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Abstract

A three-dimensional (3D) robust sodium alginate/gelatin/graphene oxide (SGGO) triple-network composite aerogel was
designed using a “hydrophilic assembly—sustained release gelation” two-step method. The resulting SGGO aerogel has an
ordered fishing net-like microstructure, low density (16.2 mg/cm?), high porosity (93.5%), and abundant functional groups
when only 3 wt% GO was incorporated. The reinforced mechanical strength can reach 0.37 MPa and 0.12 MPa under dry
and wet states, respectively, and the dry strength can still reach 0.31 MPa without a significant loss after five compression
cycles. A batch adsorption experiment was performed as a function of pH, contact time and initial concentration. Adsorp-
tion behavior followed the pseudo second-order kinetic model and Langmuir isotherm, yielding the maximum monolayer
adsorption capacity of 322.6 mg/g and 196.8 mg/g for Methylene blue (MB) and Congo red (CR), respectively. Moreover,
thermodynamic studies indicated a spontaneous and endothermic adsorption process. After five regeneration cycles, the
adsorption capacity can reach 88.4% and 86.5% of the initial values for MB and CR, demonstrating a high-performance,

recyclable and promising candidate for dye wastewater treatment.
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Introduction

Dye wastewater generated from various industries, includ-
ing printing and dyeing, synthesis, leather, electroplating,
and cosmetic, has received considerable attention owing to
its deep chromaticity, high toxicity, and teratogenicity [1,
2]. Additionally, most of the dye-containing effluents are
stable and nondegradable in the natural environment. There-
fore, removal of dyes from industrial effluents is essential
for the protection of water sources [3]. Many strategies and
new technologies spinning from chemical precipitation [4],
coagulation/flocculation [5], electrodialysis [6], photocata-
lytic degradation [7] to adsorption [8] have been developed
to treat dye wastewater. Among these methods, adsorption
is proved to be a more competitive technology owing to its
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simplicity, high efficiency, low cost, wide-ranging availabil-
ity, and eco-friendliness [9].

Aerogels, typical three-dimensional (3D) porous mate-
rials, are known as one of the most attractive adsorbents
because of their low density, high porosity, large specific
surface area, high adsorption capacity, and self-support-
ing configuration [10, 11]. In the specific field of waste-
water treatment, biomass-based aerogels, have attracted
much attention as natural and sustainable materials [12].
Sodium alginate (SA), an abundant, renewable, and envi-
ronment-friendly natural polysaccharide, is composed
of (1—4)-linked block polymers of a-L-guluronic acid
and f-p-mannuronic acid or their copolymers in varying
proportions [13, 14]. Offering merits such as abundance,
hydrophilicity, biocompatibility, gel-forming ability, and
biodegradability combined with the ability to form sta-
ble hydrogel due to the presence of specially coordinated
carboxylic binding sites, SA aerogels have been used for
dye removal from effluents [15, 16]. Even so, large-scale
utilization of pure SA aerogels for dye wastewater treat-
ment is still limited due to some unsatisfactory structural
properties such as weak mechanical strength, structural
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nonuniformity, and fragile collapse [17, 18]. To improve
the structure and performance of SA aerogels, three com-
monly strategies are used to achieve complementary func-
tional advantages: (1) blending of two or more polymers to
construct double or multiple networks [19-22]; (2) doping
of organic or inorganic nanoparticle fillers to reinforce and
toughen gel networks [21, 23, 24]; (3) assemble of high-
strength materials in mesoscopic scale [25].

Gelatin (Gel) is a partial derivative of collagen with
abundant hydroxyl, carboxyl, and amino groups in its
molecule chains, offering easy gelation and functionali-
zation [26]. Gel has distinct advantages including low
cost, water solubility, biocompatibility, biodegradability,
and remarkable affinity to proteins; therefore, it has been
set as a starting material to build 3D structures [27, 28].
Herein, owing to the good compatibility of SA and Gel,
a cross-linked double network will be formed by electro-
static interaction and hydrogen bond [28, 29]. Among this
specific networks, Gel molecule chains also work as block-
ers, decreasing the possibility of direct contact between
the G units of SA chains and Ca?* ions in the following
gelation process and providing more time and space to
form a homogeneous double network.

The effect of double network on aerogel’s strength
enhancement is limited, and a more direct and effective
approach is to dope rigid reinforcing (nano) fillers. Gra-
phene oxide (GO), for example, a two-dimensional (2D)
carbonic material with excellent mechanical property, high
specific surface area, and rich oxygen-containing func-
tional groups, makes GO compatible with water-soluble
polymer matrices. Recently, many studies have reported
the reinforcement function of GO, rendering it to be an
ideal reinforcing filler for composite monoliths [17, 30,
31].

In the past few years, many synthetic processes have been
developed for SA/GO composites, as well as their applica-
tions in drug delivery systems [32, 33], triboelectric genera-
tors [34], and wastewater remediation [35-37]. However, it
is still difficult to obtain aerogels with stable structures and
good performances by these methods. In this study, a com-
bined technology of multiple network and filler reinforce-
ment was used. A mechanically strong and recyclable SA/
Gel/GO triple-network monolithic aerogel was fabricated
via a “hydrophilic assembly—sustained release gelation”
two-step method. Herein, SA and Gel were selected as 3D
scaffold materials, and GO nanosheets acted as a reinforcing
filler and also like a “crosslinker” to connect and strengthen
the compound network. The assembly mechanism as well
as the effects of GO nanosheet content on the mechanical
strength and adsorption capacity of dyes from aqueous solu-
tion is presented. Overall, this study provides new insights
into engineering reliable biomass-based aerogel adsorbents
for wastewater treatment.

Materials and Methods
Materials

Sodium alginate (SA, medium viscosity, M =250,000 g/mol)
and gelatin (Gel) were obtained from Aladdin Industrial Co.,
Ltd (Shanghai, China). Graphene oxide (GO) synthesized from
natural graphite power (99.95%, Aladdin Reagent) using a
modified Hummer’s method was dispersed in deionized water
[38]. Hydrochloric acid (HCI), sodium hydroxide (NaOH), cal-
cium carbonate (CaCOj3), b-glucono-56-lactone (GDL), Meth-
ylene blue (MB), and Congo red (CR) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Hefei, China).

Preparation of SGGO Aerogel

In a typical synthesis, solutions of SA and Gel, 2 wt%, were
prepared using deionized water at 50 °C. Solutions of 50 mL
SA and 50 mL Gel were mixed together to obtain a mixture
at room temperature. Then, a suspension with 60 mg GO was
added, and the mixture was ultrasonicated for 30 min to obtain
a homogeneous SA/Gel/GO (SGGO) hybrid sol. Subsequently,
a predetermined amount of CaCO; was directly added into
the sol and homogenized using Ultraturrax (IKA, Germany),
followed by adding freshly prepared 1 mol/L GDL aqueous
solution. Here, the molar ratio of CaCO; to GDL is about 1:2
to maintain an approximately neutral condition [12, 39]. The
hybrid sol was casted into molds, forming a homogeneous
hydrogel in 30 min. Then, monolithic SGGO aerogels with 3
wt% GO content was obtained after a freeze-drying treatment
(abbreviated as SGGO-3). For comparasion, SA/Gel aerogels
without GO and SGGO aerogels with various GO contents
were synthesized following the same procedure.

Characterization

The morphology of GO was analysed by atomic force micros-
copy (AFM, Dimension Icon, Bruker, Germany). A field-
emission scanning electron microscope (FE-SEM, S-4800,
Hitachi, Japan) was used to observe the microstructure and
morphology of aerogels. The FTIR spectra of SA, Gel, GO,
and SGGO aerogel were recorded using a Fourier transform
infrared spectrometer (FTIR, Nicolet 5700, Thermo Nicolet,
USA). The compressive strength was measured using a uni-
versal testing machine (Instron-3365, Instron, USA) until the
strain reached 60%.

Porosity of Aerogel

The porosity of SGGO aerogels was calculated based on the
following equation:

@ Springer



1494

Journal of Polymers and the Environment (2020) 28:1492-1502

vt — Wt/

Porosity(%) = 4100 = 25100 (1)

Vt — V.
Vit
where V, (cm?) and Va (cm?) are the total volume
and actual volume of aerogel, respectively. W, (g) is the
weight of aerogel, and p (g/cm?) denotes the density of
aerogel. Each sample was measured in triplicate, and the
average value was calculated.

Adsorption and Desorption Experiments

Typically, 0.1 g SGGO aerogel was placed into a 250 mL
conical flask containing 100 mL of dye solution at 298 K.
The initial concentration was 500 mg/L if not specified.
The initial pH values of solutions were adjusted using
dilute HCI or NaOH solution, and the solutions were
shaken at room temperature. At the end of preset time
intervals, the residual dye concentration in supernatant
was measured by a UV-vis spectrophotometer (U-3010,
Hitachi, Japan). The adsorption capacity Q, (mg/g) was
calculated according to the following equation:

_ (Co - CyV
B m

Ot @)

where C, (mg/L) is the initial concentration of dye
solution; Q, (mg/g) and C, (mg/L) represpent the adsorp-
tion capacity and dye concentration at a given time,
respectively. V (L) denotes the volume of dye solution,
and m (g) is the mass of SGGO aerogel.

After adsorption, the used SGGO aerogel was
immersed in 0.07 M NaOH or HCI solution, and the solu-
tion was stirred for 1 h. Then, the SGGO aerogel was
separated and washed with abundant deionized water to
remove the residual eluent to obtain the aerogel ready for
the next adsorption test.

Results and Discussion
Characterization of GO

Figure 1a shows the photograph of GO suspension used to
construct the SGGO aerogels. The exfoliated GO readily
dispersed in deionized water with mild ultrasonic treatment
and formed a transparent suspension that can be maintained
for several months. The AFM photograph of GO nanosheets
shows that they have one or several layers with each thick-
ness of ca. 1 nm (Fig. 1b). This well dispersed GO suspen-
sion is useful for the construction of porous SGGO aerogels.

Assembly Mechanism of SGGO Aerogel

It is challenging to fabricate versatile composite aerogels
due to difficulty in coordinating the structures and prop-
erties to satisfy different demands. Herein, an efficient
“hydrophilic assembly—sustained release gelation” two-step
method and possible assembly mechanism are proposed in
Fig. 2. First, SA and Gel chains acted as 3D scaffold mate-
rials to form a compound network. When embedding GO,
owing to the amphipathicity of GO nanosheets, an effective
“hydrophilic assembly” might occur, driven by the hydro-
philic edges (oxygen-containing groups) of GO nanosheets
and active sites of compound network structure via elec-
trostatic interaction and hydrogen bond, thus generating an
intercalated structure as shown in Fig. 2¢ [40]. Then, the
“sustained release gelation” strategy was used to obtain a
homogeneous and ordered structure, by the in-situ release
of Ca** ions from CaCOj induced by the hydrolysis of GDL
to reduce the pH value, forming a typical calcium-alginate
“egg-box” model (Fig. 2e). Hence, in the assembly process,
GO nanosheets worked as a reinforcing filler and also like a
“crosslinker” to connect the double networks and construct
a uniform and robust SGGO aerogel. Furthermore, GO
nanosheets with abundant active groups have the potential
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Fig. 1 Photograph of GO suspension (a), AFM image (b) and height profile (¢) of GO nanosheets
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Fig.2 Schematic depiction of
fabrication process and possible
assembly mechanism of SGGO
aerogel
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to improve the adsorption capacity of composite aerogels.
The double networks can simultaneously prevent the GO
nanosheets from stacking and enhance the connectivity of
cell walls, thus promoting the formation of a uniform and
ordered structure (Fig. 2d).

Structure Characterization of SGGO Aerogel

As shown in Fig. 3, all aerogels display a porous structure,
which is crucial to facilitate dye adsorption. Apparently, the
SA/Gel aerogel has a 3D framework with a randomly inter-
connected macroporous structure (Fig. 3a). While for SGGO
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aerogels (Fig. 3b—e), the pores became more regular and
denser with increasing GO content, exhibiting a fishing net-
like porous structure with pores in the range of tens to hun-
dreds of microns. This is probably because the crosslinking
of GO nanosheets to pore wall will divide a large pore into
several small pores and support the shape and prevent the
contraction of pores (Fig. 2b). Moreover, compared with a
smooth cell wall structure of SA/Gel aerogel in further mag-
nified image of Fig. 3a, Fig. 3f shows an undulating wrinkled
lamellar structure of SGGO-4 aerogel, typical morphology
of GO nanosheets. Also, slight agglomeration and cluster
formation are observed in the GO nanosheets in the SGGO

Fig.3 SEM images of SA/Gel aerogel (a) and SGGO aerogels with various GO contents: SGGO-1 (b), SGGO-2 (c¢), SGGO-3 (d), SGGO-4 (e),

and further magnification of SGGO-4 aerogel (f)
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aerogels, due to the interaction between GO nanosheets and
the active chains of SA and Gel in the assembly process,
subsequently forming a homogeneous and reinforced triple-
network structure and increasing the specific surface area.
The results indicate that GO nanosheets are beneficial for
improving the adsorption capacity.

The SGGO aerogels are lightweight and full of pores.
Figure 4 shows the trend of porosity and density with the
addition of GO nanosheets. The density of aerogels shows
almost a linear increase with respect to the concentration of
GO, while the porosity does not depend on the GO content
and is in the range of 93-93.5%. This is probably because
the GO concentration might be too low to have a measurable
effect. Overall, all the porous SGGO aerogels have a high
porosity (over 93%) that desirably facilitates dye removal.

FTIR Analysis of SGGO Aerogel

To further analyze the interactions between the components,
changes to the chemical structure of SA, Gel, and GO were
investigated, as shown in Fig. 5. The spectra of SA and Gel
were recorded as the control. The band of SA (curve a) at
1616 cm™! represents the asymmetric stretching vibration
of —COO™ [41]. In the spectrum of Gel (curve b), the peaks
at 1655 cm™" and 1539 cm™' can be attributed to C=0
stretching vibration (amide I) and N—H bending vibration
(amide II) [42]. The characteristic peaks at 1732 cm™! and
1622 cm™! for GO (curve c) correspond to the stretching
vibrations of — COOH and C=C groups in the sp? carbon
skeletal network, respectively [17, 43]. For SGGO aerogel
(curve d), the 2931 cm™! band of C-H asymmetric stretching
vibration is slightly slow, owing to the limited C-H stretch-
ing by “egg-box” model formed via SA macromolecules
and Ca* ions [30]. Moreover, the downshifted peaks at
3379 cm™!, 1615 cm™, and 1532 cm™! of SGGO aerogel
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Fig.4 Bulk density and porosity of SGGO aerogels with different
GO contents
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Fig.5 FTIR spectra of SA (a), Gel (b), GO (c), and SGGO composite
aerogel (d)

suggest the presence of hydrogen bond [40], which shows
the interaction between GO nanosheets and SA/Gel chains
and is consistent with the assembly mechanism shown in
Fig. 2c.

Mechanical Property of SGGO Aerogel

A successful adsorbent should have high mechanical prop-
erty for supporting the configuration and regeneration abil-
ity. Figure 6 reveals the effect of GO concentration on the
compressive strength of porous SGGO monoliths. As shown
in Fig. 6a, the compressive strength of the SGGO aerogels
clearly increased with increasing GO content, and the dry
and wet strength reached 0.37 MPa and 0.12 MPa at 3 wt%
GO content, followed by no apparent improvement with
further increase in GO content. Two distinct stages were
observed from the stress—strain curves in Fig. 6a, an initial
linear region at the strain <30% and a densification region
at the strain > 30%, suggesting the nature of porous struc-
tures [44]. In the first stage, owing to the high porosity and
flexibility, air escaped from interspace. As the pressure was
further increased, all the lamellas of organized SGGO aero-
gels were compressed to support the load, thus generating a
greater compression strength.

The compression diagrams of SA/Gel and SGGO aerogels
are shown in Figs. 6¢ and 6d. The improvement in mechani-
cal strength can be attributed to the network structure of
aerogels. Oxygen-containing groups of GO nanosheets can
well interact with SA and Gel chains through “hydrophilic
assembly” and then provide effective load transfer between
the SA/Gel network matrix and GO nanosheets. Hence, the
SGGO aerogel can support a larger load compared to SA/Gel
aerogel. Additionally, Fig. 6b displays the cyclic compres-
sive property of SGGO-3 aerogel. After five compression
cycles, the dry strength can be still maintained at 0.31 MPa
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without significant loss, significantly higher than similar
reports [45—47], thus indicating a mechanically strong aero-
gel with excellent structure stability.

Effect of pH and GO Content on Dye Adsorption

The solution pH is a considerable factor in a sorption
study, which can vary the surface charge of adsorbents
and dyes. As shown in Fig. 7a, the pH range of 4-10
was set, because concentrated acidic and alkaline envi-
ronments can influence the conjugated structures of dye
molecules [28, 48]. The equalized adsorption capacity Q.
of MB increased with increasing pH. In the acid solu-
tion, the SGGO aerogel was protonated, leading to a lower
Q. because excessive H" ions on the surface of SGGO
aerogel compete with the MB molecules. In the alkaline

g

solution, the amount of adsorption rapidly increased on
account of the electrostatic attraction between deproto-
nated aerogel and cationic MB molecules. For CR dye,
the Q. first increased as the pH increased from 4 to 6 and
then gradually decreased with further increase in pH to 10.
In fact, CR has a pKa of 4.5-5.5, and it would be proto-
nated because of the nitrogen atoms and sulfonate groups
present in the acid solution [49], leading to electrostatic
repulsion between the protonated SGGO aerogel and cati-
onic CR molecules. In the alkaline condition, the elec-
trostatic repulsion between deprotonated SGGO aerogel
and anionic CR molecules still hindered the adsorption
behavior. Therefore, the adsorption of dyes was signifi-
cantly affected by the change in pH, and the electrostatic
interaction played an important role in the adsorption per-
formance. Therefore, the adsorption amounts of MB and

Fig.7 (a) The effect of initial (a) 250 (b) 250
pH value on the adsorption of MB
MB and CR on SGGO-3 aero-
. . —o—CR
gel, and (b) adsorption capaci- 200 200+
ties of aerogels with various GO ]
contents towards MB and CR 150
® ®
o 1504 B
= £
~, ~ 100
Ql Ql
100
504
50 v T T T y 0- —
4 5 6 7 8 9 10
PAG
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CR of SGGO aerogels were measured at optimal pH values
in the following experiment.

As shown in Fig. 7b, the Q, values of SGGO aerogels
with various GO contents for dyes were investigated. The
SA/Gel aerogel showed a relatively low Q, towards MB and
CR. After loading GO, the value of Q. obviously increased
for both MB and CR, and no significant change was observed
after 3 wt% GO was incorporated. Therefore, SGGO-3
aerogel was selected for the following study because both
adsorption capacity and mechanical strength reached the
optimal values. The incorporation of GO enhanced the sur-
face area of SGGO aerogels and endowed more functional
groups, which further improved the adsorption capacity of
SGGO aerogels. Furthermore, MB showed better adsorp-
tion capacity compared to CR. This can be explained by the
electrostatic force, i.e. the surface of SGGO aerogel loaded
with more negative charges is advantgeous for the adsorption
of positively charged MB molecules.

Adsorption Kinetics

Adsorption kinetic study is an essential way to analyze
the adsorption mechanism and control the residual time of
adsorption process, which can provide valuable experimen-
tal parameters for determining practical applications. The
adsorption behaviors of SGGO-3 aerogels for MB and CR
are shown in Fig. 8a. The adsorption was rapid in the first

60 min, and no significant change was observed after 90 min
and 120 min for MB and CR, respectively.

To better understand the adsorption behaviors, the pseudo
first-order model and pseudo second-order model were
employed to analyze the results, as shown in Egs. (3) and
4 [50, 511,

In(Qle — Ot) =InQle—klt 3)
Lt 1
Ot Q2 ' k2022 @

where Q,. (mg/g) and Q,. (mg/g) are the equalized
adsorption capacities estimated from the pseudo first-order
and pseudo second-order model equations, respectively. k;
(min~!) and k, (g/mg min) represent the rate constants cal-
culated from the slopes/intercepts of the fitting equations
(Figs. 8b and 8c).

All the corresponding parameters and experimental
adsorption capacities are listed in Table 1. The adsorption of
MB and CR followed the pseudo second-order model, with
both R? values greater than 0.99. Moreover, the theoreti-
cal adsorption capacities (Q,,) calculated from the pseudo-
second-order kinetic equation are 241.5 and 152.7 mg/g for
MB and CR, respectively, consistent with the experimental
values. This indicates that the pseudo-second-order model
can describe the adsorption process more reasonably.
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Fig.8 (a) Adsorption behaviors of SGGO-3 aerogels for MB and CR. (b) The linear plots of pseudo-first-order kinetic model, and (c¢) pseudo-

second-order kinetic model

Table 1 Kinetic parameters
of the pseudo-first-order and

Adsorbates Qexp (mg g_l) Pseudo-first-order model

Pseudo-second-order model

pseudo-second-order models
for MB and CR on SGGO-3

Qle,ca] (mg g_l) k] (min_]) R2

Oeca (Mg g™) kpx10* (g R?
mg~! min™")

aerogel
MB

CR

227.7
140.1

102.8
193.9

0.9977
0.9985

0.0157
0.0348

0.8324 2415
0.6418 152.7

2.3096
2.4996
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Adsorption Isotherm

As shown in Fig. 9a, the adsorption isotherms of both
MB and CR have the same qualitative trend: The Q, first
increases rapidly under low dye concentrations and then
gradually reaches a plateau that is distinctive of an equi-
librium saturation point, indicating a typical homogeneous
adsorption process. This can be explained by the increasing
driving force produced by the concentration gradient, which
intensifies the interaction between SGGO aerogel and dye
molecules to some extent [52, 53].

To describe the interactive behavior between dyes and
SGGO aerogel, two classical adsorption isotherm models,
namely, Langmuir and Freundlich isotherms, were analyzed
to evaluate the adsorption process [54]. Assuming that the
adsorption occurs at specific homogeneous sites of SGGO
aerogel with a monolayer coverage of dyes, the Langmuir
isotherm can be expressed as follows:

Ce Ce 1

@ ~ Qmax * kLQO max ©)

where C, (mg/L) and Q. (mg/g) are the equilibrium
concentration and equilibrated adsorption amount, respec-
tively. Q... (mg/g) is the maximum monolayer capacity
calculated from the linear Langmuir equation, and k; (L/
mg) is the Langmuir constant representing the energy

of adsorption process. Q.. and k; were determined by

plotting C./Q, against C, (Fig. 9b), and all the parameters
are listed in Table 2. Also, another essential parameter
known as separation factor R| is defined based on Eq. 6,

1

RL= ——
1+ kLCo ©)

where R; indicates the type of the isotherm unfavorable
(R > 1), linear (R =1), favorable (0 <R < 1), or irrevers-
ible (R; =0). As shown in Table 2, all the values are in the
range of 0—1, indicating a favorable adsorption.

The Freundlich isotherm, an empirical model, is based
on multilayer adsorption on heterogeneous surfaces, and
can be expressed by Eq. 7 [55],

InQe = InkF + L InCe 7
n

where kp and n represent the Freundlich constant and
heterogeneity factor, which are determined by the intercept
and slope of linear plots (Fig. 9c).

The estimated isotherm parameters are listed in Table 2,
exhibiting that the Langmuir isotherm model has a higher
correlation coefficient (R?> 0.99), suitable Langmuir con-
stant (k> 0), and feasible separation factor (0 <R < 1),
indicating a favorable adsorption model. Also, the Q..
of aerogel is 322.6 mg/g for MB and 196.8 mg/g for CR,
occurring in a monolayer and at a fixed number of bind-
ing sites.
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Fig.9 (a) Effect of initial concentration on the absorption capacity of SGGO aerogel for MB and CR. (b) Langmuir and (c¢) Freundlich isotherm

plots of SGGO aerogel

Table 2 Langmuir and

. Adsorbates  Langmuir Freundlich
Freundlich parameters for MB
and CR on SGGO-3 aerogel Onax Mg g™k (L/mg) R Ry, kg (L/mg) n R?
MB 322.6 0.0044 0.9909  0.2212-0.8197  6.9291 1.7864  0.9406
CR 196.8 0.0052 0.9951  0.1938-0.7937  6.3280 1.9953  0.9586
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Adsorption Thermodynamics

The concept of thermodynamic supposes that in an isolated
system where energy cannot be added or lost, the entropy
change (AS°) is the only driving force [56]. Thermody-
namic parameters can estimate the effect of temperature on
the adsorption of SGGO-3 aerogel and provide an insight
into the adsorption mechanism and behavior. To depict the
adsorption process, the enthalpy change (AH®), Gibbs free
energy change (AG®) and AS° can be determined by the
Van’t Hoff equation [35].

AG" = —RT In(KL) 8)
AS®  AHO

In(KL) = == - =—

n(KL) R RT )

where K| is the Langmuir equilibrium constant (L/mol),
R and T are the universal gas constant (8.314 J/mol K) and
absolute solution temperature (K), respectively. Take MB as
an example, AH° and AS° were calculated from the slope
and intercept of the Van’t Hoff plot between In(K} ) vs. 1/T,
as shown in Fig. 10 [57, 58]. The calculated values at differ-
ent temperatures are presented in Table 3.

As shown in Table 3, the negative values of AG° for MB
reveal the spontaneous nature of adsorption onto SGGO-3
aerogel in the studied ranges of temperature and concentra-
tion. Besides, the increasing negative value of AG® at higher
temperatures suggests that the adsorption is favorable with
increasing temperature. The positive value of AH® confirms
the endothermic nature of MB adsorption, indicating that
the adsorption capacity of MB increased at a higher tem-
perature. Meanwhile, the positive value of AS® reflects the
affinity of SGGO-3 aerogel for MB and the increasing ran-
domness at the solid-liquid interface during the adsorption.
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Fig. 10 Regressions of Van’t Hoff plot for thermodynamic parameters
of MB
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Table 3 Thermodynamic parameters for the adsorption of MB on
SGGO-3 aerogel

Temperature AG° (kJ/mol) AH® (kJ/mol) AS® (kJ/mol K)
(K

288 —-17.07 8.50 0.09

298 —-17.96

308 -18.79

318 -19.76

All the thermodynamic parameters mentioned above sug-
gest that the SGGO aerogel can be used as a highly efficient
adsorbent for dye removal from aqueous solutions.

Reusability and Stability Studies

Recyclability is considered an important prerequisite for
sustainable and economic applications of adsorbents. As
shown in Fig. 11, the SGGO aerogel had good reusable
performance with a high adsorption capacity retained. The
Qe for MB and CR can be still maintained at 88.4% and
86.5% of their initial values after five sequential adsorp-
tion—desorption cycles, demonstrating a benign and sustain-
able adsorbent.

Conclusions

A 3D robust SGGO triple-network composite aerogel was
fabricated using an efficient “hydrophilic assembly—sus-
tained release gelation” two-step method. The micromor-
phological characterization showed that the SGGO aerogel
has a fishing net-like porous structure, and the pores became
denser and more regular with the increase in GO content. A
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Fig. 11 Cyclic test of the SGGO-3 aerogel for dyes adsorption up to
five cycles
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strong interaction was observed between the SA/Gel double
networks and GO nanosheets. The mechanical strength of
SGGO-3 aerogel reached 0.37 MPa and 0.12 MPa under
dry and wet states, respectively, obviously superior than
similar reports. The adsorption of MB and CR on SGGO
aerogel rapidly occurred, mainly through electrostatic inter-
action. Adsorption behavior obeyed the pseudo second-order
kinetic model and Langmuir isotherm, indicating a mon-
olayer adsorption with maximum capacity of 322.6 mg/g
and 196.8 mg/g for MB and CR at 298 K, respectively.
Thermodynamic analyses indicate that the dye uptake on
SGGO aerogel was spontaneous and endothermic. After five
regeneration cycles, the SGGO aerogel can maintain 88.4%
and 86.5% of their initial adsorption capacities for MB and
CR, respectively. A series of characterizations showed that
the SGGO triple-network composite aerogel is a promising
candidate for dye wastewater treatment.
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