
RESEARCH ARTICLE

Efficient removal of cadmium ions from water by adsorption
on a magnetic carbon aerogel

Yingchao Li1 & Mengqi Zhou1
& Geoffrey I. N. Waterhouse1,2

& Jianchao Sun3
& Weijie Shi1 & Shiyun Ai1

Received: 28 May 2020 /Accepted: 14 September 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Carbon aerogels are attracting much attention as adsorbents due to their high specific surface and large accessible pores. Herein,
we describe a successful synthesis of a magnetic carbon aerogel (MCA) using sodium alginate (SA) as the main carbon source,
gelatin (G) as a cross-linking agent and secondary carbon source, and Fe3O4 nanoparticles as the magnetic component. A simple
pyrolysis treatment at 550 °C under N2 transformed a Fe3O4/SA/G hydrogel precursor into the MCA. The obtained magnetic
carbon aerogel possessed a high specific surface area (145.7 m2/g), a hierarchically porous structure, and an abundance of surface
hydroxyl (–OH) and carboxyl (–COOH) groups, resulting in outstanding sorption properties for aqueous Cd(II) (an adsorption
capacity of 143.88 mg/Lmg/g). The mechanism of Cd(II) adsorption by the MCA was investigated, with the results obtained
suggesting that theMCA removed cadmium ions fromwater by both electrostatic adsorption and complexation. Since the MCAs
contained Fe3O4 nanoparticles, they could easily be separated and recovered from water using a magnet. This study thus
identifies a promising and efficient technology for removing Cd(II) ions from aqueous solutions.
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Introduction

Water pollution caused by heavy metal ions is of global con-
cern and is implicated in a wide range of diseases (Ma et al.
2018; Sun et al. 2018; Zang et al. 2020). Cadmium ions are
highly toxic (Kuang et al. 2019) and can enter drinking water
source via a variety of pathways, including natural mineral

weathering processes and also unlawful disposal of industrial
waste water (Xu et al. 2018). Industrial sources of cadmium
pollution include cooling tower sewage, metal electroplating
solutions, and coating operations (Li et al. 2004). Ingested
Cd(II) ions mainly accumulate in the kidneys and have a rel-
atively long biological half-life of 10–35 years in the human
body (Ammari 2014). The accumulation of Cd(II) ions in the
body can lead to skin lesions, renal dysfunction, pneumonia,
and cancer (Kuang et al. 2019).

Current technologies for treating water contaminated with
cadmium ions include filtration (Xiong et al. 2017), liquid
extraction (Al-Rashdi et al. 2013), biological treatment
(Mahandra et al. 2017), chemical precipitation (Li et al.
2017), and membrane separation (Khosravi and Alamdari
2009). Each of these technologies has advantages and disad-
vantages, with most suffering from a low removal capacity,
low removal rate, and high cost. The discovery of effective
materials and methods for quickly removing Cd(II) ions from
water at minimal cost is an urgent priority.

Adsorption-based methods are the widely used for remov-
ing Cd(II) from water (Sun et al. 2019). Adsorption methods
are simple, offer good adsorption capacities, and create mini-
mal secondary pollution (Yang et al. 2020). Current research
focusses on modifying the adsorbent structure and
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morphology to improve the adsorbent surface area and surface
functional groups, thus enhancing the adsorption capacity and
reaction site density (Wang et al. 2018). Aerogels are
attracting increasing interest in heavy metal adsorption, on
account of their three-dimensional (3D) networks of intercon-
nected pores. This architecture allows high water absorptivity
and offers a large specific surface for adsorption (Liang et al.
2012; Ren et al. 2019). Xu et al. reported that a 3D titanate
aerogel containing cellulose was an effective adsorbent for
Cd(II) removal, achieving a Cd(II) adsorption capacity of
1.98 mmol g−1 (Xiong et al. 2017). He et al. (2016) synthe-
sized sodium acrylate and acrylamide copolymer/graphene
oxide gels which proved very effective for the adsorption of
Pb2+ and Cd2+. These studies demonstrate the huge potential
of aerogels in the adsorption of heavy metals, though the syn-
thesis of most current aerogels use toxic or expensive precur-
sors or complex equipment which are a major obstacle to
practical applications and commercialization. Synthetic routes
must be discovered towards aerogels based on renewable bio-
polymers, thus allowing economical aerogel production on a
large scale for heavy metal removal from water and other
applications.

Sodium alginate (SA) is a natural polysaccharide which is
comprised of α-l-guluronate (G) and β-d-mannuronate (M)
units (Chen et al. 2013; Shalumon et al. 2011). Sodium algi-
nate can be obtained from a wide range of sources, and as a
by-product of algal processing is inexpensive. SA is rich in
carboxyl groups (−COOH) and hydroxyl (−OH) groups
(Chen et al. 2011). These functional groups play a key role
in forming hydrogen bonds with water (thus giving SA unique
gelling properties) and can also chelate metal ions (hence the
property of alginates to form characteristic box structures in
the presence of metal ions). Combining sodium alginate with
other biopolymers offers the possibility of developing novel
aerogel precursors. Gelatin (G) is a colloidal protein source
obtained by boiling connective tissues found in animal skin,
bone, and muscle membranes. Gelatin can be mixed with
sodium alginate to form stiff gels, with the gelatin serving as
a cross-linker of alginate chains (Alonso et al. 2019).
Pyrolysis of such alginate-gelatin gels under a nitrogen atmo-
sphere is expected to yield carbon aerogels rich in surface
functional groups, such as –COOH and –OH moieties, mak-
ing the carbon aerogels potentially very promising low cost
adsorbents for Cd(II) and other heavy metals. Minimal work
has been reported in this area to date, motivating a detailed
investigation.

Carbon materials are widely used as absorbents, with the
sorption properties of carbons easily tuned for specific appli-
cations via control of the pyrolysis temperature used in their
synthesis (i.e., temperature and pyrolysis time control the de-
gree of carbon graphitization, surface area, and the nature of
the surface functional groups). In order to aid separation of
carbon adsorbents from water and other media following

adsorption of targeted ions or molecules, researchers are
now seeking to develop magnetic adsorbent materials. This
is typically achieved by incorporating nanoparticles of mag-
netite (Fe3O4) or a similar magnetic material into the adsor-
bent. This approach has been shown to allow rapid sorbent-
liquid separations. Liu et al. (2012) successfully prepared a
magnetic Fe3O4/chitosan hybrid hydrogel for the adsorption
of heavy metals. Hu et al. (2018) synthesized an adsorbent
composed of Fe3O4, chitosan and Al (OH)3 using a
solvothermal method, with the obtained adsorbent showing
good properties for the adsorption of heavy metals. Thermal
pyrolysis of Fe3O4-biopolymer gels under a N2 atmosphere
should afford novel magnetic Fe3O4@C aerogel sorbents for
heavy metals, motivating a detailed investigation.

Herein, we develop a green and facile route to prepare a
new magnetic carbon aerogel (MCA) containing Fe3O4 nano-
particles using sodium alginate as the carbon source. We first
synthesized freeze-dried gels containing sodium alginate
(SA), gelatin (G), and Fe3O4 nanoparticles, then heated the
gels to 550 °C under N2 to obtain magnetic carbon aerogels
(MCAs). The MCAs were porous, hydrophilic (allowing easy
dispersion in water), and magnetic (thus could be quickly
separated from water using an external magnet), and were
excellent adsorbents of aqueous Cd(II) (due to an abundance
of surface -COOH and -OH groups). Compared with the other
methods for aerogel preparation, our synthetic method offers
many advantages including the following: (1) the synthesis of
the MCAs uses only non-toxic, low cost reagents and (2) the
pyrolysis step used to create the MCAs is simple and does not
require expensive equipment. The very high adsorption capac-
ity for Cd(II) offered by the MCAs validates the synthesis
strategy introduced here.

Experimental

Materials and chemicals

Sodium alginate (99%) and gelatine (98%) were purchased
from Aladdin Chemical Co. Ltd. (Shanghai, China).
FeCl3·6H2O (99%), ammonium hydroxide (30 wt%),
Cd(NO3)2, and all other chemicals were of analytical grade
and purchased from Sinopharm Chemical Reagent Company
(Shanghai, China). All chemicals were used as received with-
out further purification. Deionized water was used in all
experiments.

Synthesis of carbonaceous gel and carbon aerogel

Gelatin (0.8 g) was added to 20 mL of water at 60 °C and
stirred continuously (150–200 rpm) until a homogeneous so-
lution was obtained. The stirring rate was reduced to 100 rpm,
after which sodium alginate (SA, 2.0 g) was added to form a
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viscous hydrogel (Saarai et al. 2013). The resulting SA/G
hydrogel was then frozen in liquid N2 and then freeze-dried.
The carbonaceous gel (CG) obtained was then heated at
550 °C for 4 h (4 °C min−1) in a nitrogen atmosphere to
produce a carbon aerogel (CA).

Synthesis of magnetic carbon aerogel

Magnetic carbon aerogels containing Fe3O4 nanoparticles
were prepared according to a literature method (Azizi et al.
2014). Firstly, gelatin (0.8 g) was dissolved in 20 mL water at
60 °C under continuous stirring (150–200 rpm), after which
Fe3O4 nanoparticles (0.4 g) were added and the resulting dis-
persion ultrasonicated for 5 min. Subsequently, sodium algi-
nate (2.0 g) was added to the dispersion under continuous
stirring. The gel obtained was then frozen and placed in a
freezer dryer for 1 day to obtain a Fe3O4/SA/G hydrogel.
Subsequently, the Fe3O4/SA/G hydrogel was then heated at
550 °C for 4 h under flowing N2 (4 °C min−1). The product
obtained was a magnetic carbon aerogel (MCA).

Materials characterization

The morphologies of the samples were examined by transmis-
sion electron microscopy (TEM, G2 F20, FEI Co., USA). The
structure and chemical composition of samples were probed
using X-ray diffraction (XRD, TTR-III X-ray diffractometer,
Smartlab SE, Rigaku Co., Japan), Fourier transform infrared
spectroscopy (FTIR, tensor II, BRUKER Co. Germany), and
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo Co., USA). Magnetic properties of samples were in-
vestigated using a vibrating sample magnetometer (Bruker
Co., Germany) with an applied field between − 20,000 and
20,000 Oe at room temperature. Brunauer-Emmett-Teller
(BET) specific surface areas and Barrett, Joyner, and
Halenda (BJH) pore size distributions of samples were obtain-
ed from N2 adsorption/desorption isotherms collected at −
196 °C on automatic surface area and a pore analyzer
(Gemini VII 2390 t, Micromeritics Co., Shanghai). Zeta po-
tentials of samples dispersed in distilled water at ambient tem-
perature were determined using a zetasizer 3000 (Malvern
Co., USA).

Cd(II) adsorption experiments

Cd(II) adsorption studies were carried out at 293 K in poly-
carbonate tubes containing 60 mg L−1 Cd(II) solutions and
0.4 g L−1 MCA. The initial solution pH of the Cd(II) solution
was adjusted using 0.1–0.01 mol/L NaOH or HCl solutions to
allow the effect of pH on Cd(II) adsorption to be explored.
Adsorption equilibrium was achieved in approximately 0.5 h
at 293 K, with the MCA being easily separated from the so-
lution using a magnet. The concentration of Cd(II) remaining

in solution was determined at 228.8 nm in an atomic absorp-
tion spectrophotometer (Hitachi Z-2000, Japan). The detec-
tion limit was 0.005 mg/L; Cd(II) removal capacities qe (mg/
g) and removal efficiencies (%) were calculated as follows:

Removal capacities qe ¼
c0−ceð Þv
m

Removal efficiency %ð Þ ¼ c0−ceð Þ
c0

� 100%

where qe is the equilibrium removal capacity (mg/g), c0 and ce
are the initial and equilibrium Cd(II) concentrations (mg/L),
respectively, V is the solution volume (mL), and m is the
adsorbent mass (mg).

Results and discussion

Morphological and structural characterization of the
magnetic carbon aerogel

Figure 1 shows TEM images of the carbonaceous gel
(CG) and the magnetic carbon aerogel (MCA). The
freeze-dried carbonaceous gel possessed a three-
dimensional porous network structure with interconnec-
tion. This network structure is stiff owing to the cross-
linking of alginate chains by gelatin. Figure 1b shows
the porous structure of the CG precursor was retained
following the pyrolysis step at 550 °C used in the syn-
thesis of the MCA. The image shows a uniform distribu-
tion of Fe3O4 nanoparticles throughout the porous carbon
network. The continuous porous structure of the MCA
was expected to allow facile diffusion of Cd(II) to sur-
face sites.

Powder XRD was applied to examine the structure of
MCA (Fig. 2). The XRD pattern of MCA showed a multitude
of diffraction peaks which are assigned as follows: The peak at
2θ = 24.1° is assigned to the (003) reflection of graphitic car-
bon. Peaks around 34.72° and 62.08° correspond to the (311)
and (440) planes of Fe3O4 (PDF card: #74-0748), respective-
ly. The diffraction peaks at 42.68° and 48.21° correspond to
the (211) and (131) planes of Fe3C (PDF card: (#89-7271)
(Gai et al. 2017), respectively. Peaks at 44.2° and 65.16° can
be indexed to the (110) and (200) crystalline planes of Fe0

(PDF card: #87-0722), respectively. These results suggest that
during the pyrolysis step used in the synthesis of the MCA, a
fraction of the Fe3O4 was reduced to Fe0 and Fe3C
nanocrystals. The mechanism leading to the formation of
these reduced iron species was likely as follows:

Fe3O4 þ 4C→3Feþ 4CO↑ ð1Þ
3Feþ C→Fe3C ð2Þ
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Since the MCA still retained a significant Fe3O4 compo-
nent, it was expected that the aerogel would still be magnetic,
which was verified by the experiment below.

The Raman spectrum for MCA showed characteristic car-
bon D and G bands at 1356 and 1584 cm−1, respectively (Fig.
2b). The intensity ratio of the D and G bands (ID/IG) was 0.98,

implying that the carbon in the MCA had a reasonable degree
of graphitization (Yao et al. 2017). The extent of graphitiza-
tion of carbon materials controls the surface hydrophilicity/
hydrophobicity. Highly graphitized carbons have high specif-
ic surface area but hydrophobic, which is undesirable for the
removal of Cd(II) from water. The modest degree of

Fig. 2 a XRD pattern of MCA, b Raman spectrum of MCA, c N2 adsorption and desorption isotherms, and d corresponding pore size distributions for
CG and MCA

Fig. 1 TEM images of a CG and
b MCA
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graphitization present in the MCAs was desirable, offering a
high surface area but good hydrophilicity and thus water
dispersibility (as explored below).

N2 adsorption-desorption isotherms and BJH pore size dis-
tribution plots for both the CG and MCA are shown in Fig. 2c
and d, respectively. BET specific surface areas determined
from the N2 physisorption isotherms of CG and MCA were
105.8 m2/g and 145.7 m2/g, respectively. The isotherms were
consistent with a weak adsorbate-adsorbent interaction. Pore
size distributions for CG andMCA showed pores with radii in
the range 1–10 nm, indicating the presence of mesopores. The
pore size range for MCAwas slightly broader than that of CG,
which is expected since the MCAwas subjected to a pyrolysis
treatment at 500 °C which was expected to open any existing
pores. Since the TEM images for the CG and MCA samples
showed the presence of numerous macropores (size >
100 nm), the CG and MCA samples can be considered hier-
archically porous (i.e., contain pores of two quite distinct
sizes).

Fourier transform infrared (FTIR) spectroscopy was used
to examine the surface functional groups on the carbonaceous
gel (CG) and the magnetic carbon aerogel (MCA). Results are
shown in Fig. 3a. The spectra for CG and MCA were similar,
containing many of the same peaks. The broad band at
3443 cm−1 is attributed to the O–H stretching vibrations of
surface hydroxyl groups. The bands at 1128 and 864 cm−1 can
be ascribed to the C–O stretching and C–OH bending defor-
mations (Grzyb et al. 2010), respectively. The intense band at
1454 cm−1 arises from carboxylic O–H deformations or C–H
bending vibration (Moreno-Castilla et al. 2000). A weaker
feature is seen around 1650 cm−1 which is typical for asym-
metric stretching vibrations of carboxylate species (–CO2

−).
Fe3O4 shows broad and intense bands ~ 625 cm

−1 can readily
be assigned to Fe–O stretching vibrations (Wang et al. 2013).
This peak was weak in the spectrum of MCA due to the low
Fe3O4 loading in the aerogel. To summarize, FTIR analysis

revealed an abundance of hydroxyl, carbonyl, and carboxyl
groups on the surface of the MCA. The presence of these
groups was important to the functional properties of MCA,
making the aerogel hydrophilic and providing binding sites
for Cd(II).

The magnetization curve for MCA collected at room tem-
perature is shown in Fig. 3b. The specific saturation magneti-
zation (Ms) of MCA was 15.9 emu g−1, consistent with the
presence of superparamagnetic Fe3O4 nanoparticles embed-
ded in a carbon matrix. The inset in Fig. 3b shows that the
MCA powder could easily be lifted by a magnet, indicating
that magnetic separation of the MCA from aqueous solution
following Cd(II) adsorption should be readily achievable.

Adsorption kinetics

The kinetics of Cd(II) adsorption by MCA was first investi-
gated using an initial Cd(II) concentration of 60 mg L−1.
Figure 4c shows that Cd(II) adsorption occurred rapidly dur-
ing the first 20 min under continuous shaking, then increased
slowly thereafter with adsorption equilibrium achieved after
1 h. The adsorption kinetics of Cd(II) was modeled using
pseudo-first-order and pseudo-second-order adsorption
models (Fig. 4e and f, respectively). The kinetic parameters
and the correlation coefficients (R2) were calculated from the
linear regression applied to each plot. The pseudo-second-
order model fitted the data extremely well, evidenced by the
R2 value of 0.999 (versus 0.930 for the pseudo-first-order
model). On this basis, it can be concluded that the adsorption
of Cd(II) on MCA obeys pseudo-second-order kinetics, typi-
cal for adsorption coupled with a chemical reaction process.
An equilibrium adsorption capacity (qe) of 143.88 mg/g was
obtained from the pseudo-second-order model (in Table 1),
very close to that determined from the adsorption data after
1 h (qe = 143.15 mg/g).

Fig. 3 a FTIR spectra for Fe3O4, CG, andMCA; b room temperature magnetic hysteresis loop for MCA. The inset in b shows the MCAs powder being
lifted by a magnet
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Figure 4d examines the effect of pH on Cd(II) adsorp-
tion by MCA. The amount of Cd(II) adsorbed increased
with solution pH, which was consistent with previous re-
ports for Cd(II) adsorption on carbon adsorbents (Liu et al.
2020). The maximum Cd(II) removal capacity by MCA
was 112.15 mg/g at pH 7, compared with only 69.74 mg/
g at pH 1. In aqueous solutions of pH 1–7, Cd(II) ions are
the dominant species in aqueous solution. At pH 1, the
MCA surface will be positively charged and protonated
(i.e., –OH, –OH2

+ and –COOH will be the dominant sur-
face functional groups). Accordingly, electrostatic attrac-
tion and binding of Cd(II) ions will be limited. As the pH
increases, the MCA surface will be less protonated, with –
OH, –O− and –COO− being the dominant surface function-
al groups on the MCA. Accordingly, positively charged
Cd(II) ions will experience a stronger electrostatic attrac-
tion to the MCA surface, resulting in a higher removal
capacity. Overall, the MCA showed a very high adsorption
capacity for Cd(II) ions in the pH range 1–7, suggesting
that the aerogel adsorbent offered good potential for Cd(II)
removal from acidic or neutral wastewaters.

Figure 4a shows that the removal capacity of Cd(II) by both
the carbonaceous gel (CG) and MCA was quite similar, in-
creasing with the initial concentration of Cd(II). However, at
low Cd(II) concentrations, the removal performance of MCAs
was slightly superior relative to CG, which is likely due to the
higher specific surface area of MCA compared with CG.
When the cadmium ion concentration was 20 mg/L, the
Cd(II) removal efficiency by MCA reached 98.7% (Fig. 4b),
with a > 85% removal efficiency being achieved at concentra-
tions up to 100 mg/L. MCAs thus offer great promise for
Cd(II) removal from water. The US Environmental
Protection Agency (EPA) has established a Maximum
Contaminant Level (MCL) of 0.005 mg/L for drinking water.
Assuming that the MCA can remove 99% of Cd(II) in 1 L of
water at low concentrations, MCA would allow water with a
Cd(II) concentration of 0.5 mg/L to be made safe for drinking
in 1 h (requiring only 0.4 g of MCA to achieve this). Through
successful treatments with fresh MCA, water with a much
higher concentration of Cd(II) (e.g., 20 mg/L) could be made
drinkable in only 1–2 h (with a MCA loading of 0.4 g/L each
treatment).

The recyclability of MCA as an adsorbent for Cd(II)
was studied. After Cd(II) adsorption in a 20 mg/L Cd(II)

solution, the MCA was washed with an aqueous
0.1 mol/L HCl solution, then washed with water until
the washing was neutral. As shown in Fig. S1, the
Cd(II) removal efficiency decreased only slightly with re-
peated use, retaining 93% of the initial removal efficiency
over 5 cycles. The results suggest that MCA had good
stability and reusability, which are important properties
in the development of a low cost and sustainable
adsorbent.

Cd(II) removal mechanism

In order to obtain more detailed information about the
mechanism of Cd(II) removal by MCA, zeta potential
measurements, and pre and post Cd(II) adsorption analy-
ses were performed on the magnetic carbon aerogel. Zeta
potential data for MCA at different pH values are shown
in Fig. 5a. The zeta potential of the MCA was positive at
pH values between 1 and 3 and negative at pH values
from 5 to 7. The results suggest that the isoelectric point
for MCA is probably around 3.7–4.0. This explains why
the adsorption capacity of MCA for Cd(II) ions increased
with pH in the range 1–7, since above pH 4, the surface of
MCA would be negatively charged and thus favor elec-
trostatic binding of Cd(II).

Figure 5b shows that a FTIR peak appeared at 540 cm−1

following the Cd(II) adsorption experiment, which is assigned
to a Cd–O stretching mode. The appearance of this feature
coincided with an attenuation of the peaks at 864 and
1454 cm−1, suggesting that Cd(II) removal involved complex-
ation by surface –COOH and –OH groups of MCA.

Similar conclusions were obtained through XPS analysis.
Figure 5c and d showC 1s and O 1sXPS spectra, respectively,
for MCA before and after Cd(II) adsorption. The C 1s spec-
trum of the as-prepared MCA peaks (Fig. 5c) showed peaks at
284.7, ∼ 285.5, and ∼ 289.6 eV, which can readily be assigned
to neutral hydrocarbons (i.e., C=C or C–C), and C–O and
O=C–O carbon environments, respectively (Gollavelli et al.
2013). The O 1s spectrum of the as-prepared MCA contained
an intense peak at 531.78 eV due to carboxyl O=C–O or C=O
groups and a weaker peak at 535.82 eV assigned to surface –
OH groups (Liu et al. 2013).

Following Cd(II) adsorption, some changes are seen in
the C 1s and O 1s spectra. In the C 1s spectrum, the C 1s
peak at 289.6 eV associated with O=C–O on the surface
of MCA disappeared, and instead was replaced by a new
C 1s peak at 288.2 eV. This shift to lower binding ener-
gies is explained by the complexation of Cd(II) by surface
carboxylate groups of MCA, which reduced the electron
withdrawing properties of the carboxyl oxygens (thus
making the carboxyl carbon less positively charged). In
the O 1s region, the O–H-related signal at 535.82 eV lost
intensity after Cd(II) adsorption (Liu et al. 2013),

Table 1 Parameters obtained from different kinetic model

Model Parameters R2

Pseudo-first-order k1 (min
−1)

0.0579
Qe (mg g−1)
4.9

0.931

Pseudo-second-order k2 (min
−1)

0.142
Qe (mg g−1)
143.88

0.999
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implying that Cd(II) also interacted with surface –OH
groups of MCA (the resulting C–O–Cd moiety presum-
ably has an O 1s binding energy similar to the carboxyl
and carboxylate-Cd species). Combining the findings of
the FTIR and XPS analyses, that oxygen-containing func-
tional groups on the surface of MCA play a key role in
the adsorption and removal of Cd(II) from water.

Based on the results and discussion above, a scheme
for Cd(II) removal from water by MCA was developed, as

shown in Fig. 5. Firstly, positively charged Cd(II) ions are
adsorbed onto the porous carbon network of MCA by
electrostatic attraction. Cd(II) ions are then strongly
bound by complexation with surface carboxyl and hy-
droxyl groups of MCA. The magnetic properties of
MCA (containing Fe3O4 nanoparticles) allow facile sepa-
ration of MCA-Cd(II) from aqueous solution using a mag-
net, acid washing of MCA-Cd(II), followed by rinsing
with water, regenerating MCA for reuse.

Fig. 4 a Effect of initial Cd(II) concentration on the removal capacity
using CG and MCA as adsorbents (pH = 6.0 ± 0.1, adsorbent loading =
0.4 g/L, and adsorption time t = 60 min), b removal efficiency of Cd(II)
by CG and MCA at different initial Cd(II) concentrations, c effects of
contact time on the Cd(II) removal capacity by MCA (pH = 6.0 ± 0.1,

MCA loading = 0.4 g/L, and co = 60 mg/L), and d effect of pH on
Cd(II) removal capacity by MCAs (MCA loading = 0.4 g/L, co =
40 mg/L, and t = 60 min); e pseudo-first-order and f pseudo-second-
order kinetic plots for Cd(II) removal by MCA (pH= 6.0 ± 0.1, m/V =
0.4 g/L, and co = 60 mg/L)
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Conclusions

In this study, we successfully developed a magnetic carbon
aerogel (MCA) using sodium alginate and gelatin as the car-
bon source and Fe3O4 nanoparticles to impart magnetic prop-
erties. The MCA was rich in mesopores and macropores (sur-
face area of 147 m2 g−1) and abundant in surface hydroxyl and
carboxyl groups which allowed for easy dispersion in water.
MCA offered outstanding performance for Cd(II) adsorption
in water over the pH range 1–7, with the highest Cd(II) re-
moval capacity found at pH 7. Cd(II) adsorption on MCA
occurred through electrostatic attraction and complexation
via surface carboxyl and hydroxyl groups. On account of the
embedded Fe3O4 nanoparticles, the used MCA adsorbent
could easily by separated from aqueous solution and regener-
ated via acid washing to release adsorbed Cd(II). The data
presented suggests that the MCA developed in this study
holds great promise as an adsorbent for removing Cd(II) from
waste water and drinking water.
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