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Abstract: Nickel phyllosilicates have shown considerable potential in many fields such as electrochemistry and
catalysis owing to their specific structures, attracting a great attention on preparation and properties of them in
recent years. In this study, Ni;Si1,05(OH), microspheres were synthesized via a hydrothermal method by using NiCl,
and tetraethyl orthosilicate (TEOS) as the raw materials. Effects of Ni/Si molar ratio and alkali source on the phase
composition, morphology and textural property of the products were investigated. Under optimized conditions, the
as-synthesized Ni;Si,O5(OH), microspheres presented a nanosheets-assembled morphology with an average
diameter of ca. 2.5 pum, Sger of 119.6 mz-g’l, pore volume of 0.673 cm3'g’l, and Zeta potential measurements
showed that they were negatively charged with pH ranging from 3 to 10. When employed as the adsorbents for
basic fuchsin (BF), the Ni;Si,0s(OH), microspheres showed an adsorption capacity of 120.7 mg-g ' with the
removal efficiency up to 96.6% from 50 mg-L"' solution, superior to most of the referred adsorbents in literatures,
and the adsorption kinetic data can be well interpretated via the pseudo-second-order model. Data of the
relationship between equilibrium adsorption capacity and BF concentration were well fitted by Freundlich isotherm

model with the 1/n value of 0.1678, indicating that the surface was heterogeneous and the adsorption strength was strong.
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As a big family of layered silicates, phyllosilicates
include various natural clays, such as montmorillonite,
saponite, laponite, attapulgite, and many synthetic metal
phyllosilicates!!. Because of their specific structural
features and ion exchange properties, phyllosilicates
have large application potential in the field of hetero-
geneous catalysis, electrocatalysis, waste water treatment,
etc. In the past years, plenty of research works have been
carried out by using natural clays as catalysts supports or
adsorbents for dye removal after inorganic or organic

modification®®.

In recent years, the synthesis and
application of metal phyllosilicates, such as Nil™1 ol
Cul"" Mgl containing phyllosilicates, have aroused
more and more attention.

For nickel phyllosilicates, the difference in the ratio of
tetrahedral and octahedral sheets generates two types of
structures: (1 : 1 and 2 : 1 type nickel phyllosilicates) with

the formula of Ni;Si,O5(OH), and Ni;zSisOo(OH),!"* "%,

The tetrahedral sheets consist of silicon-oxygen tetrahedra,
which are linked by two-dimensional corner-sharing
three of every four oxygen atoms so as to form sheets of
indefinite extent, in which the ratio of silicon to oxygen
is 2 : 5. The octahedral sheets consist of two planes of
closely packed O*", OH™ anions of octahedra with Ni*" as
the central cations. Based on this fundamental structure,
nickel phyllosilicates can be assembled into different
two-dimensional (2D) or three-dimensional (3D) arch-
itecture with enhanced application performances by
using unique preparation methods. For instance, nano-
tubular Ni3Si;O5(OH); can be synthesized by hydro-
thermal methods in strongly alkaline environment and
applied as lithium battery anode support materials!">"'7).
Several efforts have been made to synthesize
Ni3Si,05(OH)4 with hollow sphere or core-shell structure
by using SiO, microspheres as templates!'*'”!. However,
this preparation route often requires hard-controlled
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conditions and subsequent complicated procedures for
the removal of templates. Efficient preparation of
Ni3Si,05(OH)4 with 3D hierarchical structure is very
meaningful for expanding its applications.

Nickel phyllosilicates have so far been well applied in
the preparation of Ni-based catalysts. Considering their
well-formed layered structure, nickel phyllosilicates are
also expected to be very effective adsorbents for dye
removal from waste water. However, to our best know-
ledge, no report focused on this issue is available up to
now. In this study, Ni;Si,Os(OH), hierarchical porous
microspheres were synthesized via a simple hydro-
thermal method using NiCl,, tetracthoxysilane (TEOS) as
the raw materials, and then were used as the adsorbent
for the removal of basic fuchsin (BF) from simulated
waste water.

1 Experimental

11 Synthesis of N|38|205(OH)4

All chemicals were analytical grade and obtained from
Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing,
China. In a typical procedure for the synthesis of
Ni;Si,05(OH)y, 0.4420 g (2.12 mmol) TEOS and 64 mL
deionized (DI) water were added to a conical flask, then
0.5043 g (2.12 mmol) NiCl,-6H,0 was added to the
conical flask and dissolved completely. 0.8 g (13.3 mmol)
urea was added to the solution followed by vigorous
stirring for 0.5 h. The resultant solution was transferred
to a Teflon-lined stainless steel autoclave with a capacity
of 100 mL. The autoclave was sealed and heated to
210 C and kept in an isothermal state for 12 h, then
cooled down to room temperature. After washed with DI
water, the solid product was collected and finally dried at
75 C for 12 h.

1.2 Characterization

X-ray diffraction (XRD) patterns were recorded on a
MiniFlex600 Powder X-ray powder diffractometer (Ri-
gaku, Japan). Scanning electron microscopy (SEM)
measurements were carried out on a JSM 6700F field
emission scanning electron microscope (JEOL, Japan).
Transmission electron microscopy (TEM) measurements
were carried out on a JEM-2100PLUS high resolution
transmission electron microscope (JEOL, Japan). Nitro-
gen adsorption-desorption isotherms were measured
using a Kubo-X1000 surface area and porosity analyzer
(Builder Electronic Technology, China), and the specific
surface areas were calculated using the Brunauer-
Emmett-Teller (BET) equation. Zeta potential of the
sample was tested on a ZEN3700 Zeta potential analyzer
(Malvern, UK).

1.3 Adsorption removal of BF

For a typical adsorption removal of BF from simulated
waste water, 20 mg Ni3Si;O5(OH), microspheres were
mixed with 50 mL basic fuchsin solution (original con-
centration: 50 mg-L™"). At preset period, 2 mL suspen-
sion was taken from the solution, and the liquid was
monitored by a UV756CRT UV-Vis spectroscope (Yoke
Instrument, China) after solid-liquid separation. The
adsorption capacity of the adsorbents for BF was
evaluated by the following Eq. (1):

g ==l ()
m

where ¢, (mg-g ") is the adsorption capacity at time ¢, ¢,
and ¢, (mg-L™") the original and real-time concentrations
of BF solution, respectively, V' (L) is the volume of the
employed BF solution , and m (g) is the mass of the
employed adsorbent.

2 Results and discussion

21 Compogtion and morphology of NizS,Os(OH),
microspheres

NiCl, and TEOS were used as the raw materials to
synthesize nickel silicates through the urea-assisted
hydrothermal method. The effect of Ni/Si molar ratio on
the phase composition of the products is shown in Fig. 1.
In previous study it was found that the 2 : 1 type nickel
phyllosilicate Ni;Si4O;4(OH), can be synthesized with a
low Ni/Si molar ratio (0.25 : 1), Fig. 1 shows that the
1 : 1 type Ni3Si,05(OH), is easier to form when the Ni/Si
molar ratio is set up to or higher than 0.5: 1, and the
diffraction peak at 26=12.2° which is associated with the
(002) plane of Ni;Si,Os(OH)4, is obviously increased
with the increase of Ni/Si molar ratio from 0.5:1 to
1.5 : 1. Besides this characteristic peak for the layered
structure of Ni3Si;O5(OH),, there is another small
diffraction peak appearing at 26=8.3°, which represents a
larger layer spacing (1.067 nm) than the layer spacing of
Ni;3Si,05(OH), (0.0736 nm), but smaller than that of
Ni3Si4O019(OH), (1.510 nm). It can be considered an
intermediate state transforming from 2 :1 type to 1:1
type layered structure. As shown in Fig. 1, single phase
Ni;Si,05(OH), was obtained with a Ni/Si molar ratio of
1:1. And the further increase of Ni/Si molar ratio
resulted in the formation of NiOOH (JCPDF 06-0141).

Fig. 2 shows the SEM and TEM images of the
Ni;Si,05(OH), hydrothermally synthesized with the Ni/Si
molar ratio of 1:1 in the raw materials. As shown in
Fig. 2(a, b), the Ni3Si,05(OH), microspheres present a
microsphere-shaped morphology with an average dia-
meter of ca. 2.5 um. The magnified SEM image indicates
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Fig. 1
the products hydrothermally synthesized at 210 ‘C for 12 h
with different Ni/Si molar ratios

(@)0.5:1;(b)0.75:1;(c) 1 = 1;(d) 1.25:1;(e) 1.5: 1

Effect of Ni/Si molar ratio on the phase composition of

Fig. 2 SEM and TEM images of the Ni3Si,Os(OH), microsp-
heres hydrothermally synthesized at 210 ‘C for 12 h with

Ni/Si molar ratio of 1 : 1

that these microspheres are porous and assembled by
nanosheets. TEM images further confirm that the porous
microspheres are composed of nanosheets (Fig. 2(c, d)).
In Fig. 2(d), layered structure can be found at the edge of
the nanosheets, which corresponds to the (002) plane of
Ni;S1,05(OH),.

2.2  Textural

microspheres

The N, adsorption/desorption isotherms and the pore
size distribution (PSD) curves of the hydrothermal
products with different Ni/Si molar ratios in the raw

properties of NizSi,O5(0OH),

materials are illustrated in Fig. 3 and Fig. 4, respectively.
The experimental data for specific surface areas, porous
volumes and the average pore sizes are summarized in
Table S1. All of the samples exhibit similar adsorption-
desorption isotherms which can be assigned to type IV
adsorption isotherms with type H2 hysteresis loops,
implying the presence of ink-bottle-like pores. As shown
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Fig. 3 N, adsorption-desorption isotherms of the products
hydrothermally synthesized at 210 ‘C for 12 h with different
Ni/Si molar ratios

(@)0.5:1;(b)0.75:1;(c) 1 : 1;(d) 1.25:1;(e) 1.5: 1
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Fig. 4 Pore size distribution derived from desorption (a) and
adsorption (b) branch of the isotherm of the products
hydrothermally synthesized with different Ni/Si molar ratios
(a1, by) 0.5 : 15 (a2, by) 0.75 : 15 (a3, b3) 1: 15 (as, by) 1.25 1 1; (as, bs)
1.5:1

in Table S1, the BET surface areas were significantly
affected by Ni/Si molar ratio in the raw materials. With
the increase of Ni/Si ratio from 0.5 : 1 to 1.5 : 1, the BET
surface areas decreased successively from 139.4 m* g’
t0 95.5 m>g .

For the materials with small mesopores (pore diameter
2—10 nm), the tensile strength effect (TSE) during the
adsorption measurements could significantly affect the
adsorption isotherm, and therefore leading to incorrect
assessment of PSD when the BJH model was applied to
the desorption branch of the isotherm. Instead, the adso-
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rption branch is hardly affected by the TSE phenomenon
and is preferred for pore size calculations as pointed out
in the literature!*"’. In this study, the desorption branch
and the adsorption branch were both adopted to analyze
the PSD as shown in Fig. 4. The desorption branch
indicates that all products have dominant mesopores
centered at about 4.1 nm, which is completely different
as compared to the results obtained from the adsorption
branch. This large difference should be attributed to the
TSE phenomenon, which leads to the misinterpretation
of the PSD derived from the desorption branch. In fact,
the prominent peak observed around 4.1 nm is not the
real porous property. Wide PSD, especially in the range
from 20 to 100 nm, is observed for all products
according to the adsorption branch. This is in good
agreement with the SEM and TEM images, in which
piled pores produced by the assembly of nanosheets can
be found.
2.3 Effect of alkali source on the formation of
Ni3Si,Os(OH), microspheres

To better understand the effect of urea on the form-
ation of the Ni;Si,Os(OH), microspheres, various alkali
source and different adding amount of urea were em-
ployed for the hydrothermal synthesis. XRD patterns and
SEM images of the products are shown in Fig. 5. Without
alkali addition, there was no solid product obtained after
the hydrothermal reaction. The addition of ammonia,
sodium hydroxide and urea can render the formation of
Ni;Si,05(OH)4. The reaction is considered as the follo-
wing Eq. (2):

2(C,H;0),Si+3Ni*"+60H +3H,0—~
Ni;S1,05(OH),+8C,HsOH 2)

Thus, alkaline condition is necessary for the formation of
the product. Fig. 5 shows that the morphologies of the
products vary dramatically with different alkali sources.
When ammonia was used, the product was mainly com-
posed of porous near-spherical particles with the dia-
meter less than 1 um. In comparison, the use of sodium
hydroxide resulted in the formation of dense irregular
blocks. It shows that mild alkali environment is condu-
cive to the formation of porous structure. The presence of
urea in the hydrothermal process can also provide mild
alkali environment as the situation in ammonia, because
its decomposition in aqueous solution leads to the release
of CO, and NHj into the system. NHj; can easily dissolve
into water, generating NH; and OH™ ions. In this basic
aqueous solution, TEOS reacts with Ni** and OH " ions to
form Ni3Si,05(OH),. Yet there are two differences com-
pared with that using ammonia directly. Firstly, OH ions
were gradually released with the decomposition of urea.
It did not cause the rapid formation of abundant crystal
nucleus, and larger particles would be gradually formed

(a) NisSi:0s(OH)s  JCPDF 49-1859

Intensity / (a.u.)
z &

Fig. 5 Effect of alkali source on composition and morphology
of the products

(a1, b) Ammonia, 26.6 mmol; (a,, ¢) Sodium hydroxide, 26.6 mmol; (as,
d) Urea, 3.33 mmol; (a4, e) Urea, 6.66 mmol; (as, f) Urea, 20.0 mmol

by the subsequent crystal growth. On the other hand, the
presence of CO, bubbles in the solution can be hetero-
geneous nucleation centers according to the previous
reports’>?*!. Ni;Si,05(OH), tends to aggregate together
around the CO, bubbles and self-assemble into larger
particles, resulting in the porous structure of the final
products. It was found that SiO, particles formed on the
surface of the microspheres under the conditions of low
temperature or short time hydrothermal treatment, as
revealed in the synthesis of Ni3Si4010(OH)2[20]. It is
considered that besides the reaction shown in Eq. (2),
base-catalyzed hydrolysis of TEOS takes place with the
gradually decomposition of urea,
formation of SiO,. As the
completion, the concentration of OH ions is thereby

leading to the
reaction approaches

increased. Then the SiO, formed through the hydrolysis
of TEOS is etched under this elevated alkaline condition.
Based on the above analysis, the possible formation
mechanism is illustrated in Fig. 6.

As shown in Fig. 5(f), the hydrothermal product turns
to be dense irregular blocks with the amount of urea
increasing to 20.0 mmol. Besides, its composition is
different from the other samples. The disappearance of
the diffraction peak at 26=12.2° can be detected in Fig.
5(as), and it obviously shifts to low diffraction angle.
This sample is more likely composed of Ni;SizO;o(OH),,
indicating that excessive urea makes more TEOS
participate in the reaction.
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Fig. 6 Schematic illustration for the formation of Ni3Si,Os(OH), microspheres

2.4 Adsorption of BF on Ni3Si,Os5(OH)s mic-
rospheres

The as-synthesized Ni;Si,05(OH)4 microspheres were
applied as adsorbent for the removal of BF from simu-
lated waste water. BF is a kind of cationic dye with the
molecular structure as shown in Fig. 7(a). Ni3Si,0s(OH),
microspheres are negatively charged according to the
Zeta potential measurements as shown in Fig. 7(b). Thus,
charge-charge interaction contribute to the adsorption of
BF on Ni;Si,05(OH)4 microspheres. At different pH, the
variations of the adsorption rate and adsorption capacity
as a function of contact time with the Ni3Si;Os5(OH),
microspheres dosage of 20 mg in a 50 mg-L™" solution
(50 mL) are displayed in Fig. 7(c). Obviously, the
amount of adsorbed BF increased with the contact time
increasing and then reached equilibrium. In the first
5 min, the removal efficiency ((1-c/c)*100%) was up to
63.2%, 69.0% and 76.8% at pH=4, 7 and 9, respectively,
representing a quite rapid adsorption rate at the begin-

@

“NH,

h @
O Z Cr

NH,

1.0/ ©

hd T
0 0 30 60 90 120 150 180
t/ min

ning of the contact between BF and the adsorbent. The
increase of adsorption rate with the increase of pH can be
attributed to the higher negative charge. After the first
5 min, the adsorption was significantly getting slow and
gradually reached equilibrium. The ultimate adsorption
capacity within 180 min was calculated to be 98.3, 120.7
and 111.5 mg-g ' at pH=4, 7 and 9, respectively. The fast
adsorption at the initial stage might cause pore structure
block, resulted in the decrease of adsorption capacity at
pH=9.

The adsorption performances of the samples with
different Ni/Si molar ratios are shown in Fig. 7(d). As
aforementioned, the product was composed of
Ni3Si401¢(OH), when the Ni/Si molar ratio was 0.25 : 1,
and its ultimate adsorption capacity within 180 min was
100.8 mg-g . With the increase of Ni/Si molar ratio, the
adsorption capacity was greatly increased higher than
120 mg-g"' for the samples (Ni/Si molar ratio of 0.5 and
0.75), which was a very similar performance as on the sample

-10

Zeta potentical / mV

A
S

pH

0 L 1 1 hd hd I hd
0 30 60 90 120 150 180
t/ min

Fig. 7 Molecular structure of BF (a), Zeta potential of Ni;Si,Os(OH), microspheres (Ni/Si molar ratio of 1 : 1)
(b), variation of the adsorption rate and capacity with adsorption time at different pH (Ni/Si molar ratio of 1 : 1)
(c), and effect of Ni/Si molar ratio on the adsorption performance (d)
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(Ni/Si molar ratio of 1:1) (Fig.7(c)). It shows that
Ni3Si,05(OH)4 possesses better adsorption property than
Ni;3Si4019(OH),. With the further increase of Ni/Si molar
ratio to 1.25 and 1.5, the adsorption capacity was
significantly decreased, which might be ascribed to the
change in phase composition and the decrease of surface
area as found by the XRD and BET measurement.

The adsorption kinetic for BF on Ni;Si,05(OH), mic-
rospheres was also investigated. Two typical kinetic mo-
dels, the pseudo-first-order (PFO) and pseudo-second-
order (PSO) were applied to fit the adsorption data
obtained from the time-dependent experiments. The
linear fitting results are shown in Fig. S1, and the kinetic
parameters as well as the determination coefficients (R%)
obtained by linear regression are listed in Table S2. The
R* was as high as 0.9979, and meanwhile the calculated
g. (118.5 mg-g ') was very close to the experimental
value (120.7 mg-g '), indicating that the PSO model was
suitable to describe the adsorption kinetic of BF on
Ni3Si,05(OH)4 microspheres.
considered a chemical adsorption process.

To give better insight into the removal efficiency of
BF on Ni;Si,05(OH), microspheres, comparison with the
results in the literature using other adsorbents is made

Therefore, it can be

and the results are shown in Table S3. Various materials
have been used as the adsorbents for the removal of BF
from solution, including modified clay, molecular sieves,
polymers, oxides/hydroxide, and many of them are com-
posite materials. Table S3 reveals that Ni;Si,Os(OH),
microspheres have a higher adsorption capacity than
many adsorbents reported in recent years. Besides, they
are also competitive in view of the simple preparation
process. As comparison, Ni3Si,Os(OH), was also pre-
pared by using SiO, templates according to the litera-
191 and applied as adsorbent for BF removal. Under
the same condition, its adsorption capacity was 101.0 mg-g ',
less than that on the Ni3Si,O5(OH), microspheres in this
study. As layered silicates, Ni3;Si,0s(OH)4 microspheres
have a much higher adsorption capacity than layered clay
derived materials, such as alkali-activated diatomite,
hydroxy-aluminum pillared bentonite, iron-manganese
oxide coated kaolinite. A negative charge on the surface
of the adsorbents is very beneficial for the adsorption of
cationic dyes. And the pore structure and surface area
also have significant effects on the adsorption capacity.
In natural clays, the high negative charged framework is
mainly balanced by alkali and alkali-earth cations, which
limits the adsorption of cationic dyes. In hydroxy-
aluminum pillared bentonite, the alkali and alkali-earth
cations were replaced by inorganic hydroxy-metal poly-
cations, bringing about lower surface potential and there-
fore contributing to the increase in adsorption capacity.

ture

Ni3Si,05(OH),; microspheres exhibited more negative
Zeta potential comparing with hydroxy- aluminum pill-
ared bentonite and iron-manganese oxide coated kao-
linite, indicating a stronger charge-charge interaction
with BF. Furthermore, the hierarchical porous structure
of Ni;Si,05(OH), microspheres rendered a much larger
pore volume than hydroxy-aluminum pillared bentonite
and alkali-activated diatomite.

The adsorption capacity of BF on Ni;Si,O5(OH),
microspheres as function of the BF concentration in the
solution at equilibrium conditions was investigated, and
the Langmuir and Freundlich isotherm models were used
to analyze the experimental data for the understanding of
the adsorption mechanism. The experimental data of C,
and ¢. are plotted in Fig. S2 and fitted according to the
Langmuir and Freundlich isotherm models. The fitting
parameters are listed in Table S4. As shown, when fitted
with Freundlich model, the determination coefficient R
was 0.9919, much higher than that fitted with the Lang-
muir model(R* =0.7920), which revealed that the adso-
rption of BF on Ni3Si,05(OH)4 microspheres was more
consistent with the theory of multilayer adsorption. The
I/n value was 0.1678, indicating that the surface was
heterogeneous™ and the adsorption strength was strong.

3 Conclusions

When NiCl, and TEOS are used as the raw materials
to prepare nickel phyllosilicate microspheres by the
urea-assisted hydrothermal method, the Ni/Si molar ratio
has a significant impact on the composition of the
products. The suitable adding amount of TEOS is in
excess of 50% than the stoichiometry of Ni3Si,Os(OH),
to obtain pure-phase product. Compared with other alkali
source, urea contributes to the assembly of the hier-
archical porous microspheres because of the gradual
release of OH ™ ions and the CO, bubbles as soft-template.
Ni3Si1,05(0OH)4 microspheres have been proved to be an
efficient adsorbent for removal of BF. The highly nega-
tive Zeta potential and the large pore volume are believed
to be the significant factors for the strong adsorption
strength and high adsorption capacity.

Suppporting Materials

Supporting materials related to this article can be
found on the https://doi.org/10.15541/jim20210063.
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Fig. S1 Linear regression with pseudo-first-order (PFO) (a)
and pseudo-second-order (PSO) (b) kinetic models

BF solution: 50 mg~L’l, 50 mL; Ni3Si,05(OH), micro-
spheres (Ni/Si molar ratio of 1:1):20 mg. The linear
regression equations for PFO and PSO models are
expressed as Eqgs. (1) and (2), respectively. In the
equations, ¢, (mg-g ') is the adsorption capacity at the
corresponding time ¢ (min) obtained from the experi-
ments. And g, (mg-g '), k; and k, (g-mg '-min") are the
fitting parameters, among which ¢. refers to the calcu-
lated equilibrium adsorption capacity

kit

lg(q, —q,)=1gq, —— S1

g(g. —q,) =1gq. 2303 (SD
L: IZ_L (S2)
q; kzqe e

The Langmuir and Freundlich isotherm models are
expressed as Egs. (3) and (4), respectively. In the equa-
tions, C, (mg-L ") and ¢, (mg-g') are the concentration
of the adsorbate in solution and its amount on the adsor-
bent at equilibrium, respectively. For Langmuir isotherm
model, ¢, (mg-g") is the theoretical maximum adsorption
capacity corresponding to entire monolayer adsorption,
and b (L'mg") is the equilibrium constant connected
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Fig. S2 Adsorption isotherms of BF on the Ni;Si,Os(OH),
microspheres fitted with the Langmuir (a) and Freundlich (b)
isotherm models

with the energy of adsorption. For Freundlich isotherm
model, which indicates the nonideal multilayer adsor-
ption on active sites with nonuniform distribution of
adsorption heat and affinities throughout the hetero-
geneous surface, Ky and 1/n are the isotherm constants,
representing the adsorption capacity at unit concentration
and the adsorption strength, respectively.
_ 4G

= S3
¢ 1+bC, (53)

q. = K:C'" (S4)

Table S1 Textural properties of the products

Ni/Si molar SBET Pore volume Average pore

ratio /(m?-g ™) /(em®-g™") diameter/nm
0.5:1 139.4 0.884 6.00
0.75:1 128.2 0.511 5.58
1:1 119.6 0.673 5.90
1.25:1 101.1 0.426 5.86
1.5:1 95.5 0.564 8.68
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Table S2 Adsorption kinetic model parametersfor the adsor ption of BF on the Ni;Si,O5(OH)4 microspheres

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

qe,exp
(mgg) g admgg™) ky/min”! R Gecad/(mg-g")  ko/(mg-g ' -min") R
120.7 55.2 0.0483 0.8526 118.5 0.0051 0.9979

Table S3 Comparison of the adsor ption capacities for BF on various adsor bents

Initial concen-

Adsorption Maximum adsor-

Adsorbents tration of BF equilibrium  ption capacity Ref.
solution/(mg-L™")  time/min /(mg-g™")
Alkali-activated diatomite 15 30 4.85 [1]
(Acrylamide-co-sodium methacrylate )-grafi-chitosan gel 125 180 6.1 [2]
p-cyclodextrin-carboxymethyl cellulose-graphene oxide composite 100 150 6.5 [3]
Hydroxy-aluminum pillared bentonite 100 10-15 6.6 [4]
Iron-manganese oxide coated kaolinite 40 50 8.16 [5]
Copper vinylphosphonate 30 150 19.29 [6]
Fe-ZSM-5 20 240 25.8 [7]
[S-cyclodextrin-styrene-based polymer 50 180 29.6 [8]
CoFe,04,-HA-ECH 33.8 30 31.3 [9]
Magnetic chitosan/graphene oxide 50 70 32.8 [10]
Activated carbon/ferrospinel composite 100 60 49.9 [11]
Al-MCM-41 60 240 54 [12]
Ba(B,Si,0g) microspheres 30 240 58.0 [13]
NiFe,04/polythiophene nanocomposite 50 30 76 [14]
Ni;Si,05(0OH), 50 180 120.7 This work
Table S4 Corresponding fitting parameters originated from the non-linear regression by
using Langmuir and Freundlich isotherm models
Langmuir isotherm model Freundlich isotherm model
gm/(mg-g™") b/(L-mg™) R’ ks 1/n R’
176.7 4.7474 0.7920 104.9 0.1678 0.9919
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