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Abstract Graphene oxide is a promising adsorption
material. However, it has been difficult to recycle and
separate graphene oxide in the solution. To alleviate this
problem, graphene oxide was thermally reduced to produce
porous hydrogel which was then functionalized with
polydopamine. The functional groups act as not only
adsorption sites but also nucleation sites for in situ crys-
tallization of cobalt-doped zeolitic-imidazolate-framework-
8 nano-adsorbents. The effects of cobalt-doping contents
on the physicochemical and adsorption properties of the
resulting aerogel were also evaluated by varying the cobalt
concentration. For instance, the reduced graphene oxide-
polydopamine/50cobalt-zeolitic-imidazolate-framework-8
aerogel exhibited a high surface area of 900 m?-g~! and
maintained the structure in water after ten days. The as-
synthesized aerogels showed an ultrahigh adsorption
capacity of 1217 + 24.35 mg-g ™' with a removal efficiency
of > 99% of lead, as well as excellent adsorption perfor-
mance toward other heavy metals, such as copper and
cadmium with adsorption capacity of 1163 + 34.91 and
1059 + 31.77 mg-g!, respectively. More importantly, the
lead adsorption stabilized at 1023 + 20.5 mg-g™' with a
removal efficiency of > 80% after seven cycles, indicating
their potential in heavy metal removal from industrial
wastewater.
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1 Introduction

The growth of industries, including mining,
electroplating, battery production, and leather processing,
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has resulted in significant releases of wastewater conta-
minated with heavy metals into aquatic environments [1].
Many heavy metal ions exhibit carcinogenic, non-
biodegradable, mutagenic, and bio-accumulative proper-
ties. Hence, consuming water containing heavy metals
such as Pb(II), Cd(II), and Cu(II) can cause diseases such
as pulmonary, immunological, and endocrine disorders
and cancers [2]. To address this issue, the adsorption
technique is among the water treatment techniques that
have been widely applied due to its cost efficiency,
alleviating secondary pollution, and low energy consump-
tion [3]. Activated carbon [4], and natural fibers [5] are
some examples of typical adsorbents that have been
extensively investigated for the removal of pollutants
such as heavy metals from industrial effluent. However,
at very high or low pH wvalues, these adsorbents
frequently show poor specific areas or instability. These
resulted in a significant reduction of heavy metal
adsorption performance.

Aerogel materials have emerged as promising adsor-
bent materials for heavy metal adsorption. The key
benefits of aerogel-based adsorbents include adjustable
surface chemistry, low density, high specific surface area,
and loose porous structure. Aerogels have been reported
to demonstrate exceptional adsorption capacity,
effectively capturing and immobilizing heavy metal ions
from aqueous solutions [6]. The critical parameter in the
development of aerogel is the selection of the materials.
In addition, customization of the surface chemistry of
aerogels through functionalization allows for improved
selectivity, making them more effective in discriminating
between different metal ions during the adsorption
process. Moreover, the development of hybrid materials,
combining the advantages of aerogels with other nanoma-
terials, synergistically enhances adsorption capacities and
overall efficiency.

Recently, graphene oxide (GO), one of the carbon
nanomaterials distinguished by its outstanding and unique
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properties, has garnered considerable attention for its
environmental applications. Because of its remarkable
mechanical strength, relatively large specific area, and
abundant oxygen functional groups, GO is considered a
promising material for the preconcentration of heavy
metal ions [7]. Nonetheless, despite its excellent proper-
ties, GO-based adsorbents still have significant draw-
backs. For instance, the propensity of GO to aggregate
due to interplanar m—m bonds results in the reduction of
adsorption between GO layers [8]. Moreover, the
challenge of separating GO from aqueous solutions is
attributed to its low specific weight, hydrophilicity, and
dispersibility causes secondary pollution. These challen-
ges limit their applicability in wastewater treatment. To
overcome this issue, the construction of three-
dimensional (3D) adsorbents that serve as a robust
scaffold imparting mechanical stability to the material via
the assembly of low-dimensional carbon nanomaterials,
such as GO, has been recognized as a promising strategy.
This approach aims to create convenient and high-
efficiency adsorbents for environmental applications.

One method is to construct a 3D GO structure from
two-dimensional (2D) nanosheets via a reduction method.
The reduction of the oxygen-containing group on the
skeleton of graphene in the presence of a chemical-
reducing agent leads to the formation of 2D material.
Here, the 2D layered structure with numerous conjugated
domains can self-assemble into a 3D structure via simple
van der Waals and hydrogen bonding interactions
forming hydrogel [9]. However, following the reduction
process, the reduced GO (rGO) has considerably fewer
oxygen functional groups and possibly low surface area,
adversely affecting adsorption performance. Hence, increa-
sing the type and quantities of functional groups, e.g.,
those with chelating abilities, might be essential. Among
these, polydopamine (PDA) has garnered increasing
attention recently, mainly due to the resemblance of its
structure to 3,4-dihydroxyl-L-phenylalanine. This struc-
ture is a critical component of the mussel foot protein
known for its strong chelating and adhesion abilities [10].

Interestingly, these functional groups can also serve as
nucleation sites for in situ growth of guest materials.
Recently, many studies have been reported on developing
GO nanocomposites, such as GO/metal-organic-frame-
work (MOF) to enhance the properties and adsorption
performance [11]. GO/MOF-based composites are
particularly promising due to the possibility of achieving
a synergic effect between the porous solid of MOF (high
surface area and abundant adsorption sites) and GO
(excellent chemical and mechanical stability).

Zeolitic imidazolate frameworks (ZIFs), one subclass
of MOF, consist of tetrahedral transition metal ions
bridged by imidazole derivatives [12]. ZIFs are of great
interest due to their excellent physical and chemical
properties, such as crystallinity, porosity, high surface
area, and exceptional chemical and thermal stability. One

of the crucial features is that Zn(II) ions can be
substituted by Co(II) or Cu(Il) ions without altering their
topology [12]. Kaur et al. [13] first reported the synthesis
of bimetallic Co-Zn ZIF-8 and found that the bimetallic
ZIFs have a higher surface area than the parent crystals.
Shortly after that, Zarcba et al. [14] reported a mixed-
metal strategy to alter the size and the physicochemical
properties of the obtained heterometallic structure.
Therefore, it is deduced that Co doping holds significance
for several reasons. Firstly, Co doping can alter the
physicochemical properties of ZIF-8, potentially leading
to modifications in its structural and surface characteris-
tics. This alteration may result in an increased surface
area, providing more active sites for adsorption.
Secondly, introducing cobalt into ZIF-8 can impart
additional functionalities and reactivity to the material,
influencing its performance in specific applications. In
particular, cobalt’s known affinity for heavy metals
suggests that Co-doped ZIF-8 may exhibit improved
capability in selectively attracting and adsorbing heavy
metal ions from solutions, enhancing its utility in water
treatment or other environmental remediation processes.
Despite the excellent properties and tuning abilities of
ZIFs, the direct application of preferred nanosized
material in environmental applications has been cautious
due to the difficulties in adsorbent separation and
regeneration. Specifically, MOF powder exhibits invasive
characteristics owing to its nanoscale particle sizes.
Consequently, retrieving MOFs and recovering the
powder from treated water is challenging and could result
in secondary pollution. Therefore, there has been a huge
demand for more advanced adsorbents prepared with
more sustainable and environmentally considerate
approaches.

In this work, we report a facile fabrication strategy of
hybrid aerogels with a hierarchical structure rGO-
PDA/Co-doped ZIF-8 with enhanced adsorption sites and
large surface area. The 3D rGO structure was constructed
via the assembly of 2D GO nanosheets by thermal
reduction. Subsequently, the 3D rGO aerogel undergoes
surface modification with PDA. Then, the surface of the
aerogel was decorated with Co-doped ZIF crystals. The
influence of Co doping levels on the properties of
aerogels was evaluated. Full adsorption potential was
analyzed at different heavy metal initial concentrations,
and the ability of the aerogel to adsorption of different
types of heavy metals was also evaluated. Notably, the
performance of the aerogel for the adsorption of Pb(II)
was examined under different pH conditions. Overall, the
membrane exhibits excellent adsorption performance and
good recyclability; the mechanisms of adsorption are
discussed. The combination of ZIFs with a 3D graphene-
based structure not only integrated their advantages and
mitigated the shortcomings of the individual components
but also benefited from the macroscopic 3D hybrid
structure in terms of adsorbent separation and recovery.
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2 Experimental

2.1 Materials

GO 1% dispersion was purchased from William Blythe.
Zinc nitrate hexahydrate (Zn(NO;),"6H,0, 98%),
Co(NO,),"6H,0 (97.7%), 2-methylimidazole (99%),
L-ascorbic acid (99%), lead(Il) nitrate (99%), cadmium
nitrate tetrahydrate (98%) and copper(Il) sulfate (99%),
magnesium chloride (99%), sodium chloride (99%), were
purchased from Sigma Aldrich. Dopamine hydrochloride
(C¢H,NO,-HCl, 99%) and tris-HCI (1 mol-L™!) were
obtained from Alfa Aesar. 1-Propanol (99%) was
purchased from Thermo Fischer.

2.2 Synthesis of rGO hydrogel

Firstly, 10 mg-mL™! stock GO solution was diluted with
deionized water to attain 2 mg-mL~! GO suspension,
followed by an hour of ultrasonication. Subsequently,
0.1 g of ascorbic acid was introduced into the prepared
GO solution and subjected to an additional 30 min of
sonication to ensure thorough mixing. The solution was
then placed into a Teflon-coated autoclave and heated at
120 °C for three hours. After heat treatment, the resultant
rGO hydrogel was extensively rinsed with deionized
water to eliminate any residual ascorbic acid. The
hydrogel was then preserved in deionized water for
subsequent steps.

2.3 Synthesis of PDA-coated rGO hydrogel

The acquired rGO hydrogel was immersed in a solution
containing dopamine hydrochloride at a concentration of
2 mg-mL~, dissolved in a 10 mmol-L™" tris-HCI buffer.
The mixture was stirred at 25 °C for a duration of 2 h.
Subsequently, the rGO-coated PDA hydrogel underwent
multiple rinses with deionized water. The hydrogel was
then allowed to air-dry at ambient temperature overnight.

2.4  In situ synthesis of rGO-PDA/Co-ZIF-8 aerogel

The synthesized rGO-PDA hydrogel was submerged in a
solution with specified concentrations of Zn(NO,), 6H,0
and Co(NO,),"6H,0 and subjected to stirring for six
hours. Following this, the hydrogel was immersed in a
separate container filled with 040 mmol-L™! of
2-methylimidazole solution and 8 mL of 1-propanol, also
under stirring conditions, for another 6 h. Subsequently,
the prepared hydrogel underwent multiple washes and
was subjected to freeze-drying for 24 h, resulting in the
formation of the rGO-PDA/Co-ZIF-8 aerogel.

2.5 Characterizations

The structural characteristics of the fabricated samples

were investigated using a JEOS JSM-IT100 scanning
electron microscope (SEM). Elemental composition
analysis was conducted using a Zeiss 400 Compact SEM
(Germany) equipped with an Oxford Instruments (UK)
energy dispersive X-ray spectroscopy (EDS) system,
utilizing an accelerating voltage of 5 kV. X-ray diffrac-
tion (XRD) measurements were performed on a Bruker
D8 Advance system using Cu Ko radiation over a 20
range from 4.0° to 50.0°. Fourier transform infrared
(FTIR) spectroscopy data were acquired within the
wavelength range of 500 to 4000 cm™! to investigate the
chemical bonding throughout the material’s synthesis
process. Thermal stability assessments were conducted
using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), where the aerogel samples
were heated at a rate of 10 °C-min”! in a nitrogen
atmosphere. The TGA/DSC measurements spanned a
temperature range from 25 to 800 °C. Nitrogen adsorption/
desorption isotherms were recorded at 77 K on an
autosorb iQ from Quantachrome to evaluate microporo-
sity and surface area, applying the Brunauer-Emmett-
Teller (BET) method. Prior to the BET analysis, samples
underwent degassing in a N, atmosphere at 120 °C for 8 h
to eliminate any loosely attached water and other vola-
tiles. Micropore volumes were assessed using the t-plot
method across a relative pressure (P/P;) range of 0.05 to
0.3. The total pore volume was calculated from the
isotherm’s desorption branch at P/P, = 0.97, with
mesopore volume derived by subtracting micropore
volume from the total. X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Scienta ESCA 300
instrument with a monochromated aluminum Ka X-ray
source. The concentration of heavy metals before and
after adsorption was quantified using an inductively
coupled plasma-optical emission spectrometer (ICP-
OES), specifically a Perkin Elmer Optima 8300 DV. Zeta
potential measurements were made using a zeta poten-
tiometer to assess the material’s surface charge properties.

2.6 Heavy metal adsorption

In this study, lead(Il) nitrate, cadmium nitrate
tetrahydrate, and copper(ll) sulfate were selected to
assess the adsorption efficiency of the synthesized rGO-
PDA/Co-ZIF-8 aerogels. For the adsorption tests, 0.03 g
of aerogel was added to 200 mL of each heavy metal
solution, prepared at specific initial concentrations and
pH levels. After 5 h of adsorption, the samples were then
retrieved for analysis.

2.6.1 Percentage of heavy metal removal and adsorption
capacity

The adsorption capacity (mg-g™') and the percentage
heavy metal removal efficiency (%) were calculated by
using Eqgs. (1) and (2), respectively.
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q. represents the adsorption capacity at equilibrium
(mg- g‘l), while C,, C., and C,, denote the concentrations
of the heavy metal in the solution at the start, at
equilibrium, and at a given time point, respectively,
expressed in mg-L~!. The term V refers to the volume of
the heavy metal solution in liters, and m signifies the
weight in grams of the aerogel used.
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2.6.2  Kinetic study

The adsorption behavior of the synthesized material was
examined using the pseudo-first-order (PFO) and pseudo-
second-order (PSO) kinetic models, which are articulated
in Egs. (3) and (4), respectively [15].

In(g. — gq) = In(q.) - K1, 3)
r_ 1 + lt 4)
9 K. q.

The equilibrium adsorption capacity, denoted as ¢,
(mg-g "), is the adsorption capacity at time ¢, represented
as ¢, (mg g ). Additionally, there are rate constants, K,
and K,, corresponding to PFO and PSO kinetics,
respectively, with units of min~! and g-mg™"-min~!. The
variable ¢ represents time, measured in minutes.

Reduction

2.6.3 Adsorption isotherms

To elucidate the underlying adsorption mechanism, the
adsorption isotherm was analyzed through the application
of both Langmuir and Freundlich isotherm models,
represented by Egs. (5) and (6), respectively [15].

C, 1 1
- = Cc + > (5)
qc qmax Klqmax
1
In(ge) = In(Ky) + ~In(Co). Q)

where ¢, denotes the adsorption capacity at equilibrium
(mg-g™"), C. signifies the concentration of the heavy
metal at equilibrium (mg-L™!), ¢u.. represents the
maximum capacity for monolayer adsorption, K, is the
Langmuir constant (L-mg™'), and K refers to the constant
of the Freundlich isotherm (mg-g™").

3 Results and discussion

3.1 The synthesis of 3D rGO-PDA/Co-ZIF-8

The fabrication process of the 3D rGO-PDA/Co-ZIF-8
aerogel is depicted through a schematic in Fig. 1 based on
our previous work [15]. The synthesis commenced with
the formation of a 3D rGO hydrogel through the
hydrothermal reduction of GO nanosheet dispersions in
an acidic medium. Specifically, 0.1 g of ascorbic acid was

rGO-PDA/Co-ZIF-8
hydrogel

rGO-PDA/Co-ZIF-8 aerogel

Fig. 1 Schematic illustration of the fabrication process of bimetallic rtGO-PDA/Co-ZIF-8 hybrid aerogel.
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introduced into a 2 mg-mL~! GO dispersion, followed by
heating at 120 °C for three hours. This thermal reduction
facilitated the elimination of hydrophilic functional
groups such as hydroxyl (-OH) and carboxyl (-COOH),
promoting enhanced n—r stacking interactions among the
2D graphene layers [16]. Such interactions led to the
sequential self-assembly of rGO nanosheets, leading to
the formation of a monolithic rGO hydrogel structure.
Subsequently, this hydrogel was immersed in a PDA
solution for two hours, allowing surface functionalization
through the self-polymerization of dopamine, resulting in
the deposition of a PDA layer on the rGO structure.
Dopamine, with its functional groups—catechol, amine,
and imino—readily forms bonds with nanomaterials like
rGO through covalent and non-covalent interactions,
establishing a cross-linked network featuring n—n stacking
on the rGO framework [17]. Following surface modifi-
cation, the rGO-PDA hydrogel was thoroughly rinsed to
remove excess PDA and air-dried at ambient conditions
overnight. The rGO-PDA surface was decorated with
bimetallic nano-adsorbent by stirring the hydrogel in a
solution containing predetermined quantities of
Zn(NO,), 6H,0 and Co(NO;), 6H,0 at ambient tempera-
ture for a duration of 6 h. During this procedure, the
positively charged zinc and cobalt ions were attracted and
bound to the negatively charged rGO-PDA hydrogel
framework through electrostatic attraction, resulting in
the formation of a rGO-PDA/Co?"/Zn** composite hydro-
gel. Notably, an interaction known as cation-n also played
a role, where the metal cations interacted with the
graphitic planes of the rGO, facilitating the connection
between adjacent rGO nanosheets and thus bolstering the
mechanical stability within the layers [18]. Subsequently,
this composite hydrogel was subjected to agitation in a
2-methylimidazole solution at ambient temperature,
leading to the selective formation of bimetallic Co-ZIF-8
nano-adsorbents through the reaction of the pre-bound
cobalt and zinc ions with the 2-methylimidazole ligands.
It is worth noting the ZIF-8 nanocrystals are incorporated
owing to their promising adsorption capabilities (see Fig.
S1 (cf. Electronic Supplementary Material, ESM) for
characterizations and adsorption properties of ZIF-8). The
newly formed rGO-PDA/Co-ZIF-8 hydrogel was then
extensively rinsed with deionized water to eliminate any
residual, unreacted ligands. The synthesis was finalized
by lyophilizing the rGO-PDA/Co-ZIF-8 hydrogel for
24 h, resulting in the production of the aerogel form of
rGO-PDA/Co-ZIF-8.

3.2 Characterizations of the hydrogel samples at each
fabrication step

To examine the changes in morphology and structure,
samples fabricated at each stage of synthesis were
analyzed using XRD, FTIR spectroscopy, nitrogen
adsorption-desorption, and TGA coupled with DSC

(TGA-DSC). This section specifically highlights the syn-
thesis of rGO-PDA/50Co-ZIF-8. According to Fig. 2(a),
the initial GO sample exhibited a characteristic diffraction
peak at 26 = 10.2°, consistent with previously reported
GO samples [19]. The reduction of GO led to a signi-
ficant decrease in the initial diffraction peak, with a new,
broader peak emerging at 26 = 24.5°. This indicates the
formation of a denser rGO structure due to the removal of
oxygen-containing groups. Following the rapid applica-
tion of PDA, this peak shifted to a slightly lower angle of
20 = 23.9°, suggesting the intercalation of PDA among
the rGO layers [20]. Subsequent in situ formation of
cobalt-doped ZIF-8 and freeze-drying resulted in an
aerogel displaying diffraction peaks at 7.0°, 10.0°, 12.2°,
14.2°, 15.9°, 17.4°, 24.4°, and 25.7°. These peaks align
well with those characteristics of ZIF-8 and ZIF-67,
confirming the successful synthesis of Co-doped ZIF-8
nano-adsorbents through in situ crystallization [21].

The alteration in chemical composition and functional
groups due to surface modification with dopamine and
the subsequent formation of Co-ZIF-§ were analyzed
through FTIR spectroscopy, as depicted in Fig. 2(b).
Initial analysis of the GO sample revealed distinct
absorption bands at 1044, 1618, 1735, and 3389 cm L,
which correspond to the stretching vibrations of C-O, C=
C, C=0, and O-H, respectively [22]. After the reduction
process, there was an observable enhancement in the
peak intensity for C=C at 1590 cm™', while the peaks for
C-0, C=0, and O-H at 1355, 1732, and 3389 cm/,
respectively, showed a reduction in intensity, indicating
the removal of some functional groups [23]. The PDA
functionalization introduced new absorption peaks within
the 1010 to 1040 cm™! range for C-O stretching vibra-
tions. Additionally, the appearance of peaks at 1551 and
1630 cm™!, corresponding to C=C and C=N stretching
modes, signified the incorporation of aromatic amine
structures in the rGO. The emergence of a peak at
3184 cm!, attributed to secondary amine formation,
further validated the successful integration of PDA within
the rGO matrix.

This transformation in the FTIR spectrum between rGO
and rGO-PDA samples suggests a significant interaction
between rGO and PDA. Initially, the integration of rGO
within the PDA during its polymerization led to the
elimination of the peak associated with C=O stretching
[24]. Additionally, n—r interactions between the benzene
rings of PDA and the rGO framework shifted the C=C
absorption band from 1591 to 1551 cm™!, indicating
strong adherence of PDA to the rGO surface. Following
the in situ synthesis of Co-doped ZIF-8 crystals, new
absorption peaks at 993 and 1562 cm™' were identified,
indicative of C—N and C=N bonds, respectively. Peaks
within the 1100 to 1400 cm™' range corresponding to
C—N stretching, and a peak in the 420 to 425 cm™! range,
related to Zn—N and Co—-N bonds, were also observed,
confirming the successful creation of Co-doped ZIF-8
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Fig.2 Aerogel characterization: (a) XRD pattern spectra at various stages of aerogel preparation, (b) FTIR spectra at various stages
of aerogel preparation, (c) TGA curve of rGO-PDA/50Co-ZIF-8 aerogel, and (d) N, adsorption-desorption isotherm of rGO, rGO-

PDA, rGO-PDA/50Co-ZIF-8 aerogel.

crystals on the PDA-rGO surface [25]. These FTIR
findings are consistent with the XRD analysis,
collectively affirming the effective PDA functionalization
and in situ generation of cobalt-doped ZIF-8.
Subsequently, the alterations in the thermal properties
of the samples were extensively investigated through
TGA analyses which were conducted in a nitrogen
environment at a heating rate of 10 °C-min~' for a
temperature range of 25—-600 °C. The TGA profiles of the
rGO, rGO-PDA, and rGO-PDA/50Co-ZIF-8 samples are
illustrated in Fig. 2(c). The weight loss observed in all
samples can be categorized into four phases: Phase I
(25-180 °C), Phase II (180-320 °C), Phase III (320-
450 °C), and Phase IV (320-450 °C). Notably, the
incorporation of each component affected the overall
thermal stability of the as-synthesized aerogel. The rGO
sample displayed a steady weight loss of 14 wt % across
the four phases, attributed to the decomposition of
oxygen functional groups and the carbonization of the
carbon skeleton. In Phase I, both rGO-PDA and rGO-
PDA/50Co-ZIF-8 samples exhibited weight losses rang-
ing from 5 to 8 wt % primarily attributable to moisture
evaporation [16]. In Phase II, a rapid weight loss of 20
and 22 wt % was observed for rtGO-PDA and rGO-
PDA/50Co-ZIF-8 samples due to the carbonization of
PDA [26]. It is worth mentioning that the rGO-
PDA/50Co-ZIF-8 sample exhibited a slightly higher

weight loss compared to the rGO-PDA sample. This is
attributed to the volatilization of chemically adsorbed
water during the synthesis of Co-ZIF-8. Further weight
loss was noticed in Phase III for both rGO-PDA and rGO-
PDA/50Co-ZIF-8 samples. More specifically, rGO-
PDA/50Co-ZIF-8 demonstrated a higher weight loss of
20 wt % compared to the 15 wt % observed for rGO-
PDA. The weight loss exhibited by the rGO-PDA sample
is associated with the further carbonization of stable
functional groups such as carboxyl from PDA. Mean-
while, the weight loss exhibited by the rGO-PDA/50Co-
ZIF-8 sample is attributed to the carbonization of PDA
and the rupture of the Co-ZIF-8 structure as well as the
carbonization of 2-methylimidazole [19]. All materials
continued to lose weight in the final phase due to the slow
carbonization of the skeleton of rGO [27].

One of the crucial characteristics of the high-efficiency
adsorbent is the surface area. Therefore, BET analysis
was utilized to examine the alteration in the specific
surface area of the sample at each fabrication stage. The
N, adsorption isotherm of rGO, rGO-PDA, and rGO-
PDA/50Co-ZIF-8 samples are presented in Fig. 2(d). All
three aerogels showed the presence of mesopores
structure indicated by a typical IV isotherm accompanied
by the hysteresis loop. The rGO sample demonstrated a
surface area of 80 m?-g!. Following the surface
modification with PDA, the rGO-PDA sample exhibited a
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slightly enhanced surface area of 120 m?-g~!. According
to the #-plot data, both rGO and rGO-PDA displayed
minimal micropore volume, suggesting that the surface
area of these samples was predominantly contributed by
mesoporous structures. Through Barrett-Joyner-Halenda
calculation, it was observed that the incorporation of PDA
into the rGO structure led to a significant increase in
mesopore volume from 0.124 to 0.241 mL-g"'. Remar-
kably, the rGO-PDA/50Co-ZIF-8 aerogel exhibited an
enhanced surface area of 900 m?-g~! when compared to
both rGO and rGO-PDA samples. Additionally, its micro-
pore volume increased to 0.604 mL-g~!, while there was a
notable rise in mesopore volume to 0.54 mL-g~! due to
the in situ crystallization of Co-doped ZIF-8 within its
structure. Consequently, the incorporation of microporous
Co-doped ZIF-8 nanoparticles within the rGO-PDA
aerogel led to the formation of a more intricate porous
framework with an extensive surface area [28]. As a
result, it can be confidently asserted that the improved
structural characteristics render the rGO-PDA/50Co-ZIF-
8 aerogel a promising adsorbent when compared to the
intermediate samples, namely rGO and rGO-PDA,
prepared in this study.

Ultimately, XPS analysis was carried out on the rGO,
rGO-PDA, and rGO-PDA/50Co-ZIF-8 aerogels to eluci-
date their experimental composition at particular binding
energy levels (eV). The complete spectrum of the samples
is presented in Fig. S2(a) (cf. ESM). In particular, the
rGO exhibited prominent peaks at ~200 and ~500 eV,
corresponding to C 1s and O 1s elements, respectively.
Following functionalization with PDA, an additional peak
at ~400 eV corresponding to N 1s emerged, accompanied
by the intensification of C 1s and O 1s. Subsequent to the
in situ growth of Co-ZIF-8, two new peaks ascribed to the
Co 2p and Zn 2p elements emerged at ~800 and
~1000 eV, respectively. This occurred simultaneously
with the elevated N 1s peak, providing additional
confirmation of the successful synthesis of Co-ZIF-8
within the aerogel structure. The high resolution of scans
of each component was further elucidated in detail in
Figs. S2(b—f). In summary, the XPS results were in good
agreement with XRD, FTIR, and TGA results which all
suggested that a strong interaction existed between each
component, thus forming a robust hierarchical porous
structure.

3.3 Synthesis of the rGO-PDA/Co-ZIF-8 aerogels with
varied Co dopings

To get a clear observation of the local hydrogel structure
at each step of the fabrication step, all samples were
studied using SEM and shown in Fig. 3. As shown in
Fig. 3(a), the as-synthesized rGO aerogel displayed a
hierarchical porous structure with an interconnected
porous network resembling sponge-like substance.
Following the surface functionalization with PDA, the

network structure showed a relatively rougher and
wrinkled surface compared with rGO aerogels (Fig. 3(b))
indicating that rGO surfaces are covered by self-poly-
merized PDA layers. Notably, after the in situ growth of
ZIF-8, the surface becomes decorated with dodecahedral
nanocrystals with varying sizes depending on the concen-
tration of cobalt (0%Co-, 30%Co-, 50%Co-, 70%, and
100%Co-doped ZIF-8) (Figs. 3(c—f) and S3 (cf. ESM)).
From the SEM images of the Co-doped ZIF-8 nanocry-
stals on the aerogel surface, it can be observed that an
increase in Co concentration resulted in the formation of
larger crystals. In contrast, without the presence of Co,
nanocrystals are formed with an average size of 140 +
56 nm (Figs. 3(c) and S3(a)). By simply introducing Co,
the Co-doped ZIF-8 crystal size increased to 160 + 26,
220 £ 16,285+ 11, and 367 + 47 nm, for 30%, 50% 70%,
and 100% of Co, respectively (Figs. 3(g—1), S3(b) and
S3(c)). It is suggested that the increase in nanocrystal size
was owing to the incorporation of cobalt(Il) salt in the
synthesis which favored crystal growth rather than
nucleation [14]. It is also worth mentioning that the
incorporation of Co®" ions into the ZIF-8 framework did
not alter the ZIF-8 chemical structure due to comparable
jonic radii of Co?" (0.72 A) and Zn>* (0.74 A) [13].
Therefore, the Co-doped ZIF-8 crystals maintain the ZIF-
8 and ZIF-67 crystal structure (Figs.3(c) and S1).
Furthermore, the embedding of Co-ZIF-8 did not alter the
porous rGO-PDA aerogel network structure. However,
the aerogel surface became rugged and rich in defects due
to the particles formed both above and below the thin
rGO layers.

To further evaluate the composition and distribution of
cobalt and zinc elements in the structure of Co-doped
ZIF-8 nanocrystals, the surface of the aerogel decorated
with different concentrations of Co-doped ZIF-8 was
analyzed with EDS mapping (Fig. S4, cf. ESM). The
weight percentage of the two elements (Co/Zn) from the
EDX spectrum was summarized in Table S1 (cf. ESM).
Figures S4(a—c) showed the EDS analysis of rGO-
PDA/ZIF-8 aerogel. The EDX spectrum showed only the
presence of zinc in the structure of the imidazolate
framework, thus, confirming pure ZIF-8 crystals. Upon
the addition of 30% molar of cobalt in the ZIF-8 synthesis
recipe, the EDS mapping displayed the coexistence of
cobalt and zinc with 37% of cobalt and 63% of zinc (Figs.
S4(d—f)). As the Co doping molar concentration increased
up to 50%, the EDS mapping of rGO-PDA/50Co-ZIF-8
aerogel exhibited a similar distribution of zinc and cobalt
in the ZIF structure (Figs. S4(g) and S4(h)). In addition,
the EDX spectrum further confirmed 50/50 cobalt and
zinc in the structure (Fig. S4(i)). Further increasing the
Co doping percentage up to 70%, the EDS mapping of
rGO-PDA/70Co-ZIF-8 aerogel showed more cobalt
present in the ZIF structure compared to zinc (Figs. S4(j)
and S4(k)). The EDX spectrum also displayed the
presence of 72% cobalt and 28% zinc (Fig. S4(l)).
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Fig.3 SEM images of the as-synthesized aerogels: (a) rGO, (b) rGO-PDA, (c) rGO-PDA/ZIF-8, (d) rGO-PDA/30Co-ZIF-8,
(e) rtGO-PDA/50Co-ZIF-8, and (f) rGO-PDA/70Co-ZIF-8. Crystal size distribution on the surface of aerogel at different Co doping
concentrations: (g) 30%, (h) 50% Co, and (i) 70%Co. The sizes of the crystals were estimated using ImageJ software.

Figure S4(m-o) showed only the presence of cobalt in the
imidazolate structure confirming the ZIF-67 pure crystals
on the aerogel if only Co was used in the synthesis.
Overall, the EDS mapping analysis revealed the
coexistence of zinc and cobalt elements in the ZIF-8
samples that were prepared in a bimetallic system. The
above results also confirmed the successful incorporation
of cobalt in the ZIF-8 structure.

As has been reported previously, the properties of ZIF
material such as specific surface area can be tweaked
after the addition of other metal elements in the structure
[13,14,25]. Therefore, in this study, the properties of the
aerogel with different Co doping were evaluated using
BET analysis (Fig.4(a) and Table S2 (cf. ESM)).
Interestingly, the cobalt-doped aerogel exhibited higher
surface area compared to the aerogels decorated with pure
crystals ZIF-67. More specifically, rGO-PDA/ZIF-8
showed a surface of 850 m?-g~!, the specific surface area
further increased to 875 and 900 m?g' for rGO-
PDA/30Co-ZIF-8 and rGO-PDA/50Co-ZIF-8 aerogel,
respectively. However, further increasing the Co-dopings,
the specific surface area decreased to 861 and 815 m? g/,

for rtGO-PDA/70Co-ZIF-8 and rGO-PDA/ZIF-67 aero-
gels, respectively. Therefore, it can be deduced that a
certain amount of Co doping could increase the porosity
of the crystals as inferred from the enhancement of the
surface area. This result is in agreement with previous
studies of bimetallic Co-Zn ZIFs [13,14]. The XRD
pattern of the aerogels with different percentages of Co-
doping crystals are presented in Fig. 4(b). rtGO-PDA/ZIF-8
aerogel exhibits weak diffraction peaks at 7.1°, 10.1°,
12.3°, 14.3°, 16.1°, 24.1°, and 26.2° fit with the
characteristic peaks of ZIF-8 at the actual XRD pattern.
Since ZIF-8 and ZIF-67 have similar crystal structures
due to the ionic radii of Co(Il) and Zn(Il) in tetrahedral
coordination are quite comparable (0.74 A for Zn(II) and
0.72 A for Co(Il)) [29]. Therefore, the positions of
diffraction peaks of the cobalt-doped crystals aerogels
showed a very close agreement to the XRD patterns of
the aerogel with ZIF-8 structure. Additionally, Fig. 4(c)
displayed the FTIR patterns of all aerogel samples. As
shown in the figure, all the aerogel samples exhibit
similar FTIR peak patterns. The signal peaks at 1147 and
759 ecm! were associated with C-N and out-of-plane
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Fig. 4 Characterization of different cobalt doping aerogel: (a) BET analysis, (b) XRD patterns, and (c) FTIR.

bending of the imidazole ring, respectively. The peak
between 421 and 425 cm™! is associated with the Zn—N
and Co—-N bond. The emergence of C—N, Zn—N, and
Co—N bonds indicated that the Co-/Zn ZIF has been
decorated into the structure of rGO-PDA aerogel [30].

3.4 Formation mechanism and water stability of rGO-
PDA/Co-ZIF-8 acrogels

The formation process of the rGO-PDA/Co-ZIF-8 aerogel
is depicted in Fig. S5 (cf. ESM). As previously described,
the initial step involved the creation of a 3D rGO
structure through hydrothermal reduction of GO. This
process eliminated hydrophilic groups, thereby streng-
thening the m—m stacking interaction among the rGO
nanosheets, leading to the self-assembly of the nanosheets
into an rGO hydrogel. Upon PDA modification, a robust
n—7 interaction occurred between the aromatic ring of
rGO and PDA, resulting in the extensive wrapping of
PDA onto the rGO aerogel structure. This interaction was
corroborated by FTIR analysis (Fig. 2(b)), which revealed
spectral shifts and the disappearance of the C—O bond.
This observation was consistent with XPS analysis (Fig.
S2), which demonstrated the emergence of new peaks
associated with m—r bonding and the complete disappea-
rance of the O—C=0 peak. When the rGO-PDA aerogel

was immersed in a solution containing zinc and cobalt
ions, the electrostatic forces between these metal ions
and the negatively charged PDA and rGO oxygen func-
tional groups facilitated the rapid adsorption of metal ions
onto the structure. Subsequently, upon immersion in a
2-methylimidazole solution, the metal ions selectively
reacted with the ligand molecules, leading to the
formation of cobalt-doped ZIF-8 crystals on the rGO-
PDA sample’s structure.

To evaluate the stability of the as-synthesis aerogels in
an aqueous solution, and determine the optimum Co
doping in the aerogel that not only has excellent structure
properties but also good stability in an aqueous solution,
water stability tests were performed on the rGO-PDA/Co-
ZIF-8 aerogels with varied Co dopings. First, the as-
synthesized aerogels were immersed in deionized water
for ten days. The aerogel structure and crystallinity of the
crystals were then examined with XRD and SEM (Fig. 5).
The XRD pattern of the aerogels after exposure to water
is presented in Fig. 5(a). Notably, the rGO-PDA/ZIF-8§,
rGO-PDA/30Co-ZIF-8, and rGO-PDA/50Co-ZIF-8 aero-
gel still maintained the characteristic diffraction peaks
associated with ZIF-8/ZIF-67. This suggested that the
crystals can survive even after ten days in water condi-
tions, demonstrating good hydrostability. On the other
hand, rGO-PDA/70Co-ZIF-8 and rGO-PDA/ZIF-67
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aerogels displayed a completely different XRD diffrac-
tion pattern because of the likely crystal decomposition
in the aqueous solution. The structure of the aerogels
after water immersion was further studied with SEM
(Figs. 5(b—f)). As shown in Figs. 5(b—d), most of the
ZIF-8 crystals as well as those doped with 30% and 50%
cobalt still preserved the original dodecahedral crystal
structure with no weight loss observed before and after
immersion in aqueous solution. In contrast, crystals with
70% Co-doping exhibited irregular, defective surfaces
(Fig. 5(e)), accompanied by weight loss of 0.08 g.
Meanwhile, ZIF-67 completely lost the original crystal
structure due to its low hydrostability in water conditions
which was further proved by the weight loss of 0.11 g,
the highest among aerogels studied (Fig. 5(f)). Therefore,
the SEM observation and mass analysis were consistent
with the XRD studies. The stability of the aerogel at
different pH conditions was studied by immersing the
aerogel at pH 4, 7, and 9 for ten days. The mass loss as
the result of the aerogel’s degradation was evaluated by
recording the mass before and after adsorption for each
day (Fig. S6, cf. ESM). It is noted that the aerogel shows
the highest degradation in acidic conditions at pH 4 with
a mass loss of ~15%. On the other hand, the aerogel
exhibited mass loss of ~2%—3% in neutral and alkaline
pH conditions. Based on the above results, rGO-
PDA/50Co-ZIF-8 aecrogel showed the highest surface
area, while still maintaining good stability in water,
which was critically important to its long-term heavy
metal adsorption performance (see Section 3.5.1 Effect of
Co dopings and operating conditions on the adsorption
performance and Section 3.6).
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3.5 Heavy metal adsorption

3.5.1 Effect of Co dopings and operating conditions on the
adsorption performance

Nowadays, the discharge of wastewater containing heavy
metals into the water bodies is of great concern. This is
because heavy metals are carcinogenic, mutagenic, non-
biodegradable, and can accumulate in living organisms
causing them to be extremely toxic even at low
concentrations [31]. Hence, the removal of these ions
from the wastewater before releasing them into the
environment is of great importance. From economic and
efficiency points of view, adsorption has been regarded as
a promising and widely used method for the removal of
heavy metals. Thus, the development of adsorbent
materials has been crucial to ensure the adsorbent with
excellent efficiency and good regeneration toward metal
adsorption. In this work, the adsorption efficiency of the
samples produced at each stage of fabrication, as well as
the final rGO-PDA/Co-ZIF-8 with varying cobalt composi-
tions, was systematically assessed. As an example, the
adsorption of Pb(Il) with a concentration of 200 mg-L™!
at pH 6 was first studied and demonstrated in detail. The
initial concentration as well as the concentration of the
solution after 5 h of adsorption were analyzed using ICP-
OES. The adsorption capacity and removal efficiency
were determined by applying Egs. (1) and (2), respec-
tively. As illustrated in Fig. 6(a), the 3D rGO sample
exhibited an adsorption capacity of 365 + 7.26 mg-g~!
with 35% + 1.07% removal efficiency after 5 h. The main
adsorption mechanism involved the interaction of the
heavy metal ions with oxygen-containing groups on rGO,

Fig. 5 The characterization of as-synthesized aerogels at various Co doping after ten days immersion in aqueous solution: (a) XRD
patterns, and SEM imaging of (b) rGO-PDA/ZIF-8 aerogel, (c¢) rGO-PDA/30Co-ZIF-8 aerogel, (d) rGO-PDA/50Co-ZIF aerogel,

(e) rGO-PDA/70Co-ZIF aerogel, and (f) rtGO-PDA/ZIF-67 aerogel.
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e.g., the carboxyl groups. As evidenced by FTIR and XPS
analyses (see Section 3.3), although the total amount of
oxygen content decreased after reduction, a small
quantity of carboxyl groups remained in the compact rGO
structure, hence, contributing to the overall Pb adsorption.
In addition to the presence of oxygen-functional sites,
another more prevalent factor contributing to the adsorp-
tion of the Pb ions was the existence of C—r electrons on
the surface. The rGO acted as a highly reactive Lewis
base, capable of donating electron pairs in an aqueous
solution. Meanwhile, the heavy metal ions can act as
Lewis acids that accept electron pairs further enhancing
Lewis acid-base interactions [32]. Furthermore, the excep-
tional porous structure and specific surface area of the 3D
sponge-like structure of rGO also played a crucial role in
the enhanced adsorption of heavy metal ions, making it
an ideal adsorption candidate with good mechanical
stability and more accessible adsorption sites. After the
rGO sample underwent PDA functionalization, the
adsorption capacity enhanced up to 721 + 14.42 mg-g”!
alongside a removal efficiency of 67% =+ 2.03%. PDA
endowed the rGO surface with catechol, aromatic,
amines, and imine groups. These groups in PDA with
powerful chelating ability served as the active sites for the
metal ions through interactions such as electrostatic or
chelation, thus, enhancing the adsorption performance
[33]. Interestingly, after the in situ synthesis of Co-ZIF-8
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on the aerogel, a notable increase in adsorption capacity
up to 942 + 18.85 mg-g~! with a removal efficiency of
87% + 2.86% was observed. This is because of the
affinity of the lead atoms with the nitrogen atom of the
2-methylimidazole. More specifically, the pyridine nitro-
gen (C=N) and iminium (C-NH) in 2-methylimidazole
form a more stable coordination structure with Pb(II)
during the adsorption process [34]. Furthermore, the
extensive surface area of ZIF-8 nano-adsorbents
possessed useful adsorption sites for more Pb(Il) ions to
be adsorbed via physical interaction (or adsorption forces)
[35]. Therefore, the enhancement of the adsorptive
capabilities of rGO-PDA/ZIF-8 on Pb ions involved
multiple mechanisms, such as electrostatic interactions,
surface adsorption, and electron sharing.

The adsorption capacity and removal efficiency were
further evaluated for the aecrogels with different cobalt-
doped concentrations with an initial concentration of
200 mg-L™" at pH 6. It was observed that the adsorption
capacity increased as the amount of cobalt-doped increa-
sed (Fig. 6(a)). More precisely, the rGO-PDA/30Co-ZIF-
8, rGO-PDA/50Co-ZIF-8, rGO-PDA/70Co-ZIF-8 and
rGO-PDA/ZIF-67 exhibits adsorption capacity of 1188 +
23.77, 1217 £ 24.35, 1235 £ 24.71, 1268 + 2532 mg-g !,
respectively. The rGO-PDA/30Co-ZIF-8 exhibited a
removal efficiency of 92% + 2.77%. Further increasing
the cobalt content in the aerogels (e.g., rtGO-PDA/50Co-
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Fig. 6 Heavy metal adsorption performance of the as-synthesized aerogels: (a) adsorption capacity and removal efficiency of
different types of aerogels, (b) adsorption capacity and removal efficiency in different pH environments, (c) zeta potential at different
pH, and (d) adsorption capacity and removal efficiency at different initial concentrations for 3D rGO-PDA/50-ZIF-8 aerogel.
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ZIF-8, rGO-PDA/70Co-ZIF-8, and rGO-PDA/ZIF-67)
resulted in a removal efficiency of > 99%. As discussed
above, the enhancement in the adsorption performance is
not only contributed by the interaction of Pb(II) with 2-
methylimidazole but is also substantially influenced by
the specific surface area as well as the metal center of
ZIFs. It was noticed that the specific surface area
increased when the cobalt concentration was increased up
to 50%. However, a decrease in specific surface area was
observed for the rGO-PDA/70Co-ZIF-8 and rGO-
PDA/ZIF-67 aerogels which have higher Co dopings.
Interestingly, they showed a slight increase in the
adsorption capacity, indicating the importance of the
influence of the increased ZIF metal centers on Pb
adsorption. The cobalt atoms have a higher affinity than
zinc atoms and could easily share electrons with lead
atoms due to the nature of the electronic configuration of
the elements. More specifically, Pb(I[) has only 2
electrons on the p-orbitals, while cobalt has more vacant
d-orbitals [36]. In other to achieve a stable form, these
two elements tend to share electrons. On the other hand,
the zinc orbital is already occupied with electrons and
does not tend to share or donate electrons with other
elements. Therefore, the increasing cobalt content in the
ZIFs structure could also contribute to the increase in the
heavy metal adsorption due to the -electron-sharing
mechanism.

Extensive research has demonstrated that the pH value
of effluent is a crucial factor that significantly affects the
performance of adsorbents and is key to the overall
adsorption process. Therefore, the behavior of the aerogel
under different environmental conditions was evaluated
by varying the pH from 2 to 9. Considering the excep-
tional stability in water, high specific surface area as well
high adsorption capacity, the rGO-PDA/50Co-ZIF-8
aerogel was chosen in this study. The adsorption capacity
(mg-g™") and removal efficiency (%) of the aerogel were
examined at different pH conditions with the initial
concentration of the lead solution of 200 mg-L™!. As
illustrated in Fig. 6(b), the adsorption of lead ions (Pb*")
enhanced as the pH level rose from 2 to 6, followed
by a decrease at pH 7 and 9. More specifically, the
aerogel exhibited an adsorption capacity of 122 + 13.13,
899 + 22.17, 1217 + 2.19, 1062 + 17.27, and 682 +
15.76 mg-g! at pH = 2, 4, 6, 7, and 9, respectively.
Likewise, a similar trend was observed for removal
efficiency as the aerogel showed a removal efficiency of
10% + 1.06%, 73% + 5.55%, 99% + 0.1%, 87% + 1.41%,
and 56% + 2.15% at pH 2, 4, 6, 7, and 9, respectively.
The effect of pH can be explained by the speciation of
adsorbates and the surface charge density of the adsorbent
across different pH levels. Heavy metals, particularly lead
ions (Pb®"), could stably stay in the solution as a
positively charged ion in the studied pH range [37].
Figure 6(c) displayed the surface charge of rGO-
PDA/50Co-ZIF-8 aerogel from zeta potential analysis.

Notably, the increase of pH from 2 to 11 showed a
reduction in the material zeta potential. This can be
attributed to the deprotonation of functional groups
present in the rGO and PDA at higher pH [35]. The
aerogel exhibited an isoelectric point of 4.5, which
indicates that the aerogel has a positive surface charge at
pHs below 4.5 and a negative surface charge at pHs
above 4.5. In particular, when the pH was below 4.5, the
rGO-PDA/ZIF-8 aerogel’s surface became positively
charged because of the protonation of PDA’s phenolic
groups and the destabilization of Co-ZIF-§ crystals under
acidic conditions [38]. On the other hand, in highly acidic
conditions, a high concentration of H" could compete
with Pb(Il) on the surface adsorption sites, leading to a
lower adsorption capacity and removal efficiency [39].
On the other hand, when the pH exceeded 4.0, the surface
charge shifted to a more negative state as a result of the
deprotonation of the phenolic groups in PDA. Concur-
rently, the Co-doped ZIF-8 crystals exhibited a negative
charge, offering additional sites for adsorption [40]. Thus,
the electrostatic attractions between the aerogel’s sites
and Pb(Il) further enhanced the adsorption capacity and
removal efficiency. Furthermore, the concentration of H*
decreased, and the competition between Pb(Il) and H"
weakened leading to the enhancement of adsorption
capacity [41]. However, at higher pH values (pH > 6.0),
the aerogel exhibited a decrease in adsorption capacity
and removal efficiency due to the formation of Pb(OH),
in the solution that might compete with the adsorbent,
leading to a deterioration of the adsorption performance
[16].

To explore the maximum adsorption capability of the
rGO-PDA/50Co-ZIF-8 aerogel for Pb(Il), the concentra-
tion of Pb(II) was adjusted between 10 and 500 mg-L~! at
pH = 6, and both the adsorption capacity (mg-g™") and the
efficiency of removal (%) were assessed. As the concen-
tration of Pb(Il) ions increases from 10 to 200 mg-L~!,
the adsorption capacity increased from 50 + 1.51 to
1237 + 37.41 mg-g~! with a removal efficiency of > 99%
(Fig. 6(d)). This increase in adsorption capacity is
attributed to the enhanced driving force provided by the
higher concentrations of Pb(II) ions, which, in turn,
accelerates the mass transfer between the Pb(Il) ions and
the aerogel [42]. However, only a slight increase in
adsorption capacity from 1513 + 4541 to 1573 +
47.19 mg-g~! was noted, as the pH increased from 300 to
500 mg-L~'. This suggested that the rGO-PDA/50Co-
ZIF-8 aerogel reached its highest adsorption capacity at
1573 + 1.18 mg-g' as all adsorptive sites became
occupied by Pb(Il) ions. Nonetheless, the efficiency of
removal reduced to 75% + 3.03% and 58% + 2.32% for
initial concentrations of 300 and 500 mg-L~', respec-
tively. This was because of the presence of excess Pb(II)
ions in the solution, and then the adsorption sites became
saturated easily and quickly, thus showing a decreased
removal efficiency. Additionally, the rGO-PDA/50Co-
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ZIF-8 aerogel shows good adsorption performance
toward other types of heavy metals such as Cu(Il) and
Cd(II). Notably, it exhibits the highest removal efficiency
of ~99% for Pb(Il), followed by ~95% for Cu(ll) and
~92% for Cd(Il) (refer to Fig. S7, cf. ESM). In
comparison with previous studies (Table S4, cf. ESM), it
becomes evident that this particular aerogel has
demonstrated an exceptionally high adsorption capacity
across the entire range of heavy metals that were tested.
In addition, it was found that the concentration of cobalt
and zinc can be negligible, which indicates there was no
leaching during the adsorption process. These findings
underscore the significance of this aerogel in the field of
heavy metal adsorption and emphasize its potential as a
superior solution for effectively and comprehensively
addressing heavy metal contamination in various
environmental and industrial contexts.

The evaluation of adsorbent selectivity is important
considering different situations in real applications. For
instance, in cases where wastewater is contaminated with
various heavy metal ions, a preference is given to less
selective adsorbents. Conversely, when specific heavy
metal ions are identified as contaminants in wastewater,
selective adsorbents are deemed more appropriate. Hence,
the selectivity of the rGO-PDA/Co-ZIF-8 aerogel was
evaluated by subjecting it to the aqueous solution
containing mixed heavy metal ions such as Pb>*, Cd*",
Cu?", Mg?", and Na®" with the initial concentrations of
0.6 mmol-L™! at pH 6. It was found that the aerogel
exhibited adsorption selectivity in the order Pb(Il) >
Cu(Il) > Cd(Il) > Mg(I) > Na® with the adsorption
capacity of 634 + 15.2, 327 £20.4, 156 £ 20.4, 72 = 10.8,
and 21 + 8.9 mg-g!, respectively (Fig. S8, cf. ESM). The
variations in adsorption capacity exhibited by the rGO-
PDA/Co-ZIF-8 aerogel for different heavy metals stem
from the distinct binding abilities of the functional groups
present on the aerogel. Hence, it has been proposed that
aerogel exhibits promising potential in the removal of
diverse heavy metal ions from wastewater.

3.5.2 Adsorption kinetics and adsorption isotherm

In this research, the fundamental adsorption process was
examined through the use of relevant kinetic models. The
investigation employed two models, namely the PFO and
PSO, to evaluate how Pb(II) adsorbs onto the rGO-
PDA/50Co-ZIF-8 aerogel. Equation (3), which outlines
the PFO model, is frequently applied in the analysis of
solutes at low concentrations. Conversely, the PSO
model, detailed in Eq. (4), relies on the quantity of the
substance adsorbed on the surface [43].

Consequently, a detailed kinetic analysis was
conducted for different initial concentrations of Pb(II)
ions using the PFO and PSO models. Figures 7(a) and
7(b) illustrate the use of these models along with linear-
fitting curves for diverse concentrations of Pb(Il) ions.

The adsorption kinetic parameters and correlation
coefficients calculated by fitting the kinetic equation are
shown in Table 1. As can be seen from Figs. 7(a) and 7(b)
and Table 1, the fitting results indicated that the PSO
kinetic model (R’ = 0.999) can preferably describe the
adsorption kinetics behavior of the rGO-PDA/50Co-ZIF-
8 aerogel.

Therefore, chemical adsorption may be the rate-limiting
step in the adsorption process that involves electron
covalent or electron migration between adsorbent and
adsorbates [44]. In addition, the experimental g, and
calculated ¢, ., values of the equilibrium adsorption
capacity showed a huge difference, suggesting that the
adsorption of Pb(II) on the rGO-PDA/50Co-ZIF-8
aerogel did not conform to the PFO model. Instead, the
PSO model showed a good fit with experimental data for
all initial concentrations. The values of g, also
appeared to be very close to the experimentally observed
values of g, . These results further suggested that the
adsorption kinetics followed the PSO model. It was also
observed that as the initial concentration increased from
10 to 500 mg-L~!, the values of qecal InCreased from 50 +
1.68 to 1573 + 1.18 mg-g'. This is because, at a high
initial concentration, the relative driving force of the
concentration gradient is strong. Meanwhile, the decrease
in K, value from 1.5 x 107 to 6.4 x 10® g-mg™!-min~!
was due to the lower competition for the adsorption sites
at lower concentrations. Similar phenomena were also
observed in other studies on the adsorption of heavy
metal ions [45,46].

In this work, Langmuir and Freundlich’s isotherms
were used to probe the interaction mechanism between
the adsorbent and Pb(Il). The Langmuir model is suitable
for describing monolayer adsorption of homogenous solid
structures where all adsorption sites are identical and the
particles being adsorbed have no interaction with each
other and are completely independent [47]. The Freund-
lich model is an empirical equation with no assumptions
and is suitable for describing non-homogenous multilayer
adsorption with different adsorption sites [48]. The
adsorption isotherm models of Langmuir and Freundlich
are represented in Egs. (5) and (6). Figures 7(c) and 7(d)
showed the fitting results for Langmuir and Freundlich
isotherm models, respectively. As shown in Table S4, the
correlation coefficient of the Langmuir model (R?> =
0.999) is much larger than that of the Freundlich model
(R?> = 0.7532), which suggests that the adsorption of
Pb(II) on the rGO-PDA/50-ZIF-8 aerogel complied to a
single-layer process due to the uniform allocation of
available groups on the rGO-PDA surface and as well as
on the bimetallic ZIFs.

3.5.3 Potential adsorption mechanism

As illustrated in Fig. 8, the adsorption mechanism of 3D
rGO-PDA/Co-ZIF-8 aerogel was mainly governed by
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Fig. 7 Adsorption kinetics of rGO-PDA/50Co-ZIF-8: (a) PFO model, and (b) PSO model. Adsorption isotherm of rtGO-PDA/50Co-
ZIF-8: (c) Langmuir model, and (d) Freundlich model at initial concentration of 10, 50, 100, 200, 300, 500 mg~L’l.

Table 1 Kinetic parameters for different concentrations of lead

Kinetic model Parameter 10/(mg-L) 50/(mg-L ") 100/(mg-L1 200/(mg-L1) 300/(mg-L1) 500/(mg-L1)
PFO K, /min™! —4x107° -1.4x107° -1.4x107° -1.8x107° 1.6 x107° -1.3x107
Gecal(mg-g ™) 231 176.17 611.66 2150.87 2275.37 1570.95
R 0.1024 0.7135 0.8107 0.8909 0.8131 0.9580
PSO K,/(g'mg ' min") 1.5%x1073 25%x107° 3.7 %107 3.9%x107° 45x107° 6.4 %1070
Gocal (Mg ") 33.76 369.00 787.40 1214.68 1485.42 1439.99
R? 0.9912 0.9952 0.9989 0.9997 0.9951 0.9998
electrostatic attractions, complexation, and electron such as catechol, amine, and phenyl groups which could

sharing. Each component in the composite aerogel played
an important role in the adsorption of lead. First, Pb(II)
can be adsorbed onto the porous structure of rGO from
the aqueous solutions via two pathways, ie., a
complexation reaction between the Pb(II) and the electron
on the m-bond in the rGO. rGO can easily donate
electrons from its n-bond and the outer orbital of Pb could
accept the electron cloud from the outside, thus forming a
complexation bond. Second, the Pb(Il) prefers to bind
with the C-OH groups on the rGO via electrostatic
interaction [49]. Upon the modification with PDA, the
aerogel was endowed with abundant functional groups

serve as the active sites for ZIF nucleation as well as the
adsorption of Pb(Il) via electrostatic interactions and
metal coordination [50]. The Co-doped ZIF-8 nanocry-
stals that were decorated on the surface of rGO-PDA
aerogels, provide a significantly higher surface area for
the adsorption of Pb(I) because of its strong affinity
toward the nitrogen atom in the ZIF structure, forming a
stable chelation on the crystal external surface. In
addition, the presence of cobalt in the structure of ZIF
nanocrystals could further increase the affinity toward
Pb(Il), because the cobalt and Pb(Il) tend to share
electrons (the two electrons on the outer shell of Pb(II)
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Fig. 8

tend to fill the vacant in the d-orbital of cobalt, forming a
stable bond).

3.6 Regeneration and cyclic adsorption performance

Considering the environmental safety and economic
feasibility, an adsorbent must show a reasonable number
of cycles during the adsorption. The long-term
performance of rGO-PDA/50Co-ZIF-8 aerogel was
evaluated via cyclic adsorption. To regenerate the
aerogel, 0.05 mol-L™! HNO, was used as a stripping
agent and sequentially washed with copious deionized
water until the final eluent reached neutral pH. In this
work, at least 7 cycles of adsorption-regeneration were
tested on the same rGO-PDA/50Co-ZIF-8 aerogel. As
shown in Fig. 9(a), after seven cycles, the aerogel still
showed a stable 1023 + 20.5 mg-g”' and removal
efficiency of ~84%. The EDX spectra analysis of the
aerogels following seven cycles of adsorption demons-
trated the absence of Pb, indicating the efficacy of the
washing step in effectively removing heavy metal ions
from the aerogel (Fig. 9(b)). The SEM analysis showed
that the aerogel still maintained a good structure with
intact ZIF nanocrystals, indicating their excellent stability
and useful for long-term performance (Fig. 9(c)). The
localized EDS mapping of Zn and Co on the sample after
seven cycles again showed that the elements were well
distributed in the crystal structure (Figs. 9(d-f)). It is
worth mentioning that the presence of Zn and Co in the
aerogel underscores robust and enduring crystal
adherence to the aerogel structure, mitigating the risk of
potential metal leaching during the adsorption treatment.

- - <. %
W Q‘?ﬂl. ,\5:';./ " Electron
ow T = % sharing

. =
\/\ co-Z1 Fog “\H\
}‘ F N\ ST

Adsorption on Co-ZIF-8 nano-adsorbents

4 Conclusions

In conclusion, a highly efficient adsorbent, rGO-based
aerogel functionalized with PDA and cobalt-doped
crystals, was successfully fabricated. The synthesis
strategy involved the self-assembling of rGO to form a
highly porous 3D network structure, followed by surface
PDA modification and in situ crystallization of the cobalt-
doped crystals in the aerogel structure. The surface
properties as well as the structural hydrostability can be
controlled via Co-doping. For example, rGO-PDA/50Co-
ZIF-8 exhibited the highest surface area of 900 m*-g!
and the best structural integrity even after ten days of
immersion in water. In addition, abundant surface
functional groups and unsaturated cobalt sites in the rGO-
PDA/50Co-ZIF-8 enabled rapid and effective adsorbing
of heavy metal ions from an aqueous solution.
Particularly for Pb(Il), an outstanding adsorption capacity
of 1217 + 24.35 mg-g~! and removal efficiency of > 99%
were achieved in this work, much more than other aerogel
adsorbents. The adsorption mechanism between the
aerogel and Pb(II) was studied mainly related to the
electrostatic  attractions, complexation, and electron
sharing. Finally, the aerogels can be easily recycled from
water and maintain a stable adsorption capacity of 1023 +
20.5 mgg' with a removal efficiency of ~84%,
suggesting their great potential in the high-capacity heavy
metals removal from industrial effluents.
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