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Porous Silicon Nanoparticles Conjugated
Magnetite-Chitosan Graphene Oxide Nanoparticles for
Effective Removal of Complex Pollutants

Xiangmeng Qu, Hongbo Zhang, Haixin Kong, Dong Chen, Zhou Yang, Ermei Mäkilä,
Jarno Salonen, Hélder A. Santos, Mingtan Hai,* and David A. Weitz*

The effective removal of complex pollutants is extremely challenging for
environmental and material science, especially pollutants including
detergents and pesticides do not decompose or degrade in the aquatic
environment which cannot be easily removed. Here, a novel biocompatible
superparamagnetic nanocomposite integrating the advantages of porous
silicon nanoparticles is developed, the chelation ability of chitosan, and
graphene-oxide-iron that can simultaneously adsorb complex hydrophobic
and hydrophilic pollutants on their internal and external surfaces which have
significantly improved pollutant removal efficiency over the current existing
methods. A porous silicon nanoparticle (PSi) conjugated
magnetite-chitosan-reduced graphene oxide (MCRGO) nanoparticles
(PSi-MCRGO) are synthesized for complete removal of detergent, pesticide,
and toxic heavy metals cadmium and lead ions from water at a favorable room
temperature. The adsorption behavior of the nanocomposites fits well with
the Freundlich isotherm and pseudo-second-order kinetics model by
adsorption mechanism. Moreover, the fresh and recycled nanocomposites are
easily separated by an external magnetic field for reusability due to super
magnetite response and show high binding capacity for toxic heavy metal
ions. Furthermore, the nanocomposites are biocompatible and reusable, and
for the fourth time, recycled nanocomposites can completely remove toxic
heavy metals. Overall, the novel nanocomposites completely remove complex
pollutants which hold great potential for real water treatment.
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1. Introduction

In the 2015 UN Sustainable Develop-
ment Summit,[1] “Clean Water and San-
itation” has been set as an urgent global
sustainable development goal (SDG) for
2030. The primary toxic heavy metals
present in water and soils, including lead
and cadmium, are very dangerous to hu-
man health and ecosystems.[2,3] Exposure
to heavy metals leads to the development
of various types of cancer, kidney dam-
age, and even death in some cases.[4,5]

The non-essential heavy metals include
cadmium, lead, copper, mercury, arsenic,
etc. Lead (II) and cadmium (II) are met-
als that appear together in many samples.
Lead is highly harmful to live organisms
even in very low concentrations which
can induce severe neurological and physi-
ological repercussions.[6] The harmful ef-
fects of cadmium include several acute
and chronic disorders, renal damage, hy-
pertension, and testicular atrophy.[7] The
simultaneous removal of both lead and
cadmium is imperative. Sodium dode-
cyl sulfate (SDS: C12H25SO4Na) and re-
lated surfactants[8] are broadly used in
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multiple applications, including everyday life for laundry, for
lysing cells during DNA extraction, for unraveling proteins in
SDS-PAGE (Polyacrylamide Gels) in research labs, and much
more. SDS has very good water solubility, thus it is very difficult to
remove from water. Water pollution with detergents containing
mainly anionic SDS can be toxic to ecosystems and humans and
cause several diseases.[9] SDS does not decompose or degrade in
an aquatic system. The accumulation of detergents in water rep-
resents a serious environmental problem. The removal of the de-
tergent SDS and heavy metals simultaneously from water is very
important from an environmental point of view.[9]

The conventional methods for heavy metals removal include
membrane techniques, chemical precipitation, coagulation and
flocculation, ion exchange or chelation, and adsorption by ac-
tivated carbon.[10–13] However, these methods have several is-
sues to address including incomplete metal removal, high cap-
ital and operational costs, or problems with the disposal of the
residual metal sludge. Adsorption is considered an effective and
economical method for pollutant removal from water due to
easy handling. For example, magnetite-based materials including
nano-magnetite, are very effective in the removal of heavy metal
ions.[14] However, these adsorbents are difficult to use in a contin-
uous flow system due to small particle size and instability.[14] On
the other hand, graphene-based materials, including graphene[15]

and graphene oxide,[16] have shown many applications in com-
posite materials and devices[17] to overcome this difficulty. Chi-
tosan is a natural biopolymer[18–19] with the unique ability to
chelate dissolved metals in water with its multiple binding sites
along the polymer chain and has been recognized as an effective
new adsorbent for heavy metal arsenic ions. Positively charged
magnetite-reduced graphene oxide chitosan microsphere is use-
ful for As (III) removal,[20] but cannot be used for heavy metal
cationic ions including copper, cadmium, and lead removal due
to extremely low removal efficacy. Moreover, the use of cheap bio-
compatible materials as potential adsorbents and the processes
developed based on exploring natural adsorbents that can im-
prove cost-effectiveness have been a hot research area in recent
years.[20–24] It is still a major challenge to develop simple and ef-
ficient adsorbents to enhance adsorption capacity at low cost.

Taking advantage of the large surface area and stability of the
reduced graphene oxide (rGO) as well as the chelation ability of
chitosan, we synthesized negatively charged magnetite-chitosan
reduced graphene oxide (MCRGO) nanohybrids, which can effi-
ciently remove heavy metals or positively charged materials. In
addition, porous materials (such as porous silicon nanoparticles
and microparticles (PSi NPs and MPs)) with amine surface group
have unique properties such as large surface area, high surface-
to-volume ratio, and flexible surface modification,[25–28] which
have potential for the simultaneous adsorption of different hy-
drophobic and hydrophilic pollutants other than heavy metals in
water and soil. The carboxyl (COOH) surface group of MCRGO
activated by N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide
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hydrochloride (EDC) can easily react with the amine group of PSi
NPs to fabricate PSi conjugated MCRGO nanohybrids. There-
fore, we have fabricated a novel MCRGO nanocomposite with a
COOH surface group at a low temperature (338 K) and then con-
jugated the MCRGO with PSi NPs and MPs through a chemical
reaction at 298 K for the simultaneous removal and separation of
heavy metals such as lead and cadmium, as well as the anionic
detergent SDS and pesticide, from water. The magnetic nanopar-
ticles enable the easy separation of the nanocomposites for recy-
cling by an external magnetic field to low cost and increase re-
moval efficiency and reusability. The removal efficiency of pos-
itively charged heavy metals Cd2+ and lead Pb2+ as well as the
negatively charged C12H25SO4

− by the nanocomposites of PSi-
MCRGO are evaluated. The adsorption kinetics of the heavy met-
als is investigated. The removal efficiency of pesticides by the PSi-
MCRGO nanocomposites and the removal of the heavy metals
by the recycled PSi-MCRGO nanocomposites is also performed.
The biocompatibility and reusability of the nanocomposites are
investigated.

To achieve the United Nation’s Sustainable Development
Goals of Clean Water and Sanitation, we develop novel
environmental-friendly superparamagnetic nanomaterials for
the complete removal of complex pollutants including heavy
metals, detergents, and pesticides from water. The biocompat-
ible nanomaterials integrating the advantages of porous sili-
con nanoparticles, and the chelation ability of chitosan and
graphene-oxide-iron can simultaneously adsorb hydrophobic and
hydrophilic pollutants on their internal and external surfaces.
The adsorption behavior of the nanocomposites fits well with
the Freundlich isotherm and the pseudo-second-order kinetics
model by adsorption mechanism at favorable room tempera-
ture. The supermagnetic response nanomaterials can be sepa-
rated easily by an external magnetic field for reusability as low-
cost adsorbents. Fresh and recycled biocompatible nanomateri-
als can completely remove complex pollutants and have signif-
icantly improved pollutant removal efficiency over the currently
existing methods for water treatment applications. These positive
results indicate that further research on these pollutant-binding
superparamagnetic nanomaterials will help achieve the SDGs of
CLEAN WATER AND SANITATION for human beings on land,
animals on land, and below water.

2. Results and Discussion

For the simultaneous complete removal of heavy metal ions and
other pollutants including detergents and pesticides from water,
we fabricate negatively charged magnetic recyclable magnetite-
chitosan-reduced graphene oxide (MCRGO) and porous silicon
nanoparticles conjugated MCRGO (PSi-MCRGO) nanocompos-
ites (Scheme 1).

To prepare MCRGO and PSi-MCRGO nanoparticles, we first
synthesize single-layer graphene oxide (GO). The morphology
of the synthesized GO is confirmed by scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) (Figure 1a;
Figure S1a–c, Supporting Information). The AFM result con-
firms the presence of a single layer of GO, and the size of GO is
≈100 nm. This can be seen by the corresponding height profile
in Figure S1d (Supporting Information) which demonstrates that
GO is fully exfoliated with a thickness of ≈1 nm. The oxidation
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Scheme 1. The chemical synthesis of magnetic recyclable PSi-MCRGO nanocomposites and their applications in heavy metals, detergents, and pesti-
cides pollutants removal treatment.

Figure 1. SEM image of the synthesized PSi-MCRGO and magnetic response of PSi-MCRGO. a) AFM image of GO. The scale bar denotes 400 nm.
b) SEM image of MCRGO. The scale bar denotes 100 nm. c) SEM image of PSi-MCRGO. The scale bar denotes 100 nm. d) Magnetic response of
PSi-MCRGO particles.
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process generates a C/O atomic ratio of 2.26:1 for the synthesized
GO, as indicated by the X-ray photoelectron spectroscopy (XPS)
survey spectrum in Figure S1e (Supporting Information). Two
oxygenic species, including the C─O bond and C═O bond, con-
tributed 52% of the total area (Figure S1f, Supporting Informa-
tion) under the C1s peak in Figure S1e (Supporting Information).

Following the production of the single-layer GO, we synthe-
size magnetite-reduced graphene oxide (MRGO) and magnetite-
chitosan-reduced graphene oxide (MCRGO) particles by the
chemical reduction reaction via NaOH solutions at 338 K un-
der nitrogen protection. The morphology of MCRGO particles
is imaged by SEM with a hydrodynamic diameter ≈400 nm
(Figure 1b). The addition of the biopolymer chitosan and mag-
netic nanoparticles is hypothesized to enhance the adsorption
ability of the MRGO particles due to the abundant binding sites
available for metal chelation and the easy removal of the particles
from water by the magnetic field, respectively. The porous sili-
con nanoparticles (PSi NPs) and macroparticles (PSi MPs) with
an amine surface group can easily conjugate with the COOH
surface group of MCRGO through a one-step chemical reaction
at room temperature. The COOH surface group of MCRGO is
first activated by EDC for half an hour at 298 K, then reacted
with the amine group of PSi NPs to form amides for 24 h un-
der magnetic stirring at 298 K. The SEM image of PSi-MCRGO
nanocomposites is shown in Figure 1c. The magnetic response
of PSi-MCRGO to the external magnetic field is tested for the
separation of the synthesized nanomaterials (Figure 1d).

XPS spectra of the synthesized MRGO, MCRGO, and PSi-
MCRGO particles show that the C/O atomic ratio is decreased
due to the reduction of GO to RGO (Figure S2, Supporting In-
formation). The wide scan XPS spectrum of the MCRGO shows
the photoelectron lines attributed to C1s, N1s, O1s, and Fe2p,
respectively. The peak of Fe2p was located at 711.8 eV and is in-
dicative of the formation of the magnetite (𝛾-Fe3O4) in the RGO
matrix. The peak of O1s is located at 531.93 eV, indicating that
the oxygen-containing functional groups are mainly from chi-
tosan and GO sheets (Figure S2, Supporting Information). The X-
ray photoelectron spectroscopy (XPS) spectrum (Figure S2c, Sup-
porting Information) confirms the successful reaction of porous
silicon nanoparticles conjugated MCRGO with Fe, C, O, Si, and
N peaks.

The Specific Surface Area (SSA) is a dominant parameter
that measures a solid material’s surface per unit of volume or
mass, revealing how porous or fine-grained it is. High SSA ma-
terials, like catalysts or adsorbents, have more surface for reac-
tions or binding. The specific surface areas (SSA) obtained for
the MCRGO and PSi-MCRGO nanocomposites by the Brunauer-
Emmett-Teller (BET) method are 89.0 ± 1.0 and 102.1 ± 1.3
m2 g−1, respectively. According to dynamic light scattering (DLS)
and electrophoretic mobility measurements, the hydrodynamic
diameter of the MCRGO is ≈400 nm, and the zeta potential is
−21.3 ± 0.4 mV. The hydrodynamic diameter of the PSi-MCRGO
is ≈450 nm, while the surface zeta potential is −9.7 ± 0.3 mV.
These results indicate that the negatively charged MCRGO and
PSi-MCRGO particles appear to have enough available surface
area and suitable surface charge for the adsorption of positively
charged metal ions through electrostatic attraction.

The magnetic characterization of the synthesized MCRGO and
PSi-MCRGO nanocomposites has been performed through the

magnetic hysteresis curve study (Figure S3, Supporting Infor-
mation). The results show that both MCRGO and PSi-MCRGO
nanocomposites are superparamagnetic with a high concentra-
tion of magnetite at room temperature which is desirable for
many practical applications in the field of magnetic separation.
The super magnetic response property enables the easy removal
of the PSi-MCRGO after heavy metals adsorption through an ap-
plication of an external magnetic field. The magnetic separation
of PSi-MCRGO from aqueous solution by an external magnetic
field is shown in Figure 1d and Video S1 (Supporting Informa-
tion). The separation is almost completed within 1 min at room
temperature.

The positively charged hydrophilic PSi NPs have a great ca-
pability for loading hydrophobic payloads.[25,26] The novel mag-
netic PSi-MCRGO nanocomposites combine the advantages of
PSi NPs, chitosan, and MCRGO are efficient adsorbents for com-
plex pollutants removal. As a result, the PSi-MCRGO is nega-
tively charged when the MCRGO concentration is higher than
the concentration of PSi NPs. For the simultaneous removal of
Cd2+ and Pb2+, as well as other heavy metal ions from water, the
PSi-MCRGO is more effective when the nanocomposite is neg-
atively charged due to the electrostatic interactions between the
metal ions and the MCRGO. and the PSi-MCRGO composites are
almost as effective as MCRGO (Figure 2a,b). The comparison of
the lead and cadmium removal efficiency from water containing
4 mg L−1 Cd2+ and 7 mg L−1 Pb2+ by MCRGO and PSi-MCRGO
adsorption is investigated at 298 K (Figure 2). Although the PSi
NPs have high surface area and porosity, the Pd2+ and Cd2+ re-
moval efficiencies are low due to the electrostatic repulsion. In
addition, the PSi NPs also slightly reduce the Pd2+ and Cd2+ re-
moval efficiency of MCRGO, which is probably due to the elec-
trostatic charge neutralization of MCRGO hybrids.

Besides heavy metals, there are also many other types of pol-
lutants in the water, for example, synthetic chemicals includ-
ing negatively charged hydrophilic detergent pollutants and im-
portant organic pollutant pesticides. Here, the anionic surfac-
tant sodium dodecyl sulfate (SDS) is chosen as an example
for demonstrating the absorption ability of PSi NPs and PSi-
MCRGO composites. The anionic C12H25SO4

− removal from wa-
ter by MCRGO or PSi NPs or PSi-MCRGO is investigated at 298
K. The removal efficiency of C12H25SO4

− from detergent water
solutions by negatively charged MCRGO hybrids is less than 5%
mainly due to the electrostatic repulsion and strong adsorption
of Na+ to the MCRGO from the SDS, but for PSi NPs and PSi-
MCRGO, the removal efficiency is over 90% when the SDS con-
centration is below 5 mg mL−1 (Figure 2c). The pesticide removal
efficiency study by MCRGO or PSi NPs or PSi-MCRGO is also
carried out at 298 K after adsorption for 2 h at 298 K. The removal
efficiency of pesticides by MCRGO and PSi-MCRGO is over 90%
when the pesticide concentration is below 5 μg mL−1 (Figure 2d).
The PSi-MCRGO can simultaneously eliminate cationic heavy
metal ions and anionic surfactants from water and organic pes-
ticides as well. Our novel magnetic functional nanocomposites
PSi-MCRGO could deal with complex pollutants simultaneously
that do not decompose or degrade in the aquatic environment
and show great potential for real water treatment.

To find an optimized platform for polluted water treatment, we
have compared different platforms by conducting heavy metal re-
moval experiments. At the same concentration, MCRGO clearly
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Figure 2. The simultaneous removal of heavy metals, SDS, and pesticide study. Lead a) and cadmium b) removal efficiency from water at different
concentrations [4 mg L−1 Cd2+ + 5 mg L−1 Pb2+; 4 mg L−1 Cd2+ + 7 mg L−1 Pb2+; 8 mg L−1 Cd2+ + 9 mg L−1 Pb2+; 12 mg L−1 Cd2+ + 11 mg L−1 Pb2+;
16 mg L−1 ppm Cd2+ + 13 mg L−1 Pb2+] by 2 mg MCRGO hybrids and PSi-MCRGO or PSi MPs for 1 h adsorption from 10 mL water solution. c) The
C12H25SO4

− removal efficiency from various SDS water solutions and pesticide removal efficiency by 2 mg MCRGO or PSi-MCRGO composites and
100 μg PSi NPs at 298 K. d)The pyrethroid removal efficiency by 4 mg MCRGO or PSi-MCRGO composites and 200 μg PSi NPs at 298 K.

has higher copper ion removal efficiency than that of GO and
MRGO, due to the chelation properties of the chitosan (Table
S1, Supporting Information). Thus, the addition of the biopoly-
mer chitosan enhances the adsorption capacity, and thus, the
MCRGO is much more efficient for heavy metals removal.

In addition, we have also compared the heavy metal removal
efficiency of MCRGO and PSi-MCRGO. The results indicate that
at the same concentration, the MCRGO has higher Pd2+ and Cd2+

removal efficiency in comparison to the PSi-MCRGO (Figure
S4, Supporting Information). This is probably due to the sur-
face charge of PSi-MCRGO (−9.7 mV), far less than −21 mV
of MCRGO. The stronger electrostatic interaction between the
MCRGO and the positively charged heavy metal ions makes them
a little bit better composites for heavy metals removal treatment
than that of PSi-MCRGO.

We have also evaluated the effect of the size of PSi on the
heavy metal removal efficiency. We conducted the heavy metals

Cd2+ and Pb2+ removal experiment by using different MCRGO
conjugated with both PSi NPs and PSi MPs. The PSi NPs are
≈160 nm in size with surface areas of 219 m2 g−1 and PSi MPs
are ≈15 μm in size with surface areas of 205 m2 g−1. The lead and
cadmium removal efficiencies from water at different concentra-
tions by MCRGO; MCRGO-PSi NPs and MCRGO-PSi MPs sus-
pension (the volume ratio between water and absorbent was 5:1)
at 298 K, are shown in Figure 3a. The concentration difference
between Pb2+ and Cd2+ led to easy separation of the maximum
UV peak. The MCRGO-PSi NP nanocomposites lead to higher
removal efficiency than that of the MCRGO-PSi MPs at the same
concentration.

The adsorption isotherm could provide information about the
adsorption mechanism, surface property, and the affinity of an
adsorbent to an adsorbate at a given temperature under equilib-
rium conditions. The adsorption isotherms of Cd2+ and Pb2+ for
MCRGO and PSi-MCRGO are shown in Figure 3. The lead and
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Figure 3. Adsorption isotherms and kinetic adsorption study. a) Pb2+ and b) Cd2+ from water after 1 h adsorption on the MCRGO and PSi-MCRGO
composites at 298 K. c) the heavy metals lead and cadmium removal rate versus adsorption time by MCRGO and PSi-MCRGO hybrids. d) Transformed
rate plot t/qt versus t.

cadmium concentrations vary from 4 to 20 mg L−1, and the ad-
sorption data are fitted with the Freundlich isotherm model with
Equation (1)[29]:

qe = k(Ce)1∕n (1)

where qe is the amount of lead or cadmium adsorbed unit weight
of adsorbent (mg g−1); Ce is the equilibrium concentration of
lead or cadmium (mg L−1); k is indicative of the relative adsorp-
tion capacity of the adsorbent (mg g−1), and (1/n) is the adsorp-
tion intensity. All Freundlich isotherm parameters are obtained
through the nonlinear fitting, and the adsorption data fit Fre-
undlich isotherms well as R2 is larger than 0.98 as shown in Table
S2 (Supporting Information). The Freundlich constant n is found
to be greater than 1 which indicates a favorable condition for ad-
sorption. The n values for lead and cadmium by MCRGO and PSi-
MCRGO composites are all larger than 2 which shows more fa-
vorable conditions for adsorption. The maximum adsorption ca-
pacity for lead and cadmium by MCRGO hybrids at 0.2 mg mL−1

concentration is shown in (Figure S5, Supporting Information).
The removal capacity of cadmium is higher than that of lead with
MCRGO. The removal of lead and cadmium with MCRGO is
higher than that with PSi-MCRGO.

The kinetic of heavy metal ions removal has been determined
to understand the adsorption behavior of the nanocomposites.
The kinetic data for the adsorbent of lead and cadmium to
MCRGO and PSi-MCRGO is also fitted to a pseudo-second-order
kinetic model,[30,31] and the kinetic rate equation is represented
by Equation (2):

dqt

dt
= k2 ×

(
qe − qt

)2
(2)

where, qe and qt represent the sorption capacity at equilibrium
and the solid phase loading of lead or cadmium at time t, respec-
tively; k2 represents an adsorption rate constant of pseudo-second
order[30,31] with the unit of mg g−1.min−1. The following linear
equation can also be obtained by integrating Equation (2) with
the boundary conditions (Equations 3 and 4):

t
qt

= 1
k2q2

e

+ t
qt

(3)

V0 = k2q2
e (4)
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Figure 4. Effect of the temperature a) and pH value b) on Pb2+ (7 mg L−1) and Cd2+ (8 mg L−1) adsorption from water after 1 h adsorption with
0.1 mg mL−1 MCRGO and PSi-MCRGO. c,d) Kinetic study of lead and cadmium ion adsorption by MCRGO and PSi-MCRGO. The adsorption of 7 mg L−1

lead and 8 mg L−1 cadmium solution at pH 7.0 for 1 h adsorption with 0.1 mg mL−1 MCRGO and PSi-MCRGO at 298 K.

where, V0 (mg g−1.min−1) is the initial sorption rate which can
be determined by plotting the t/qt versus t (Figure 3c,d). Good
fits for all concentrations are found with R2 larger than 0.98. The
experimental results listed in Table S3 (Supporting Information)
indicate that lead and cadmium absorption onto MCRGO and
PSi-MCRGO is favorable according to the pseudo-second-order
kinetics model.

To demonstrate the temperature effect on lead and cadmium
removal from water, we have fixed the experimental conditions
to 0.1 mg mL−1 of MCRGO and PSi-MCRGO at pH 7.0 for the
adsorption of 7 mg L−1 of lead and 8 mg L−1 of cadmium from wa-
ter with an adsorption time of 1 h, at temperatures ranging from
283 to 323 K. The equilibrium adsorption decreases with increas-
ing temperature. The temperature of the maximum lead and cad-
mium adsorption by MCRGO and PSi-MCRGO is ca. 298–308
K, which confirms a favorable room temperature adsorption pro-
cess of lead and cadmium onto the PSi-MCRGO (Figure 4a).

To demonstrate the pH effect on lead and cadmium re-
moval from water, we have fixed the experimental conditions to
0.1 mg mL−1 of MCRGO and PSi-MCRGO at 298 K for the ad-
sorption of 7 mg L−1 of lead and 8 mg L−1 of cadmium from water

with an adsorption time of 1 h, at different pH value ranging from
4 to 10. The pH effect on the heavy metals lead and cadmium ad-
sorption by MCRGO and PSi-MCRGO is shown in Figure 4b.
Positive charged heavy metal lead and cadmium ions removal
on the negatively charged MCRGO and PSi-MCRGO surface is
mainly through electrostatic interaction. Under most pH condi-
tions, lead and cadmium ions are present in a positive form Pb2+

and Cd2+. The pH value dependence of both lead and cadmium
adsorption onto the surface of MCRGO and PSi-MCRGO can be
explained by the point of zero charge (pHPZC) of the adsorbent. At
pH smaller than pHPZC, the MCRGO and PSi-MCRGO surface
is negatively charged, it attracts positively charged heavy metals
lead and cadmium ions, resulting in large adsorption at a low pH
value. The value of adsorption capacity qe becomes large at low
pH for lead and cadmium removal. At pH is larger than pHPZC,
as the pH value increases, the negatively charged surface sites of
MCRGO and PSi-MCRGO decrease, causing a reduction in pos-
itive charged heavy metals lead and cadmium adsorption. The
value of qe becomes small at high pH for lead and cadmium re-
moval, but it is still larger than 4. The strong adsorption of lead
and cadmium ions by MCRGO and PSi-MCRGO at higher pH

Adv. Sustainable Syst. 2024, 2300471 © 2024 Wiley-VCH GmbH2300471 (7 of 9)

 23667486, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsu.202300471 by U

niversity of T
urku, W

iley O
nline L

ibrary on [05/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com


www.advancedsciencenews.com www.advsustainsys.com

Figure 5. The biocompatibility study of MCRGO, PSi NPs, and PSi-MCRGO on M28 cell viability after 24 h incubation at 310 K a) and b) the removal
efficiency of the toxic heavy metal ions by the recycled MCRGO and PSi-MCRGO hybrids at different amounts. (S1: 0.2 mg MCRGO; S2: 0.2 mg PSi-
MCRGO; S3: 0.1 mg MCRGO; S4: 0.1 mg PSi-MCRGO for the simultaneous removal of 4 mg L−1 Cd (II) and 7 mg L−1 Pb (II) from 1 mL water solution).

values indicates that the adsorption process is followed by surface
complexation, rather than electrostatic interactions maybe due to
the unique property of chitosan and porous silicon nanoparticles.

The kinetic study of lead and cadmium removal by different
MCRGO and PSi-MCRGO is determined to understand the ad-
sorption behavior of the MCRGO and PSi-MCRGO. The lead and
cadmium removal efficiency by MCRGO and PSi-MCRGO is in-
vestigated at different time intervals. The heavy metal ions ad-
sorption process is very fast, almost completed within 5 min for
both MCRGO and PSi-MCRGO (Figure 4c). The kinetic data for
the adsorbent is different for MCRGO and PSi-MCRGO. When
PSi NPs are conjugated with MCRGO, the heavy metal adsorp-
tion fluctuates from 5 to 30 min and is balanced at ≈40 min. How-
ever, PSi NPs do not affect the maximum removal efficiency as
the adsorption is saturated to almost the same levels after 45 min
for both MCRGO and PSi-MCRGO.

The biocompatibility of the PSi-MCRGO nanocomposites is
another important issue to be addressed. The biocompatibility of
PSi NPs is confirmed by our previous work.[25,26] To evaluate the
safety of MCRGO and PSi-MCRGO, we do the cell viability as-
say of those materials toward a non-carcinoma human cell line,
M28 cells. The result indicates that MCRGO and PSi-MCRGO
have good biocompatibility at a concentration below 50 μg mL−1

on normal human cells, thus the small amount of MCRGO and
PSi-MCRGO residue in water will not lead to secondary pollu-
tion in human health and environment (Figure 5a). Overall, these
environment-friendly biomaterials hold great potential for com-
plex water treatment.

The magnetic properties of fresh and recycled MCRGO and
PSi-MCRGO are performed at 300 K. The hysteresis curve of the
fresh and recycled hybrids shows that they have similar magnetic
properties (Figure S3, Supporting Information). The recycled
MCRGO and PSi-MCRGO are obtained by magnetic separation
and further freeze-drying treatment, they are reused to simulta-
neously remove toxic heavy metals. The regeneration and reuse
of the adsorbents is very crucial in practical applications due to
the stringent ecological and economic demands for sustainabil-

ity. The effective adsorbent should possess high absorption ca-
pacity and desorption properties to lower the cost. The nanocom-
posites can be reused several times, and the removal efficiency
of heavy metals by the different rounds of nanomaterials has
been performed at 298 K (Figure S6, Supporting Information).
The results indicate that the fourth time recycled MCRGO and
PSi-MCRGO completely remove toxic heavy metals of Pd2+ and
Cd2+ when the Cd2+ concentration is below 4 mg L−1 (Figure 5b),
and the synthesized nanocomposites have good reusability and
great potentials for low-cost water treatment. The real concen-
tration of Pd2+ and Cd2+ in water is generally below 1 mg L−1,
so we deduce that the recycled nanocomposites can eliminate
the toxic heavy metals from the water solution. The fresh and
recycled magnetic functional nanocomposites can effectively re-
move organic dye including oil red O. From all the results, we hy-
pothesize that the biocompatible PSi-MCRGO nanocomposites
are environment-friendly and economically affordable magnetic
functional material for real complex water treatment.

3. Conclusion

Herein, we report the chemical fabrication of porous silicon
nanoparticles conjugated MCRGO (PSi-MCRGO) as a biocom-
patible magnetic-recyclable functionalized nanomaterial and
reusable adsorbent for different pollutants complete removal
from water. The MCRGO and PSi-MCRGO nanocomposites
show high binding capacity for positively charged heavy metal
ions and show near-complete heavy metals Pb2+, Cd2+, and
Cu2+ removal by adsorption. The addition of the biopolymer chi-
tosan enhances the adsorption capacity and promotes removal
efficiency. PSi-MCRGO is effective in the removal of anionic
surfactant SDS and organic pesticides that do not decompose
or degrade in the aquatic environment. The adsorption process
of lead and cadmium is favorable according to the pseudo-
second-order kinetics model by adsorption mechanism at room
temperature. The PSi-MCRGO nanocomposites are super mag-
netic responsive and can be easily removed from water by a
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magnetic field after the water treatment, they are recyclable.
The recycled PSi-MCRGO can completely remove the heavy
metals after 4 cycles from water. Importantly, the PSi-MCRGO
nanocomposites are shown to be biocompatible, and they are not
harmful to human cells. Overall, the PSi-MCRGO is applicable
for cationic heavy metals ions and anionic detergent surfactants
simultaneous removal from water and pesticide removal as well
by adsorption mechanism, which enables the purification of
very complex polluted water. Thus, the developed environment-
friendly and economically affordable magnetic functionalized
nanocomposites hold great potential for future complex water
treatment applications.

4. Experimental Section
Further detailed experimental procedures, supporting figures, and tables
are provided in Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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