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ADSORPTION REMOVAL OF COPPER(II)
FROM WATER BY ZERO VALENT IRON

LOADED DENDRITIC MESOPOROUS

SILICA

The object of research is synthesized dendritic mesoporous nanoscale silica (DMSN) modified with zero-valent

iron (Fe’@DMSN). This material exhibits a high adsorption capacity for heavy metal ions, in particular copper,
whose increased content in the aquatic environment poses a threat to living organisms. In this regard, the main
physicochemical features of the removal of copper cations from the aqueous medium using the obtained sample
were investigated.

The morphology of the obtained dendpritic silicas was studied by electron microscopy and the presence of a layer
of zero-valent iron was confirmed by X-ray diffraction analysis and infrared spectroscopy. The parameters of the
porous structure of the synthesized materials were determined. It was found that after modification of mesoporous
silica with particles of zero-valent iron, the value of its specific surface area decreased from 504 m?/g to 312 m?/g.
This may be due to the formation of a Fe’ layer not only on their surface but also in the channels of the inorganic
matrix, which has a unique dendpritic structure characteristic of this type of particles. At the same time, the number
of active centers increases due to the enrichment of the silica surface with functional modifier groups that show
a high affinity for metal cations.

The adsorption capacity of Fe?@DMSN towards Cu®* ions has been studied and it has been shown that the
maximum adsorption value is 39.8 mg/g, which is significantly higher than that of the initial synthesized DMSN
sample (0.7 mg/g).

The experimental data obtained indicate that the obtained sorption material based on dendritic mesoporous
silica nanoparticles with a layer of reactive zero-valent iron can be used for the purification of water contaminated
with metal ions. In addition, the magnetic properties of such materials, known and proven by various scientists, will
make it easy to separate the solid phase in the processes of sorption water purification using magnetic separation.
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1. Introduction

In recent years, with the fast development of urbaniza-
tion and infrastructure around the world, a large amount
of industrial waste has been discharged into the municipal
wastewater system along with wastewater. Some modern
technologies are applied to solve this problem, such as
the use of filtration systems to remove solid waste from
wastewater. However heavy metals in wastewater are mixed
into the water body in ionic form and are difficult to
remove [1, 2]. This wastewater contains a large amount
of copper(Il), and studies have shown that the copper
ion content in the water body will seriously affect the
self-purification function of the water body. The World
Health Organization (WHO) has set the limit for cop-
per ion concentration in natural waters at 3.0 mg/l [3].

Meanwhile, these heavy metals entering the ecosystem
will continue to be enriched through the biological chain

because they cannot be decomposed. They are eventually
absorbed by the human body, thus causing damage to the
internal organs of the human body (e. g., liver, kidneys)
and leading to the occurrence of various types of chronic
and acute diseases [4].

At present, in order to solve the problem of heavy
metal ion pollution in wastewater, scientists have made
various attempts, including ion exchange, electrolysis, mem-
brane filtration, photocatalytic and adsorption methods,
etc. [5-9]. Among these methods, the adsorption method
has attracted much attention due to its simplicity, effi-
ciency, and high operability. However, traditional adsorbents,
such as activated carbon, often need to be used in large
quantities due to their low adsorption capacity, resulting
in high actual adsorption cost, which is not conducive
to large-scale industrialization. Therefore, the search for
a cost-appropriate and efficient adsorbent for heavy metals
in water is crucial for large-scale industrial application
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of adsorption methods. Many attempts have been made to
find alternatives to traditional adsorbents. For example,
in [10] conducted adsorption experiments on copper ions
in wastewater using acid-modified bagasse. The results
showed that the efficiency of bagasse in removing Cu(II)
from synthetic and industrial wastewater was comparable
to that of traditional activated carbon materials, but the
cost was over 10 times lower than that of traditional ac-
tivated carbon materials.

In recent decades, silica materials have been widely
studied due to their good thermal stability as well as their
surface polyhydroxyl groups, chemical stability, etc. [11],
In order to enhance the ability of silica to adsorb heavy
metals from wastewater researchers have used a number
of different approaches. These approaches include using
different silica sources and synthetic solvents to modify
its size and shape, so that the structure of silica becomes
more conducive to adsorption [12, 13], or enhancing the
ability to adsorb pollutants through functional groups on
the surface of modified silica or by complexing it with other
materials [14, 15]. Recently, the authors of [16] successfully
prepared silica materials with dendritic morphology by an
anion-assisted method. This dendritic silica nanomaterial
has a larger surface area and internal pores, which offers
a natural advantage for heavy metal adsorption in water.

In this work, to solve the drawbacks of the dendritic
silica material’s weak inherent ability to capture heavy
metal ions in the water body, as well as the difficulty
of solid-liquid separation after adsorption, let’s introduce
zero-valent iron as an additional adsorption site on the
surface of the dendritic silica. The specific operation is
as follows: the dendritic silica material is immersed in
Fe?* solution, and the Fe®' ions are reduced by sodium
borohydride solution under a nitrogen atmosphere so that
the reduced Fe? is successfully loaded onto the silica sur-
face. The silicon dioxide substrate can make the reduced
Fe? firmly adhere on the surface of dendritic silica through
electrostatic attraction, which makes it more stable; while
the loading of Fe® provides more additional heavy metal
adsorption sites for the composite material.

Therefore, the aim of this research is to obtain an adsorbent
based on mesoporous silica with the morphology of dendritic
nanosized particles and an active layer of zero-valent iron
for the removal of heavy metal ions from aqueous solutions.
The study of the main physicochemical characteristics and
sorption properties of the obtained materials will allow the
synthesis of adsorbents with controlled structure parameters,
which will significantly increase the efficiency of their use
in the environmental field.

2. Materials and Methods

2.1. Materials. The object of the study is synthesized
dendritic mesoporous nanoscale silica (DMSN) modified
with zero-valent iron (Fe?’@DMSN).

Cetyltrimethylammonium bromide (CTAB), triethano-
lamine (TEA), tetraethoxysilane (TEOS), sodium salicy-
late (NaSal) and Sodium Borohydride (NaBH,) were
purchased from MERCK, Germany. Iron(III) chloride hexa-
hydrate (FeCl3-6H,0) and Ethanol (EtOH) were purchased
from CHEMLABORREACTIV LLC (Ukraine). Distilled
water was used throughout all experiments. All chemicals
used in this work were in analytic grade and used without
further purification.

2.2. Instruments and analytic methods. The materials
were characterized using various techniques. Scanning Elec-
tron Microscope (SEM) images and EDS mapping patterns
were obtained using Nova Nano SEM450 manufactured by
FEI (USA), confirming the successful composite of Fe?
nanoparticles with DMSN with uniform elemental distri-
bution. High-resolution TEM images were tested using a
JEM-2010F model transmission electron microscope, (Japan),
at an accelerating voltage of 200 kV to obtain a high-
resolution structure of the material. The crystal structure
of the prepared materials was analyzed by diffraction using
Cu-Ko rays with a D8 Advance X-ray diffractometer (XRD)
manufactured in Germany. Information such as functional
groups of the materials was obtained by Fourier transform
infrared spectroscopy (FTIR) measurements (scanning in the
wavelength range of 4000-500 cm™!) using a Bruker Vertex
70 model (made in Germany) infrared spectrometer. The
method of low-temperature (—196 °C) nitrogen adsorption-
desorption was used to study the surface parameters and
porous structure of the synthesized samples. The samples
were degassed in a vacuum before the measurement. The
data obtained were processed using specialized software
Quantachrome NovaWin version 11.04. The specific surface
area (Spgr, m%/g) was calculated by the Brunauer-Emmett-
Teller (BET) multipoint method, and the external pore
surface (Sp, m?/g) and micropore surface (Syicro, m?/g) were
estimated by the t-method. The total pore volume (Vs, cm3/g)
was determined by the maximum adsorbed volume of ni-
trogen at a relative pressure p/po=1 (0.99). The micropore
volume (Vipicro, cm3/g) was estimated by the t-method, and
their percentage content (V,, %) was calculated using the
following formula:

Vmicm

V.= A

100, (1)

where Vi and Vs (cm3/g) are the micropore and total
pore volumes of synthesized samples, respectively.

The average pore radius (R, nm) was calculated using
the following formula:

2y

= b
Sper

(2)

where Vs (ecm®/g) and Sppr (m?/g) are the total pore vo-
lume and the specific surface area of synthesized samples,
respectively.

All adsorption experiments were performed under static
conditions at 25+2 °C. Solutions containing 10 mg of adsor-
bent and 50 ml of heavy metal ions were placed in a sha-
ker (Biosan OS-20, Latvia) and shaken continuously for 1 hour.
After adsorption equilibrium was established, the adsorbent
and liquid phase were separated by centrifugation (3600 rpm)
and the Cu®" concentration in the supernatant was determined
by ICP-OES (Thermo Scientific iCAP 7400 ICP-OES, USA).

The value of the adsorption value (a, mg-g~") was calcu-
lated according to the formula:

_(C.-C)V \
a=—"—, 3)
where C;,, C, — initial and equilibrium metal concentra-

tion, mg/dm?3; V — solution volume, dm? m — the weight
of the sorbent, g.
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The removal efficiency (X, %) of copper ions were
estimated according to the formula:

_ Ciﬂ _Cz)q 100 4
= ! ) ( )

X (%)

in

where C;,, C,, are representing the initial and equilibrium
copper(1l) ions concentrations (mg/md?).

2.3. Preparation of dendritic mesoporous silica nanepar-
ticles (DMSN). The dendritic mesoporous silica nanoparti-
cles (DMSN) were synthesized by a one-pot method using
CTAB and NaSal as structure-directing agents, TEOS as the
silica source, and TEA as a catalyst according to a reported
method with slight modifications [17, 18]. In a typical pro-
cess, 1.36 g of TEA was dissolved in 500 ml of water under
magnetic stirring for 5 minutes. The solution was trans-
ferred into a water bath set at 80 °C. After uniform stirring
for 30 minutes, 7.6 g of CTAB and 3.36 g of NaSal were
weighed out. These compounds were added to the reaction
container and stirring continued for an additional hour. The
as-prepared solution mixture, consisting of 80 ml of TEOS
and 10 ml of ethanol, was added dropwise into the reaction
container using a peristaltic pump. This mixture was added
over 30 minutes with constant stirring. Stirring continued
at 80 °C for 1.5 hours after the completion of dropwise
addition. After that, the obtained product was washed three
times with water and ethanol to remove impurities from
the supernatant. The white product settled at the bottom
layer was kept. Finally, the collected product was calcined
at 550 °C for 6 hours to remove the structure-directing
agents. This product was labeled as DMSN.

2.4. Preparation of Fe?@DMSN. Zero-valent iron sup-
ported by dendritic mesoporous silica nanoparticles was
synthesized according to a reported method with slight
modifications [19]. The DMSN sample was mixed with
a solution of FeCl3-6H,O of a certain concentration and
stirred for 30 minutes on a magnetic stirrer. The mass ratio
of Fe? to DMSN was 0.2:1. The resulting suspension (pH=2)
was quantitatively transferred to a three-neck flask and the
process of reducing Fe* ions with 0.1N sodium borohydride
solution under a nitrogen atmosphere was carried out. After
that, the obtained composite (Fe?@DMSN) was separated
from the liquid phase by centrifugation and washed three
times with alcohol. The resulting precipitate was dried under
vacuum at 60 °C and ground to a fraction of <0.1 mm.

Fig. 1, a, b show the SEM patterns of DMSN and
FeY@DMSN, and it is possible to see that the DMSN ma-
terial still maintains the dendritic morphology before and
after Fe loading and the material is well dispersed with
a diameter of around 200 nm. It is also observed that its
monodispersed distribution and internal mesoporous structure
give it a larger specific surface area and more active sites
compared to the traditional silica material, which will play
a positive role in the adsorption capacity of the material.
In Fig. 1, b, the synthetic Fe” loaded on the edge of DMSN
can be observed in the form small particles.

To further observe the microscopic morphology of
Fe?@DMSN materials and the loading state of Fe®, let’s
perform transmission electron microscopy (TEM) tests on

Fe?@DMSN, and in the TEM patterns in Fig. 1, ¢, d, it is
possible to see that Fe® is tightly adhered to the surface
of DMSN and aggregated into clusters to a small extent,
which is due to the van der Waals forces and magnetic
properties of Fe® nanoparticles, the unsupported Fe tends
to aggregate together [20]. In addition, aggregated Fe’
material is not observed in the blank area of Fig. 1, c,
indicating that Fe? is successfully composited with DMSN
and firmly linked together, rather than simply stacking.

Fig. 1. Characterization of the obtained materials:
a — SEM images of DMSN; b — SEM images of Fe?@DM5N;
¢, d — TEM image of Fe%@DMSN; g £ g, h — EDS mapping
characterization of Fe?@DMSN

To observe the elemental distribution in the composites,
the elemental distribution mapping test was carried out for
Fe?@DMSN in Fig. 1, e—h, and the results of the mapping
test can be observed that the elements O, Si, and Fe are
uniformly distributed in the materials, which further indi-
cates the successful synthesis of Fe?@DMSN composites.

X-ray diffraction analyses of DMSN and Fe’@DMSN were
carried out in Fig. 2. A distinct broad peak was observed at
around 20=24 which is typical for amorphous silica materials.
In the XRD pattern of the composite material Fe?@DMSN,
in addition to the observed broad diffraction peaks be-
longing to amorphous silica, two sharp peaks belonging to
the (110) and (200) crystalline surfaces of Fe® are also
revealed at 20=44.7 and 206=65.0, which is in agreement
with the XRD card PDF#06-0696 of Fe’. The above results
indicate that the Fe® is well crystallized and loaded onto
the DMSN material, and the Fe@DMSN composite was
successfully synthesized.

The surface functional group structures of DMSN and
Fe?@DMSN were tested by FTIR spectroscopy, the results
of which are shown in Fig. 3, where both materials show
peaks at 3433, 1630, and 803, which corresponds to the

s
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-OH telescopic vibration, Si-H,O bending vibration, and
O-Si-O bending, respectively. In particular, after the com-
posite Fe® the Si-OH bending vibration peak at 960 cm™!
disappears in the FTIR spectra of Fe?@DMSN, which may
be attributed to the chemical bonding of Si-OH on the
surface of DMSN with the iron atoms on the surface of
Fe? to form Si-O-Fe [21]. In addition, the Si-O-Si vibration
of the composite is red-shifted from 1100 to 1083 further
indicating that the functional group structure of DMSN
has changed. All these results indicate that Fe® was suc-
cessfully dispersed in DMSN.

DMSN

Intensity (a.u.)

Fe'@DMSN
sopbe¥ ogsini

| , PDF#06-0696
T T T T T T
10 20 30 40 50 60 70 80

2-Theta(degree)
Fig. 2. XBD images of DMSN (blue line) and Fe?@DMSN (red line)

The obtained isotherms of low-temperature nitrogen
adsorption/desorption (Fig. 4, a) of the studied samples
belong to the type IV isotherms according to the TUPAC
classification with a hysteresis loop of type H3, which is
typical for mesoporous materials. The value of the specific
surface area for the modified sample is almost half that of
the synthesized SiO,, which may be due to the fact that

1200 +

800

400 ~

Volume (cm®/g) (STP)

P/Po

a

nZVI occupies or partially blocks the SiOy pore channels.
The parameters of the porous structure are presented in
Table 1. The total pore volume has a similar trend. The
distribution of pores by size (Fig. 4, b) shows a wide
range of pore sizes in the range of 3-50 nm.

In the adsorption reaction, the pH of the solution affects
the functional groups of the adsorbent and the solution’s
heavy metal ions, which in turn affects the actual adsorp-
tion effect of the adsorbent on the heavy metal solution.
In Fig. 5, a, the adsorption capacity of Fe’@DMSN for
copper ions was tested at different pH (3~6), and the
result shows that the composite material has the best
adsorption effect when pH is equal to about 5, and the
removal rate of copper ions in solution reaches 95.5 %.
Fig. 5, b shows the distribution of copper ion forms in
aqueous medium depending on pH (calculated using the
software "The software Chemical Equilibrium Diagrams”,
Sweden) [22].

966 {803

1630 Si-OH |

i 3433

Fé@DMSN |

Transmittance (%)

1083 ;

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. FTIR images of DMSN (blue line) and Fe?@DMSN (red line)

254

dV(logr), cm’/g

r, nm
b

Fig. 4. Nitrogen isotherms and radius distribution porous structure of the obtained materials: a — nitrogen adsorption/desorption isotherms;
b — pore radius distribution; 1 — DMSN, 2 — Fe!d@DMSN

Tahle 1
Parameters of the porous structure of the investigated samples
Sampla SHET: m2/g 52)(1: mZ/g Smicrm m2/g V):/ sz/g Vmicm, Cma/g Vm, % H, nm
DMSN 504 448 56 2.067 0.017 0.82 8.2
Fe’@DMSN 312 251 61 0.788 0.021 2.66 5.1

Notes: 5gr, m?/g — the specific surface area; 5,4 m%g — the external pore surface; 5p,, m%/g — the micropore surface; Vs, cm®/g — the total

pore volume; Vo, cm®/g — the micropore volume; V,, % — the percentage content of micropore; A, nm — the pore radius
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Fig. 5. Results of adsorption of Cu®* by Fe?@DMSN under different pH: a — adsorption efficiency of Cu?* by Fe?@DMSN under
different pH (T=298 ¥, Cy(Cu?")=20 mg/l, t=2 h); b — diagram of the distribution of copper ion forms in agueous medium depending on pH

In an acidic environment (pH < 6), copper is found mainly
in the form of positively charged Cu?" ions. When the pH

shifts towards an alkaline environment, copper is precipitated in
the form of hydroxides. This is the reason for the subsequent
adsorption process, the solution pH was kept at 5.7+0.1.

The adsorption efficiency of Fe’@DMSN with Cu®* was
investigated using adsorption kinetics Fig. 6, a, which showed
that the composite reached equilibrium for the adsorption
of Cu?" ions at around 120 min. The kinetic data were fit-
ted with pseudo-first and pseudo-second-order kinetic equa-
tions. According to the calculated constants (Table 2), the
correlation coefficient of the pseudo-first-order kinetic mo-

del (R?=0.972) is higher than that of the pseudo-second-order
kinetic model (R?=0.951), and the experimental value (g,)
is close to that calculated from the pseudo-second-order
kinetic model so that the adsorption of Cu?" by Fe!@ DMSN
is more suitable for the pseudo-first-order kinetic equation.

To investigate the adsorption capacity of the materials,
adsorption isotherms (Fig. 6, b) were used to explore the

interactions between the toxic heavy metals Cu?* with DMSN

and Fe?@DMSN. The experimental data were tested using

2.01
1.64
1.24
20
F
N 0.81 ® Experiment
Pseudo-first order
0.44 - = = Pseudo-second order
0.0 T T T
0 120 240 360
T, min

a

Langmuir and Freundlich models, respectively, and the equa-
tions for the two isotherm models are expressed as follows:

— Langmuir:
c. 1 C )
q.  qnKi - qy
— Freundlich:
1
IDQH=EIHCe+1HKF, (6)

where C, (mg17") is the equilibrium concentration of the
heavy metal ions; g, (mg-g~') is the equilibrium adsorption
capacity of the heavy metal ions adsorbed on the adsorbent;
Gm (mg-g™") is the maximum adsorption capacity of the
adsorbents; K; (I'mg™') and Ky (mg-g~!) are the Langmuir
and Freundlich constants, respectively; n is the constant
related to the heterogeneity of the adsorbent sites [23].

The correlation parameters of the fitting results are

shown in Table 3.

404 ==
30- -1

e 2
204 - - - Freundlich model

% —— Langmuir model
0.8 .
0.6 O
0.4]
0.2
0.042 . T . )
0 5 10 15 20
C,, mg/l
b

Fig. 6. Results of adsorption of Cu®* by of the investigated samples: a — adsorption kinetics of Cu®* by of Fe?@DMSN; b — adsorption isotherms of Cu?*
by of the investigated samples (T=298 K, pH=5.7+0.1): 1 — DMSN, 2 — Fe?@DMSN

Tahle 2
Kinetic parameters of Cu(ll) adsorption on Fe?@DMSN
Pseudo-first-order Pseudo-second-order
Sample
. (mgg™) E; (min™") B g (mg-g™!) B, (gmg~'min~!) ;2
Fe’@DMSN 1.700 0.0136 0.972 2.129 0.0062 0.951
|G 10 TECHNOLOGY AUDIT AND PRODUCTION RESERVES — No 5/3(79), 2024
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Table 3
Fitting parameters for Cu®* adsorption removal isotherms for DMSN and Fe’?@DMSN
Langmuir Freundlich
Sample
0m (mg-g?) B (lmg™) R Er (mg-g™) n B
DMSN 0.702 1.754 0.969 0.567 15.73 0.963
Fe@DMSN 39.804 12.720 0.955 33.78 11.71 0.922

The Langmuir model for the correlation coefficients
of the two adsorbents (R? respectively DMSN>0.97 and
Fe"@DMSN>0.96) fitted better with the experimental
data as compared to the Freundlich model. This indicates
that the adsorption process of heavy metal ions on both
adsorbents is the same for homogeneous adsorption. The
results of calculating the maximum adsorption (g,) of
Cu®" on both adsorbent materials based on the Langmuir
model showed that the adsorption capacity of DMSN for
Cu ions was insignificant at around 0.7 mg-g~'. However,
after Fe® modification on its surface, the maximum ad-
sorption of Cu?" by the composite material Fe’@DMSN
increased significantly to 39.8 mg-g~!, which is nearly
57 times higher than that of the adsorption of the initial
DMSN material. This confirms our view that Fe’ as
a newly introduced adsorption active site, significantly
enhances the adsorption properties of the DMSN sub-
strate for Cu?*.

Limitation of the study: in order to implement the
research results in practice, it is necessary to develop
a technology for obtaining granular materials using the
obtained powder-like adsorbents, which will significantly
increase their manufacturability. But, at the same time, on
the one hand, the separation of the spent adsorbent from
the solution is significantly simplified, and on the other
hand, the adsorption capacity of the granules decreases
due to the reduction of the specific surface area.

Prospects for further research: in further research, it is
necessary to focus attention on improving the structural
and sorption characteristics of granular materials and the
selectivity of the obtained adsorbents. In addition, it is
important to investigate the features of removing heavy
metal ions from real industrial wastewater, which contains
a complex mixture of pollutants, and to study the pos-
sibility of regenerating the spent material for its reuse.

4. Conclusions

In summary, in this study, Fe’@ DMSN composite ad-
sorbent was successfully synthesized by reducing Fe®" ion
solution which contained DMSN material with sodium
borohydride solution under a nitrogen environment. The
material characterization confirmed that the material pos-
sessed a solid structure and abundant adsorption functional
groups. In addition, its adsorption capacity for the toxic
heavy metal Cu®" in simulated wastewater was tested.
The adsorption results showed that at pH=5.7£0.1 and
298 K, the maximum adsorption capacity was 39.8 mg-g~*,
which was about 57 times higher than that of the base
DMSN material (0.7 mg-g~!), and the kinetic process was
described by a pseudo-first-order model. In addition, the
adsorbed mixture could utilize an external magnetic field
to achieve solid-liquid separation. All the results show
that the Fe?@DMSN composite adsorbent is a promising
adsorbent for the treatment of Cu?"-polluted wastewater.
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