb onto the SGE foam. On the other hand,
the pH has an important effect on the dissociation equi-
librium of EDTA. Depending on the solution pH values,
various species like H Y*, H,Y*, HY", H )Y, HY*, HY?,
and Y* (Y = EDTA) exist in the aqueous solution [34]. It has
been reported that the chelating ability of EDTA with the
Pb*, Cd*, Mn*, and Mg* ions increases with the increas-
ing pH values [35]. Considering that Pb(OH), will be
formed at pH values higher than 7.5, a solution pH value of
6 is chosen for the following experiments [36,37].

3.3. Effect of metal ions concentration

As shown in Fig. 4, the relationship between adsorp-
tion capacity of SGE foam and initial ions concentrations
is plotted. With the increase of initial concentration of Pb*,
Cd*, Mn*, and Mg?*" ions, the threshold of their adsorption
equilibrium increases gradually. This tendency slows down
when the initial concentrations reach 50 mg/L for Mn*, and
Mg?*" ions, and 70 mg/L for Pb*, Cd* ions. The phenomenon
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Fig. 3. Dependence of ion removal rate on the solution pH value.
The initial concentrations of Pb*, Cd*, Mn*, and Mg?* ions in
the mixed solution are 10 mg/L, respectively. Adsorbent dose is
0.5g/L, T=293 K.
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Fig. 4. Dependence of amount of adsorption at equilibrium on
the initial metal ion concentration. The initial concentrations
of Pb*, Cd*, Mn?*, and Mg* ions in the mixed solution vary
between 10 and 90 mg/L, respectively. Adsorbent dose is 0.5 g/L,
pH=6, and T=293 K.

indicates that the adsorptions of these four metal ions by
SGE foam are saturated. It also shows that the adsorption
equilibrium of Mn?" and Mg?* ions are reached earlier on
the SGE foam than it is for the Pb* and Cd* ions.

3.4. Effect of contact time

The equilibrium time is studied as one of the most essen-
tial parameters for water treatment. Fig. 5 shows that the
adsorption rates toward the four metal ions onto SGE foam
increase dramatically in the initial 60 min. The phenomenon
could be attributed to two reasons. First, at the beginning,
abundant vacant sites and surface area are available for the
adsorption of these ions. Second, the strong attractive forces
between the SGE foam and heavy metal ions facilitate the fast
diffusion of heavy metal ions into the inter-space of the foam
[38-40]. The adsorption rate reaches equilibrium in about
120 min., indicating that the available vacant adsorption
sites decrease gradually and the diffusion of metal ions into
the inter-space of SGE foams takes much more time [41,42].

3.5. Adsorption kinetics

In order to investigate the adsorption kinetics, the
pseudo-first-order kinetic model, and the pseudo-second-
order kinetic model [43] are used to fit the experimental
results. The pseudo-first-order kinetic rate equation is
expressed as:

K, 3)

log(q, —4,)=logg, - 303

where g, and g, (mg/g) are the adsorption capacities at
equilibrium time and time t (min), respectively. k, (1/min) is
the rate constant of pseudo-first-order. The values of k, and
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Fig. 5. Dependence of amount of adsorption on the contact time.
The initial concentrations of Pb*, Cd*, Mn*, and Mg* ions in
the mixed solution are 10 mg/L, respectively. Adsorbent dose is
0.5g/L, pH=6,and T=293 K.

g, can be obtained from the slope and intercept of log(q,—9,)
vs. t, respectively. The pseudo-first-order kinetic model
describes a physical absorption mechanism.

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

t 1 t
t_ 1 .t 4
a, ka q, @

where k, (g/(mg-min)) is the rate constant of the pseudo-
second-order reaction. The values of g, and k, can be obtained
from the slope and intercept of t/q, vs. t, respectively.
The pseudo-second-order kinetic model assumes that the
adsorption mechanism is a chemical process.

The adsorption kinetics of Pb*, Cd*, Mn?*, and Mg?* ions
onto SGE foam are shown in Fig. 6, and the kinetic model
parameters calculated using Eqs. (3) and (4) are listed in
Table 1. It is shown that the correlation coefficients (R?) for
the pseudo-second-order kinetic model are larger than those
using the pseudo-first-order kinetic model, suggesting that
the adsorption of Pb*, Cd*, Mn*, and Mg* ions onto SGE
foam fits the pseudo-second-order kinetic model better.
So the rate-limiting step of Pb*, Cd*, Mn*, and Mg”* ions
onto SGE foam might be chemisorption process [37,44].

Furthermore, the intra-particle diffusion model is often
used to describe the rate-control step in a material possessing
porous structure, and its equation is presented as [45]:

qt :kitl/z (5)

where C is the intercept and k, is the intra-particle diffusion
rate constant (g/(mg min'?)).

The straight lines in Fig. 7 indicate that the fitting results
follow the intra-particle diffusion model. The regressions
of g, vs. t'2 are shown to be linear. However, they don't
pass through the “0” position, suggesting that though the
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Fig. 6. Analyzing the adsorption mechanisms using pseudo-first-order (a) and pseudo-second-order (b) models. The initial
concentrations of Pb*, Cd*, Mn*, and Mg?* ions in the mixed solution are 30 mg/L, respectively. Adsorbent dose is 0.5 g/L, pH =6,

and T=293 K.
Table 1
Kinetic model parameters for Pb*, Cd*, Mn*, and Mg* adsorption onto SGE foam
Pseudo-first-order Pseudo-second-order Partical diffusion
Metal kinetic kinetic model
ions
k, (1/min)  R? k, (g/(mg'min))  R? k, (g/(mg-min'?)  R2 k, (g/(mgmin'?))  R2
Pb* 0.0279 092712  3.45x10° 0.99667 827 0.99722  0.633 0.98922
Cd* 0.036 0.98943  7.82x10° 0.99739  8.10 0.98773  0.705 0.81205
Mn? 0.035 092715  2.32x10* 0.99469  5.56 0.99322  0.942 0.95791
Mg? 0.0322 0.95752  6.80 x 10* 0.98963  4.17 0.99354  1.33 0.91623

adsorption process involves intra-particle diffusion, it is not
the only rate-control step [46,47]. Indeed, two adsorption
processes including external diffusion and intra-particle dif-
fusion can be involved. In the beginning, the steep increase
of g, vs. 12 is referred to as diffusion of ions through the
solution to the internal space of the SGE foam. In the second
step, the relationship of g, vs. ' is rather flat, which is cor-
responding to the diffusion of metal ions inside the pore of
the SGE foam [48].

In general, the adsorption performances of SGE foam
toward the four ions decrease with the order of Pb%*, Cd?%,
Mn?*, and Mg*. The higher adsorption performance towards
Pb* and Cd* ions could be due to their material-property
dependent affinities with the adsorbents [49,50]. For exam-
ple, the electronegativities of Pb*, Cd*, Mn*, and Mg?*
ions are 2.33, 1.69, 1.55, and 1.31, respectively. It has been
reported that ions with large electronegativities are eas-
ier to form a stable complex with the oxygen-containing
function groups via lone-pair electrons [51,52]. Indeed, the
stability constants (IgK) of the EDTA complexes with the
respective ions are 18.04 for Pb-EDTA, 16.46 for Cd-EDTA,

13.87 for Mn-EDTA, and 8.69 Mg-EDTA [53]. There are coor-
dination reactions between Pb*, Cd*, Mn*, and Mg* ions
and O and N atoms in EDTA. Moreover, the IgK of the EDTA
complexes with Pb*, Cd*, and Mn*" ions is bigger than that
of Ca? (IgK =10.69), there is ion exchange between the Ca in
SGE foam and Pb%*, Cd?*, and Mn?* ions in solution [54,55].
These factors are conducive to the competitive adsorption
of the four ions by the adsorbent. Furthermore, the radii of
the Pb*, Cd*, Mn*, and Mg?* ions are 0.119, 0.095, 0.067, and
0.072 nm, respectively. The smaller the ion radius is, the eas-
ier the ion can diffuse into the porous foam to access the
internal binding sites. This could be an additional reason for
the different adsorption capacity of the SGE foam toward
these four ions. Notably, the radii of Mn*" ion is smaller
than that of the Pb*, Cd*, and Mg* ions, which would in
principle allow the Mn? ion to diffuse into the porous foam
easier. However, the experimental results show that the
adsorption performances of the Pb*, Cd*, and Mn* ions do
not comply with the evolution of the ion radii. Therefore,
the significant selective adsorption of Pb*, Cd*, Mn?*, and
Mg?* ions should be the result of combination factors.
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Fig. 7. Analyzing the dependence of g, on t'? using the intra-par-
ticle diffusion model. The straight lines are the fitting results.
The initial concentrations of Pb*, Cd*, Mn?*, and Mg?* ions in
the mixed solution are 30 mg/L, respectively. Adsorbent dose is
0.5g/L, pH=6,and T=293 K.

3.6. Adsorption isotherms

Adsorption isotherm models are usually used to deter-
mine the mechanism of adsorption. Here, both Langmuir
[56] and Freundlich [57] isotherms in the linear form are
applied.

Langmuir model:

c c, 1
75—7‘_',7

= (6)
9. 4. 9K

0 10 20 30 40 50 60 70 80

C (mg/L)

269

Freundlich model:

@)

Ing, =InK, +llnce
n

where ¢, is the equilibrium concentration (mg/L), g, is the
adsorption capacity at equilibrium (mg/g), g, is the max-
imum amount of adsorbent (mg/g), K, is the equilibrium
adsorption constant (L/mg), K, and n are Freundlich con-
stants related to the adsorption capacity and adsorption
intensity, respectively.

In order to obtain adsorption isotherms of Pb*, Cd?*,
Mn?*, and Mg* ions onto SGE foam, the adsorptions of ions
from 10 to 90 mg/L are studied in mixed solution, respec-
tively. The isotherm plots (Fig. 8) and the related parameters
(Table 2) show that the adsorption behaviors can be better
fitted with the Langmuir models, where the R? values are
generally higher than those with the Freundlich isotherms.
This result suggests that the adsorption of four metals on
SGE foam is on monolayer coverage. According to the
Langmuir model, the maximum adsorption capacities of
the foam are 121.2 mg/g (Pb*), 117.1 mg/g (Cd*), 56.7 mg/g
(Mn*) and 41.8 mg/g (Mg*") at 293 K, respectively.

The excellent adsorption ability of the SGE foam can,
therefore, be understood considering the following fac-
tors: (1) according to the result of SEM analysis, the SGE
foam is three-dimensionally connected which has well-
shaped porous surface and vertically-arranged channel-like
cross-section. Such kind of structural properties provides
a large amount of adsorption sites and sufficiently large
volume for metal ions to enter the interlayer space of the
adsorbent; (2) according to the FT-IR analysis, there are
abundant oxygen-containing functional groups on the sur-
face and interlayer of the SGE foam that can easily bind
metal cations; (3) the de-localized m-electron systems of
the GO sheet acts as the Lewis base, whilst the heavy metal

5.0
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354
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Fig. 8. Analyzing the adsorption mechanisms using Langmuir (a) and Freundlich (b) isotherms. The initial concentrations of Pb*,
Cd*, Mn?*, and Mg* ions in the mixed solution vary between 10 and 90 mg/L, respectively. Adsorbent dose is 0.5 g/L, pH = 6, and

T=293K.
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Table 2

Isothermal constants for Pb*, Cd*, Mn*, and Mg* adsorption onto SGE foam

Metal Langmuir isotherms Freundlich isotherms
ions K, (L/mg) q, (mg/g) R? K; (L/mg) 1/n R?
Pb* 0.606 121.2 0.99479 43.299 0.35587 0.68502
Cd* 0.183 117.1 0.97795 22.2934 0.48439 0.79409
Mn? 0.269 56.7 0.99892 16.9101 0.3194 0.87537
Mg?* 0.221 41.8 0.9959 14.5328 0.25541 0.9221
92.8%, 91.1%, 89%, and 85.7% after the fifth cycle (Fig. 9).
T pb The slight decrease is probably due to the loss of binding
20 [_Jcd sites such as OH groups, COOH groups, and EDTA chains of
— — — i SGE foam at each desorption step.
- _ Zn
. - e
15 4 N NZ N% Bz s 4. Conclusions
- N Ny,
-gbﬁ A novel adsorbent is synthesized by mixing SA, EDTA,
£ and GO for the removal of metal ions. The SEM characteriza-
T10- tion shows that the compound possesses three-dimensional
% network structures and regular porous morphology with
? high mechanic strength. The pH value influences signifi-
5 cantly the adsorption capabilities. The adsorption kinetics
N and isotherms are analyzed in detail, and the results show
? 7 KN that the adsorption follows pseudo-second-order Kkinet-
ics. The equilibrium data are fitted well with the Langmuir
0 : 2 3 4 . isotherm model. The maximum adsorption capacities of

Regeneration cycle

Fig. 9. Regeneration properties of the SGE foam. The initial
concentrations of Pb*, Cd*, Mn?*, and Mg?* ions in the mixed
solution are 10 mg/L, respectively. Adsorbent dose is 0.5 g/L,
pH=6,and T=293 K.

ions can act as the Lewis acid. Hence, the delocalized 7
electron systems form electron donor-acceptor complexes
with heavy metal ions through the Lewis acid-base inter-
action [48]; (4) possessing tertiary amines and carboxylate
groups, EDTA is a prominent complexing agent with metal
ion which can further enhance the adsorption capabilities
toward Pb*, Cd*, Mn?, and Mg?* ions [58].

3.7. Desorption and regeneration

The desorption and regeneration of the adsorbent are
critical requirements for reducing the overall cost when
applying absorbents for practical use. After the equilibrium
condition is reached, the desorption experiment is conducted
by adding 80 mg SGE into 160 mL mixed solution, which con-
tains Pb*, Cd*, Mn?, and Mg* ions of 10 mg/L, respectively.
After the adsorption process, the foam is collected and put
into a solution of 0.2 mol/L glycine — HCl and shaked for 4 h.
After the above processes, the resulted adsorbent is rinsed
with de-ionized water for five times to remove the residual
glycine — HCI and dried at 40°C afterwards. Then, the foam
is used repeatedly in order to study the regeneration prop-
erty of the adsorbent. The respective adsorption capabilities
for Pb*, Cd*, Mn*, and Mg? are shown to be approximately

the foam for Pb*, Cd*, Mn*, and Mg?* ions are 121.2, 117.1,
56.7, and 41.8 mg/g at 298 K, respectively. This outstanding
removal performance is likely due to the synergy of phys-
ical adsorption as well as chemical adsorption processes.
These results provide evidence for estimating and optimiz-
ing the removal of metal ions from wastewater by using SGE
composites in the future.
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