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with excellent adsorption performance for Cd2+
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In this work, sepiolite mineral nanofibers are facilely prepared by a microwave-hydrogen peroxide method,

and the bulk densities of the samples are adopted to evaluate the defibering effect. The samples are

systematically characterized through X-ray diffraction, scanning electron microscopy, specific surface

area measurement and zeta potential determination, and the adsorptive performance for heavy metal

ions in aqueous solution is studied using cadmium ions as the representative. It is found that the specific

surface area and cumulative pore volume increase respectively up to 109.21 m2 g�1 and 0.234 cm3 g�1

under the microwave power of 400 W, while the zeta potential reaches a maximum when the pH is 5.0.

The adsorption efficiency of sepiolite mineral nanofibers for cadmium ions can reach 68.6% as the

optimal value. The as-fabricated sepiolite nanofibers can be regarded as a low-cost and environmentally

friendly material which is a promising candidate for heavy metal ion removal from industrial wastewater.
1. Introduction

Industrial wastewater is oen difficult to handle and easily
harms human health, especially wastewater containing heavy
metal ions such as cadmium ions, which can be accumulated
through the food chain, poisoning humans and animals by
affecting liver and kidney functions with a carcinogenic and
teratogenic risk.1–3 Therefore, it has become one of the most
serious environmental problems. During the past two decades,
adsorption as a simple and effective method has been widely
used to remove heavy metal ions.4–7 Activated carbon is
commonly used as an adsorbent, but there are certain limita-
tions due to the relatively high cost and particularly the diffi-
culty in the regeneration.8

Natural mineral materials can be used as an alternative due
to their unique surface and porous structure.9–11 The mineral
nanobers acquired from natural minerals as raw materials
have the advantages of small investment, low cost, and small
environmental load. Sepiolite is a microbrous 2 : 1 tri-
octahedral sheet silicate mineral with an idealized half unit
cell formula Mg8Si12O30(OH)4(H2O)4$nH2O, which is a kind of
natural mineral widely existing in nature has good sorptive,
terials for Ecological Environment and
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rheological, and catalytic properties due to the unique internal
pore structure.12–14 The application of sepiolite mineral nano-
bers has received extensive attention in environmental
management, especially in the eld of heavy metal wastewater
treatments.15–18 Sepiolite mineral nanobers have good
adsorptive and ion exchange performance, which could be
utilized to remove toxic pollutants, opposite charge ions, and
complexes. However, natural sepiolite usually occurs as aggre-
gates bundles in nature due to the special minerogenetic
condition,19–21 which restricts considerably the adsorption
capacity. Therefore, it is necessary to disperse sepiolite aggre-
gates into individual bers by micro-regulation of the structure.
At present, the commonly used methods for preparing sepiolite
mineral nanobers are the hydrothermal, chemical lysis, and
mechanical pulverization methods.22 The hydrothermal
method has the disadvantages of small preparation amount
and long cycle, and thus is unsuitable for mass production.
Chemical lysis method releases the sepiolite ber diameter only
to submicron scale, and the mechanical pulverization method
seriously reduces the ratio of the ber length to diameter, and
damages the sepiolite ber structure as well. In recent years,
microwave method has demonstrated some advantages over
conventional heating method, mainly including short process-
ing time, high efficiency and easy control, and is widely used in
the process of building material structure. Microwave treatment
studies on coal,23,24 carbon nanotubes,25 graphite,26 sepiolite,27

nanoparticles,28–30 and vermiculite have been extensively
studied.31,32 However, there is very few information about the
removal of the inclusions in the mineral ber pore micro-area
This journal is © The Royal Society of Chemistry 2019
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and the regulation of the micro-structure of the inner pore of
the bers by microwave chemical method.

The objective of this work is to prepare sepiolite mineral
nanobers with good adsorption performance by the
microwave-hydrogen peroxide method. The effects of reaction
time and initial pH on the adsorption of cadmium ions were
also explored. Besides, the adsorption mechanism was studied
to establish a theoretical foundation for the research on the
purication of heavy metal ions based on mineral nanobers
adsorbents.
Fig. 1 Effects of microwave power on bulk density of the sepiolite
samples.
2. Experimental

The raw sepiolite samples used in this study were acquired from
Henan province of China, and the reagents including hydro-
chloric acid, sodium hydroxide, hydrogen peroxide, cadmium
nitrate, nitric acid and ethanol were provided by the KW
Reagent Incorporation. 500 g of the natural sepiolite sample
(SEP) was added into 3112 mL of deionized water and 300 mL of
hydrochloric acid solution (36 wt%), and themixture was stirred
at a speed of 1500 rpm for 1 h by a high-speed dispersing
machine. Aer that, the slurry was ltered and washed several
times with deionized water until the pH value was about 7, and
then the collected cake was dried at 80 �C. Next, the dried cake
was crushed and ground into powders using the 20 mesh sieve.
The acid-puried sepiolite sample (A-SEP) was further mixed
with 30% hydrogen peroxide at a solid–liquid ratio of 1
g : 20 mL and stirred for 3 h. Later, the mixture solution was
placed into a microwave vacuum tube furnace to prepare
microwave chemical modied sepiolite (MH-SEP) under various
microwave conditions.

A BRUKER D8-Focus X-ray diffractometer (XRD) was used to
analyze crystallinity degree of the as-prepared materials. A XL30
scanning electron microscopy (SEM) was used to study
morphological features. An Autosorb iQ type physical and
chemical adsorption analyzer was employed to determine
specic surface area, pore volume and pore size. A JS94H micro
electrophoresis was used to examine the zeta potential. The
bulk density of the samples was determined by measuring the
mass of a xed volume. A xed volume glass cylinder was lled
with the samples without vibration in accordance with the
China Standard Test Methods (GB/T 16913.3-1997). The bulk
density is calculated according to eqn (1):

rp ¼
mt �mv

Vv

(1)

where rp is the bulk density of the sepiolite, mt is the total mass
of the sepiolite and the capacity cylinder, mv is the mass of the
capacity cylinder, and Vv is the volume of the sepiolite in the
capacity cylinder.

A stock solution of 1000 mg L�1 of cadmium ion was
prepared using analytical reagent grade cadmium nitrate dis-
solved in deionized water, and the above solution was diluted
accordingly to give the appropriate concentrations. 100 mL of
solution containing an appropriate amount of MH-SEP and
with the initial concentration of 100 mg L�1 of heavy metal
cadmium ions was added to a 150 mL conical ask, and was
This journal is © The Royal Society of Chemistry 2019
shaken for a certain period of time with THZ-82 gas bath
temperature shaker at room temperature. Aer centrifugation,
the concentration of cadmium ions in the ltrate was deter-
mined via a Thermo M6 atomic absorption spectrophotometer.
Specically, the initial pH value of the solution was adjusted to
2.0–7.0 with 0.1 mol L�1 hydrochloric acid or sodium hydroxide
solution, and the shaking time was set as 5–180 min. The
adsorption capacity and adsorption efficiency were calculated
according to eqn (2) and (3) respectively:

q ¼ ðC0 � CeÞV
m

(2)

Rð%Þ ¼ C0 � Ce

C0

� 100 (3)

where V is the volume of the solution (mL), C0 and Ce are the
initial and equilibrium concentration of the cadmium ions (mg
L�1), respectively, and m is the mass of the MH-SEP (mg).
3. Results and discussion

Fig. 1 shows the variation of bulk density of sepiolite under
different microwave powers. It can be seen that the bulk density
decreases rst and then increases with the increase of micro-
wave power, and the bulk density of nanobers reaches the
lowest value when the microwave power is 400 W. For the
powders, smaller particle size would lead to lower bulk density,
which is helpful for the improvement of adsorption capacity.33

In the microwave power range from 100 to 200 W, sepiolite
begins to absorb the microwave, and the bubbles produced are
overowing inside the sepiolite bers with the increase of
temperature, which brings about some gaps and increases the
specic surface area of the sepiolite bers. When the microwave
power is in the range from 200 to 400 W, the temperature rise of
the system is accelerated, and the reaction rate reaches the
maximum. However, the excessive temperature will destroy the
optimal structure of sepiolite bers when the microwave power
RSC Adv., 2019, 9, 40184–40189 | 40185
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is continuously increased to 800W. Therefore, 400 W is selected
as the optimal microwave power for the sepiolite nanobers
preparation.

Fig. 2 shows the XRD pattern of the various sepiolite samples
in the preparation process. The characteristic diffraction peak
of sepiolite has no obvious change before and aer the treat-
ments, indicating that the basic structure of sepiolite has not
been destroyed. The as-received sepiolite (SEP) contains a lot of
impurities such as calcite and dolomite, and their characteristic
peaks disappear aer the acid treatment. The characteristic
diffraction peak of MH-SEP is widened aer the microwave-
hydrogen peroxide treatment, which may be attributed to the
lattice distortion and low degree of ber aggregation. At the
same time, (110) and (080) diffraction peaks of MH-SEP become
signicantly stronger, which indicates that the impurity content
of the sepiolite is reduced and the purity is considerably
enhanced.

Fig. 3 shows the SEM images of A-SEP and MH-SEP. As
shown in Fig. 3(a), some ber bundles have changed into
individual bers aer the acid treatment, most of the A-SEP
bers are still bundled, long and thick. In addition, the bers
of the A-SEP have a sub-microscale diameter. In Fig. 3(b), the
ber bundle-shaped sepiolite disappears and the degree of ber
aggregation is obviously reduced aer the microwave-hydrogen
peroxide treatment, and the MH-SEP is mainly composed of the
staggered loose sepiolite bers.

Fig. 4 shows the cumulative pore volume and specic surface
area of the various sepiolite samples. The cumulative pore
volume and specic surface area of the MH-SEP are 109.21 m2

g�1 and 0.234 cm3 g�1, respectively, corresponding to 1.61 and
2.57 times of the SEP, respectively, indicating that the adsorp-
tion capacity of the MH-SEP can be expected be signicantly
higher than the unmodied one (i.e., SEP). The higher pore
volume and specic surface area could be attributed to the fact
that the hydrogen peroxide adsorbed by the sepiolite ber
channels rapidly decomposes and releases a large quantity of
oxygen under the microwave heating, which leads to the
Fig. 2 XRD patterns of sepiolite samples.

40186 | RSC Adv., 2019, 9, 40184–40189
widening of sepiolite ber channels in local high temperature
and high pressure.

Fig. 5 shows the zeta potential of the various sepiolite
samples in pH range of 2.0–7.0. The potentials of the three
sepiolite samples decrease dramatically and then increase
gradually, and the absolute value of the negative potential is the
largest at pH 5.0. The surface is positively charged at pH values
lower than 2.5, and the concentration of H+ ions in the solution
is higher than that of the H+ ions adsorbed on the sepiolite,
which leads to further adsorption of H+ ions on the sepiolite
surface.34 The potential shows a downward trend when pH is
increased from 2.5 to 5.0, which is mainly due to the adsorption
of OH� ions onto the positive charge center of the sepiolite or
the deprotonation of the surface hydroxyl groups.35,36 The
potential shows an increasing trend in pH range of 5.0 to 7.0,
which can be attributed to the fact that dissolution rate of the
equilibrium cations in the minerals decreases under weak acid
conditions, and the mineral electronegativity starts to decrease.
The absolute value of the zeta potential of MH-SEP increased
signicantly at the same pH, which was much higher than that
of the SEP. The above analysis reveals that surface negative
charge increases aer the sepiolite structure is optimized,
which causes the positively charged cadmium ions to be more
easily adsorbed through electrostatic interaction. Therefore the
adsorption capacity could be enhanced.

Fig. 6 shows the effect of the reaction time on the adsorption
of cadmium ions by MH-SEP at an initial pH of 5.0. It is evident
that the adsorption capacity of cadmium ions by the MH-SEP
increases rapidly at the beginning of the reaction, and then
gradually aer 30 min till the adsorption and desorption
processes reach the equilibrium state. The adsorption process
is the fastest at the beginning of 5 min, and the adsorption
efficiency is also increased along with the prolonging of reaction
time up to 30 min. The adsorption efficiency value at 30 min is
a little smaller than that at 180 min, which indicates that the
adsorption process is still proceeding with a relatively low
speed. Finally, the transport and transfer of cadmium ions
attain equilibrium value until 120 min. The adsorption of
cadmium ions on the MH-SEP is more obvious at the initial
stage, which may be attributed to the mass transfer driving
force obtained from the initial concentration difference of
heavy metal ions between the solid–liquid two phases and
a large number of active adsorption sites on the surface of
sepiolite mineral nanobers.37,38

Fig. 7 shows the effect of the initial pH on the adsorption of
cadmium ions by MH-SEP at a reaction time of 120 min. The pH
value of solution affects the adsorption capacity of the adsor-
bent to the heavy metal ions, and different initial pH values
have been reported to have signicant impact on the adsorption
of cadmium ions by the various adsorbents.39–41 As shown in
Fig. 7, the adsorption efficiency of cadmium ions onto MH-SEP
is increased from 29.8% to 68.6% when the pH value is
increased from 2.0 to 5.0. The adsorption efficiency starts to
decrease with a further increase in the pH, and the maximum
adsorption efficiency occurs at a pH of 5.0. The adsorption
efficiency is relatively low at a pH value lower than 5, which may
be due to the fact that the concentration and activity of H+ ions
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM images of (a) A-SEP and (b) MH-SEP.

Fig. 4 Cumulative pore volume and specific surface area of the
sepiolite samples.

Fig. 6 Effects of the reaction time on the Cd2+ adsorption on the MH-
SEP.
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are high, and more surface active sites of the MH-SEP could be
occupied by the adsorbed H+ ions, resulting in the adsorption
competition with the cadmium ions.42,43 Meanwhile, the
Fig. 5 Zeta potential of the various sepiolite samples at different pH
values.

This journal is © The Royal Society of Chemistry 2019
transport and transfer rate of heavy metal ions on the surface of
sepiolite mineral nanobers could be affected by the electro-
static effect between the H+ and cadmium ions. As the pH of the
solution increases, more active groups on the surface of the
sepiolite bers are exposed, which greatly promotes the contact
Fig. 7 Effects of initial pH value on Cd2+ adsorption by MH-SEP.

RSC Adv., 2019, 9, 40184–40189 | 40187
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Fig. 8 Schematic diagram of the sepiolite fibers structure controlled by microwave-hydrogen peroxide ((1): channel inclusion; (2): wall of
channel in sepiolite fibers; (3): fibrous bond; (4): hydrogen peroxide).
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and coverage of cadmium cations onto the surface of the sepi-
olite mineral nanobers. Therefore, 5 is considered to be the
optimal pH value.

Based on the analysis above, a microwave-hydrogen peroxide
method is utilized to prepare sepiolite mineral nanobers,
which could address the problem of the pores and bers due to
the defects of crystal structure and the natural heterogeneity of
the sepiolite. Sepiolite has zeolite water channels and pores
throughout the structure as well as a large specic surface area,
and as a result, lots of water or polar substances can be adsor-
bed. As a polar molecule hydrogen peroxide can be adsorbed
between the sepiolite ber channels and within the ber pores.
According to the theory of surface adsorption and capillary
condensation, the adsorption of hydrogen peroxide molecules
by sepiolite can be concluded as the adsorption of multi-
molecular layers inside macropores and the capillary conden-
sation of mesopores and micropores. At the same time,
hydrogen peroxide molecules can be mainly adsorbed on the
inner surface of the sepiolite mineral nanobers. The high-
frequency oscillations and the collision of the hydrogen
peroxide molecules will generate much friction heat under the
penetration of high-frequency electromagnetic microwaves,
which results in temperature rising and eventually decompos-
ing to produce a large amount of oxygen.44,45 The oxygen
molecules move rapidly in the pores and the ber bundle gaps,
and the microstructure of sepiolite bers could be regulated
when the pressure reaches a certain level (Fig. 8). On the one
hand, sufficient pressure generated by the above collisions
could accelerate the splitting of the pore walls of the crystal
bers and reduces the adhesion between the ber bundles,
which could promote the dissociation of the bers and improve
the dispersion of the bers. On the other hand, the contents of
axial and lateral channels can be removed via the oxygen as
mentioned above, and the closed channels can be opened
through the high-speed compression diffusion movement,
leading to the increase of pore volume and specic surface area
of the sepiolite. The absolute value of zeta potential of the MH-
SEP is the largest, and the most negative charge should be
present on the surface of the MH-SEP at the same pH value,
which could be helpful for the electrostatic adsorption effect on
heavy metal cations. Taking cadmium ions as an example,
sepiolite mineral nanobers exhibited a good adsorption
40188 | RSC Adv., 2019, 9, 40184–40189
performance to cadmium ions under the optimal conditions,
and the adsorption efficiency was up to 68.6%.

4. Conclusions

In this study, we have demonstrated that the sepiolite mineral
nanobers synthesized by the microwave-hydrogen peroxide
method have a low degree of aggregation. We found that this
method plays an important role in the structure regulating,
including the dissociation of sepiolite mineral nanobers and
the removal of the pore inclusions. The specic surface area and
cumulative pore volume were 109.21 m2 g�1 and 0.234 cm3 g�1

under the optimum microwave power of 400 W, respectively,
while the zeta potential of the sepiolite mineral nanobers
reached the maximum value at pH 5.0. The sepiolite mineral
nanobers exhibited the best adsorption performance to
cadmium ions under the conditions of a reaction time of
120 min and an initial pH of 5.0, and the adsorption efficiency
was up to 68.6%. The results indicate that the sepiolite mineral
nanobers as-fabricated with low price could effectively remove
the heavy metal ions from aqueous solutions, which could be
widely used in the purication of industrial wastewater.
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