Chemical Engineering Journal 265 (2015) 228-238

Chemical Engineering Journal

Contents lists available at ScienceDirect

Chemical
Engineering
Journal

journal homepage: www.elsevier.com/locate/cej

A simple hydrothermal approach to modify palygorskite
for high-efficient adsorption of Methylene blue and Cu(Il) ions

@ CrossMark

Wenbo Wang *¢, Guangyan Tian *°, Zhifang Zhang *°, Aiqin Wang *<*

@ Center of Eco-materials and Green Chemistry, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, PR China
b University of the Chinese Academy of Sciences, Beijing 100049, PR China
“R&D Center of Xuyi Attapulgite Applied Technology, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Xuyi 211700, PR China

HIGHLIGHTS
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« This provides a new approach to
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performance adsorbent.
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ABSTRACT

Silicate materials have been frequently used as stable, low-cost and efficient adsorbents for the removal of
dyes and heavy metal ions from aqueous solution. Herein, at the aim of designing new adsorbent with
higher adsorption capacity, natural palygorskite (PAL) was modified via a one-step hydrothermal process
by introducing sodium silicate and magnesium salts. The effect of Si/Mg dosage ratio on the structure and
physico-chemical features of the adsorbent was investigated, and its adsorption capability for Methylene
blue (MB) and Cu(Il) ions was intensively evaluated. It was found that Si/Mg dosage ratio is the key to con-
trol the adsorption properties of the adsorbent. The active magnesium silicate could be formed around PAL
at the moderate Si/Mg dosage ratio, and even the undesirable quartz impurities without adsorption activ-
ity in the natural PAL minerals may transform as amorphous magnesium silicate with higher adsorption
activity in this process. The adsorbent shows greater BET specific surface areas (407.3 m?/g), ideal surface
charge distribution and superior adsorption capacity to MB and Cu(II) ions, with the maximum adsorption
capacity of 527.22 mg/g for MB and 210.64 mg/g for Cu(Il) ions at the Si/Mg dosage ratio of 2:1. The MB
molecules and Cu(Il) ion could be almost completely removed from 100 mg/L of MB solution and
25 mg/L of Cu(II) solution by the adsorbent, respectively, which is far away higher than that of raw PAL.
The electrostatic attraction, ion exchange and chemical association of -Si-O~ groups contribute to the
enhanced adsorption for MB or Cu(Il) ions.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Large amounts of toxic weakly biodegradable dyes and heavy
metal ions discharged from the textile, rubber, plastic and electro-
plate industries arouse a detrimental risk to human health, living
organisms and ecosystem, and so their removal from wastewater
by an ecological and efficient method becomes urgent and the cor-
relational researches have attracted worldwide concerns [1-3].
Among numerous methods, adsorption has been especially con-
cerned as an economic, effective method to remove pollutants
because of its incomparable advantages, e.g., low cost, ease of oper-
ation, high resistance towards toxic chemical compounds in water,
and the flexibility of structure design of adsorbent [4-9]. Undoubt-
edly, adsorbents are the core of adsorption technique, and the
desirable adsorbents would be highly efficient, stable, low-cost,
non-toxic and environmentally compatible.

Silicates, as the materials of “greening 21st century material
world” [10], have found extensive applications as naturally avail-
able low-cost adsorbents [11-13]. Palygorskite (PAL) is a special
one-dimensional nanorod-like silicate with a 2:1 ribbon-layer
structure composed of two continuous tetrahedron sheets and
one discontinuous octahedron sheet [14]. The abundant resource,
nanorod-like morphology, higher stability and plentiful nanopor-
ous feature of PAL endow it with inherent advantages to be devel-
oped as a variety of promising adsorbents for removing dyes
[5,9,15], heavy-metals [4,7,16,17] and other organic pollutants
[8,18]. It could be predictable that the PAL-based adsorbents will
be stable, safe, low cost, and non-toxic. More importantly, such
adsorbents do not induce the risk of secondary pollution (i.e., the
usage of some organic adsorbents may induce the increase of
COD in water). However, the adsorption capability of natural PAL
is usually limited, which must be moderately modified to reach a
satisfactory adsorption capability before using as an adsorbent.

The modification of PAL by various physical or chemical meth-
ods has been engaged considerable efforts in both academic and
industrial areas. The physical grinding treatment of PAL may
enhance its adsorption capacity for Methylene blue (MB) by disag-
gregating the crystal bundles and exposing more surface groups
[15]. The thermal treatment may remove the water molecules in
the tunnel of PAL and break the Si-O-M bonds to enhance the
adsorption capacity for MB [19]. The moderate acid activation
may create “cavity sites” in PAL and thus enhance the adsorption
capacity for Cu(ll) [19]. The organification modification of PAL
may enhance its adsorption for anionic dye by altering surface
charges [20]. It could be summarized from previous researches that
the main principle of enhancing the adsorption capacity is that the
inert Si-O-Si or Si-O-M bonds in the crystal were broken, and
many active -Si-O~ groups or exchangeable cations could be gen-
erated, which may increase the exchange and association capability
of PAL with absorbates. That is to say, to adjust the crystal structure
and surface feature of PAL are extremely important to design and
fabricate new adsorbents with excellent adsorption properties.

The hybrid methods, including organic-inorganic and inor-
ganic-inorganic hybrids, are commonly recognized as a very effec-
tive strategy to produce new materials superior to either of the
components. The organic-inorganic hybrid method has been fre-
quently employed to fabricate the adsorbents for wastewater
treatment [8,9]. However, the usage of organic matter in such
material always cannot get rid of the risk that the organic compo-
nent may be leaked to the water and induced the secondary pollu-
tion. Thus, the hybrid silicate materials derived from natural clay
and synthetic silicate will be safer and potential because they not
only combine the advantages of each component, but also exhibit
some desirable features, e.g., excellent stability, non-toxicity and
compatibility.

Magnesium silicates have unique structure, ion exchange and
adsorption properties, and are developed as the ideal absorbents
in many fields, such as water purity [21]. In particular, the cat-
ion-exchange and negatively charged features of the hybrid mate-
rial containing magnesium silicate allow it to be applied for the
separation and recovery of toxic heavy metal ions or dyes from
contaminated water [21,22]. Hydrothermal treatment may induce
the evident enhancement of performance by slightly changing the
crystal structure [23]. It is possible to create new adsorption sites
and enhance adsorption properties by the hydrothermal modifica-
tion of PAL with silicate and magnesium salts, but rare research
concerns on this subject.

Herein, we report a simple hydrothermal approach to modify
PAL with sodium silicate and magnesium salts for preparing an
adsorbent with excellent adsorption performance and eco-friendly
characteristic. The morphology, structure and composition of the
obtained adsorbents were fully investigated by Fourier transform
infrared spectra (FTIR), scanning electronic microscope (SEM),
transmission electronic microscope (TEM), X-ray diffraction
(XRD) and X-ray fluorescence (XRF) techniques. In addition, the
adsorption properties of the adsorbent were investigated using
MB and Cu(lIl) ions as the model pollutants.

2. Experimental
2.1. Materials

Palygorskite (PAL) clay mineral was produced from Gaojiawa
Mine located at Xuyi county of Jiangsu province, China, which
was pretreated by rolling for one times. Methylene blue (MB, A.R.
grade) and copper sulfate pentahydrate (CuSO4-5H,0) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Magnesium sulfate heptahydrate (MgS04-7H,0, A.R. grade),
sodium metasilicate nonahydrate (NaSiO3-9H,0, A.R. grade) and
Neocuproine Hemihydrate (A.R. grade) were purchased from Alad-
din Reagent Inc. (Shanghai, China). All other reagents are of analyt-
ical grade and all solution was prepared with deionized water.

2.2. Modification of PAL with silicon- and magnesium salts

Pretreated PAL powder (1.8 g) was dispersed in 30 mL of aque-
ous solution containing Na,SiO3-9H,0 (7.8 g) to form a homoge-
neous suspension, and then 20mL of aqueous solution of
MgS0,4-7H,0 (the mass was controlled according the Si/Mg dosage
ratio of 1:0, 3:1, 2:1, 1:1, 1:2, and 1:3) was added dropwise to the
resultant suspension under continuous stirring. The white solid
was gradually formed. Finally, the mixture was transferred into a
Teflon Tank, sealed and reacted at 180 °C for 24 h. The reaction
parameters including solid/liquid ratio, temperature and reaction
time were optimized and discussed in the Supporting materials.
In this paper, effect of the Si/Mg dosage ratio was mainly studied
based on the optimal reaction parameters (reaction temperature,
180 °C; reaction time, 24 h; solid/liquid ratio, 1:33).

2.3. Adsorption experiments

Batch adsorption experiments were performed by contacting
0.025 g of adsorbents with 25 mL of MB (or Cu(Il) ion) solution in
a thermostatic shaker (THZ-98A) at 120 rpm and 30 °C to reach
adsorption equilibrium. The solution was rapidly separated from
the adsorbent by a 0.22 pum filter. The concentration of MB solution
before and after adsorption was analyzed by determining the
absorbance of the solution at the maximum wavelength of
664 nm using a UV-vis spectroscopy. The concentration of Cu(Il)
solution before and after adsorption was determined by a ICP
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plasma emission spectrometer (iACP 6300, Thermo Fisher, USA).
The adsorption capacity of the adsorbents for MB (or Cu(lIl) ions)
can be calculated by the following Eq. (1):

q=(Co—Ce) V/m (1)

where ¢ is the amount of MB (or Cu(Il) ion) adsorbed by per unit
mass of adsorbent at time t (q,, mg/g) or at equilibrium (qe, mg/g),
V is the volume of MB (or Cu(ll) ions) solution used (mL), Co and
C. are the initial and final concentration of MB (or Cu(lII) ions) solu-
tion (mg/L) and m is the mass of adsorbent (mg). In current work, a
set of MB solutions with the concentrations of 100-1500 mg/L (pH
7) were adopted to investigate the adsorption isotherms for MB. A
set of Cu(ll) solutions with the concentrations of 50-1200 mg/L
(pH 5) were adopted to investigate the adsorption isotherms for
Cu(Il) ions. The MB solution with initial concentration of 500 mg/L
and the Cu(Il) solution with initial concentration of 200 mg/L were
used to evaluate the effect of pH values (from 2 to 7 for MB and 2 to
5 for Cu(Il)) on the adsorption.

The adsorption kinetics was determined according to the fol-
lowing procedure: 25 mL of the MB solution (pH 7; initial concen-
trations, 100 and 800 mg/L) or Cu(Il) solution (pH 5; initial
concentrations, 50 and 200 mg/L, respectively) was fully contacted
with 25 mg of adsorbent, and then the solution was separated by
filtering at different intervals (5-120 min for MB and 5-180 min
for Cu(Il)). The adsorption amount of the adsorbent for MB (or
Cu(Il)) could be determined and calculated by the method
described above. All experiments were parallel carried out for
three times, and the averages are reported.

2.4. Characterizations

The surface morphology of samples was observed using a field
emission scanning electron microscope (FESEM, J[SM-6701F, JEOL,
Ltd.) after the samples were fixed on copper stubs and coated with
gold film. TEM image was observed using a JEM-1200 EX/S trans-
mission electron microscope (TEM) (JEOL, Tokyo, Japan). The XRD
patterns were performed on an XPert PRO diffractometer
equipped with a Cu Ko radiation source (40 kV, 40 mA). FTIR spec-
tra were recorded on a Thermo Nicolet NEXUS TM spectrophotom-
eter in the range of 4000-400cm™' using a KBr platelet. The
specific surface area was measured on ASAP 2010 analyzer
(Micromeritics, USA) at 77 K by determining the N, adsorption-
desorption isotherms. The values of specific surface area (Sggr)
were calculated by the BET equation. The total pore volumes (Viotar)
were obtained from the volume of liquid N, held at the relative
pressure P/Py = 0.95. The micropore volume (Vo) Was estimated
by the t-plot method. The chemical composition was determined
using a Minipal 4 X-ray fluorescence spectrometer (PANalytical,
Netherland). Zeta potentials were measured on a Malvern Zetasizer
Nano system with irradiation from a 633 nm He-Ne laser
(ZEN3600). The aqueous suspension (0.5%, w/v) for measurement
was prepared by dispersing the samples into de-ionized water
using a high-speed stirring at 10,000 rpm.

3. Results and discussion
3.1. FTIR spectra analysis

The FTIR spectra of PAL and the adsorbents are shown in Fig. 1.
As can be seen, the absorbance band of PAL at 3548 cm™! (stretch-
ing vibration of (Fe/Mg) O-H and (Al/Mg) O-H) disappeared and
the band at 1196 cm™! (stretching vibration of Si-O-Si groups con-
nected two reverse tetrahedrons) become weaker (Fig. 1b) after
being modified with Na,SiOs3 (Si/Mg dosage ratio is 1:0), which
implies that the ribbon-layer structure of PAL crystal was changed

during hydrothermal reaction in the presence of Na,SiOs; [24].
Simultaneously, the band of carbonate at 1455 cm™! (ascribed to
dolomite) (Fig. 4a) becomes weaker, and shifts to 1398 cm™!
(ascribed to calcite) (Fig. 1b) after reaction, indicating that the
dolomite-type carbonates participate in the reaction. The new
band appears at about 3680 cm ™! (the Mg;0-H stretching vibra-
tion) when the Na,SiO; and Mg?* ions were simultaneously intro-
duced, and the same band at 3679 cm™! also appeared in the FTIR
spectrum of neat magnesium silicate (Fig. S1, see Supporting mate-
rials), which confirms the formation of magnesium silicate com-
plex. At the same time, the absorbance band of SiO, at 793 cm™!
was clearly weakened after reaction, and almost disappeared at
the Si/Mg dosage ratio of 2:1. It means that the inert SiO, impurity
that is associated with PAL reacted with Mg?* ions to form the
magnesium silicate with certain adsorption activity. The H-O-H
bending vibration band at 1653 cm™!, ascribed to the adsorbed
water, zeolite water and coordination water in PAL, shifts to
1640 cm™! (Si/Mg dosage ratio, 2:1), 1639 cm™! (Si/Mg dosage
ratio, 1:1), 1640 cm™' (Si/Mg dosage ratio, 1:2), 1642 cm™! (Si/
Mg dosage ratio, 1:3), which reveals that the existence of more
Mg?* ions in the adsorbent may be helpful to intensify the interac-
tion of water molecules with the PAL.

3.2. SEM and TEM analysis

Fig. 2 shows the typical SEM and TEM images of the adsorbents
prepared at different Si/Mg dosage ratios. It is obvious that the
number of PAL nanorods reduced and the surface of rod becomes
coarse after hydrothermal reaction with Na,SiOs (Fig. 2a). Many
longer rods are broken as short rods or particles, and some amor-
phous or plate-shape matters could be observed. This reveals that
ribbon-layer structure of PAL may be broken and transformed as
amorphous matters in the alkali solution of Na,SiO3 [25]. When
the Si/Mg dosage ratio increases to 2:1, the breakage of rods is
slightly alleviated, and many amorphous matters (as confirmed
by XRD analysis) are formed around rods to form a hybrid material,
which may be due to the formation of magnesium silicate after
introducing Mg?* ions (Fig. 1b and f). With further increasing the
Mg/Si dosage ratio to 1:1, the PAL nanorods have no obvious
change, and they are embedded within the plate-shape or amor-
phous matters (Fig. 1c and e). This reveals that the increase of
Mg?* dosage is favorable to restrain the breakage of PAL nanorods,
and the amorphous magnesium silicate can be in situ formed. The
fragment of amorphous matters obviously increased with further
increasing the Mg/Si dosage ratio to 2:1. The TEM image also
shows the coexistence of sheet-shape silicate with the PAL rods.
At the ratio of 1:1, the PAL rods are dominant; while the sheet-
shape crystals are dominant at the Si/Mg dosage ratio of 2:1. The
coexistence of sheets and rods may be favorable to the adsorption
properties.

3.3. XRD analysis

The XRD analyses also give the similar results with SEM and
TEM observation for the change of microstructure. As can be seen
from Fig. 3, after modified with Na,SiOs, the (110) diffraction peak
at 20=8.50° (d=1.0390 nm) obviously weakens and shifts to
20 =8.36° (d =1.0564 nm) [26]. Meanwhile, the (200) diffraction
peak at 20 =13.86° and the (240) diffraction peak at 20 = 24.38°
disappeared. The new peaks, ascribed to the diffraction peak of
analcite, appear at 26 = 16.04° and 26.19°. This reveals that the rib-
bon-layer structure of PAL was damaged to form a new crystal
phase (Fig. 3b), which is consistent with the SEM and TEM results.
With increasing the Si/Mg dosage ratio to 3:1 and 2:1, the (110)
diffraction peak of PAL, the characteristic peak of quartz
(20 =26.87°) and the characteristic peak of dolomite (20 =31.16°)
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Fig. 1. FTIR spectra of raw PAL (a) and the adsorbents with different Si/Mg dosage ratio of (b) 1:0, (c) 2:1, (d) 1:1, (e) 1:2, (f) 1:3.

disappeared; while the intensity of diffraction peak of calcite
(20 = 29.59°) slightly increased. Besides, no other peak of new crys-
tal phase could be observed. This reveals that most of the PAL crys-
tal was transformed as an amorphous state, and dolomite
(CaMg(CO3),) participates in the reaction by transforming as cal-
cite (CaCOs). The disappearance of peak of quartz means that the
inert SiO, impurity may also be transferred as active amorphous
magnetism silicate with better adsorption activity. This result is
encouraging because it may transform un-desirable quartz impu-
rity to a desirable adsorption component (Fig. 3¢ and d).

The XRF results (Fig. 4) may confirm the formation of magne-
sium silicate during hydrothermal reaction (the Mg content was
clearly increased), but the diffraction peaks of Mgs3Si,O5(OH),
(JCPDS No. 52-1562) are absent in the diffraction pattern of the
adsorbent, which may be related to the imperfect crystallinity
degree of the adsorbent. With increasing the dosage of Mg?"* ions,
the (110) peak was observed again, but its intensity is obviously
lower than that of raw PAL, which implies the crystallinity of PAL
decreased. Simultaneously, the peak of quartz appeared again,
but the intensity is obviously lower than that of raw PAL
(Fig. 3e-g). This means that the excessive Mg?* ion is adverse
to the transformation reaction of PAL and quartz. Meanwhile,
the new crystal phase of magnesium silicate was observed at
20 =25.52° for the sample with Si/Mg dosage ratio of 1:2 and
1:3, indicating that the enough Mg?* ions in the reaction system
is favorable to increase the crystallinity of magnesium silicate.

3.4. XRF analysis

As shown in Fig. 4, the MgO content was slightly decreased after
treated PAL with aqueous solution of Na,SiO3, which confirms that
the Si-O-Mg bonds may be broken and the partial Mg?* ions was
leached (Fig. 4a). With increasing the dosage of Mg?* ions (the dos-
age of SiO3~ is fixed), the MgO content was sharply increased,
which reaches 15.61%, 18.75%, 28.97%, 28.66% and 28.48% for the
samples with Si/Mg dosage ratio of 3:1, 2:1, 1:1, 1:2 and 1:3,
respectively. The MgO content does not increase further with
increasing the Mg?* dosage (i.e., the Si/Mg dosage ratio is 1:2 and

1:3). This confirms that the Mg?* ions reacted with Na,SiO5 to form
magnetism silicate. The content of SiO, and Al,03 decreased with
increasing the dosage of Mg?*. The Al,05 in the adsorbent is mainly
derived from PAL. With increasing the dosage of Mg?" ions, the
ratio of the magnesium silicate in the adsorbent increased, and
so the content of Al,O3 certainly decreases.

3.5. N, adsorption—desorption isotherm

The N, adsorption-desorption isotherms of the adsorbents
were determined at 77 K and are shown in Fig. 5. As described pre-
viously, the isotherm of raw PAL can be classified as Type-II accord-
ing to IUPAC classification with the H3-type hysteresis [27,28]. The
modified PAL with only Na,SiO3 (without adding Mg?* ions) also
shows a Type-II isotherm with H3 hysteresis. The adsorption
amount of N, for the modified PAL gradually increases with
increasing the relative pressure in the region of P/Py < 0.40, and
the adsorption and desorption curves are overlapped in this region,
with the N, adsorption amount of 39.8 cm?/g, which reveals the
presence of little micropores and monolayer adsorption. The
adsorption amount of N, was sharply increased at P[Py > 0.4 due
to the capillary of N, in the mesopores (and/or macropores) and
its multilayer adsorption on the mesopores and macropores, and
H3-type hysteresis at relatively higher pressure was observed,
indicating the existence of mesopores and/or macropores [27,29],
and the pores in the adsorbents are narrow slit-like pores or aggre-
gates of plate-like particles [30].

After introducing Mg?* ions during reaction, the shape of the
isotherm is different from that of raw PAL. The hysteresis loops
at the relative pressure higher than 0.4 becomes wide for the
adsorbent with Si/Mg dosage ratio of 2:1, but become narrow for
1:1 and 1:2, indicating that the adsorbents have different pore size
distribution or pore morphology. The specific surface area of the
adsorbent with Si/Mg dosage ratio of 2:1 is much higher than that
of raw PAL.

The pore size distributions (PSD) of mesopores in the adsor-
bents were calculated by BJH (Barret-Joyner-Halenda) method
from the adsorption branches (Fig. 6). The resultant pore size dis-
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Fig. 3. XRD patterns of raw PAL (a) and modified PAL with different Si/Mg ratio of
(b) 1:0, (c) 3:1, (d) 2:1, (e) 1:1, (f) 1:2, (g) 1:3.

tribution curve of the modified PAL with Na,SiO3; from the BJH
method (Fig. 6) mainly exhibits two peaks: one is at 3.42 nm,
which can be assigned to the close-packed PAL nanoparticles;

Fig. 2. The SEM (a-d) and TEM (e, f) images of the adsorbents with Si/Mg dosage ratio of (a) 1:0, (b)2:1, (c) 1:1, (d) 1:2, (e) 1:1 and (f) 2:1.

another is at about 11.18 nm, which can be attributed to the aggre-
gation of PAL particles [31]. The first peak was shifted to 3.65 nm,
3.47 nm and 3.41 nm for the adsorbents with Si/Mg dosage ratio of
2:1, 1:1 and 1:2, respectively. The total pore volume at this pore
size increased, which reaches the maximum value at the Si/Mg
dosage ratio of 1:2. The peak at 11.18 nm almost disappeared for
samples with Si/Mg dosage ratio of 2:1, 1:1 and 1:2, which implies
that the adsorbent has narrow pore-size distribution.

3.6. Zeta potentials

The variation of Zeta potential can usually reflect the change of
surface groups of clay. As shown in Fig. 7a, the Zeta potential of
raw PAL is —20 mV, which clearly decreases to —52.5 mV after
modified with Na,SiOs. This confirms that the Si-OH was trans-
ferred as Si-O~Na* and some Si-0-Si bonds may be broken to form
-Si-O~ groups under the alkali attack in hydrothermal process
[25], which is favorable to decrease the surface potential of PAL.
With increasing the dosage of Mg?* ions, the Zeta potential gradu-
ally increases, and is almost equal to the value of raw PAL at the Si/
Mg dosage ratio of 1:1. With further increasing the dosage of Mg?*,
the Zeta potential tends to be constant, indicating that the further
addition of Mg?* ions does not clearly affect the surface charges. By
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Fig. 5. N, adsorption-desorption isotherms of the adsorbents.

correlating the Zeta potentials with the initial pH values (Fig. 7b), it
can be found that the higher pH corresponds to a lower Zeta poten-
tial, and the alkali condition is essential to make the surface
charges of the adsorbent become more negative.

3.7. Adsorption isotherms for MB and Cu(ll) ions

Fig. 8 shows the variation of adsorption capacity of raw PAL and
the adsorbents for MB vs the initial concentrations. As can be seen,
the adsorption capacities sharply increased with increasing the ini-
tial concentration of MB solution, and then tend to equilibrium.
This indicates that the increase of initial dye concentration contrib-
utes to enhance the driving force at the solid-liquid interface (ion
exchange, electrostatic attraction and chemical association) until

the adsorption sites were saturated. In order to well describe the
adsorption behaviors (i.e., the extent of adsorption and relevant
mechanism) [32], the experimental data was fitted with the Fre-
undlich (Eq. (2)) [33] and Langmuir (Eq. (3)) [34] isotherm models:

log q. =log K + (1/n)log Ce. (2)

Ce/qe = 1/(qmb) + Ce/Qm (3)

where, g. (mg/g) is the adsorption capacities of the adsorbents for
MB at equilibrium; C, is the concentration of MB solution after
adsorption (mg/L); g, is the maximum adsorption capacity (mg/
g); b is the Langmuir adsorption constant (L/mg), which is related
to the free energy of adsorption. K (L/g) and n (dimensionless) are
the Freundlich isotherm constant and the heterogeneity factor (a
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measure of adsorption intensity or surface heterogeneity), respec-
tively. These parameters can be obtained by fitting the experimen-
tal data using the Langmuir (Ce/qe vs C.) and Freundlich (logge vs
log C.) isotherm models (see Table 1). As can be seen, the linear cor-
relation coefficient R* is 0.9866 for Langmuir model (Fig. S2, see
Supporting materials), and R? is larger than 0.9963 for Freundlich
isotherm model (Fig. S3, see Supporting materials). This proves that
Freundlich isotherm model has a better fitting with adsorption data

than the Langmuir isotherm model. The applicability of Freundlich
isotherm suggests that different sites with several adsorption ener-
gies are involved, and in some cases, the intermolecular interactions
occur between dye molecules and PAL.

As shown in Fig. 8, the adsorption of the adsorbents for Cu(II)
ions exhibits similar change tendency with that for MB. Compared
with raw PAL, the adsorbents show excellent adsorption and
removal capability for Cu(Il), and the adsorbent with Si/Mg dosage
ratio of 2:1 give the maximum adsorption capacity of 210.64 mg/g.
As described above, the adsorption data of the adsorbent for Cu(II)
was also fitted with Langmuir (Eq. (3)) and Frenderich (Eq. (2)) iso-
therm modes, and the results are listed in Table 2. It is obvious that
the linear correlation coefficients fitted by Langmuir model are lar-
ger than 0.99 (Fig. S4, see Supporting materials), and the theoreti-
cal g value (213.68 mg/g) is almost equal to the experiment value
(210.64 mg/g). However, the fitting result by Frenderich model
only has lower R? value (0.9731) (Fig. S5, see Supporting materials),
and the theoretical g value is far away from the experimental
value. This means that the Langmuir isotherm model is suitable
to describe the adsorption behavior, and the mono-layer adsorp-
tion was suggested. For the adsorption of MB and Cu(ll), the 1/n
value is smaller than 1, which reveals a mono-layer adsorption.

3.8. Adsorption kinetics

Adsorption rate is related to the usage efficiency and is espe-
cially important to an adsorbent. As shown in Fig. 9, the adsorption
amount of the adsorbents for MB shows a rapid increase with pro-
longing the contact time, and the adsorption equilibrium can be
almost reached within 30 min. For exploring the adsorption mech-
anism, such as mass transfer and chemical reaction, the pseudo-
first-order (Eq. (4)) and pseudo-second-order (Eq. (5)) kinetic
equations were used to express the adsorption data [35,36]:

log(qe — q) = log g, — (ki /2.303)t (4)

t/q. = 1/kaq; + t/qe (5)

where ¢, and q; are the adsorption capacities of the adsorbents for
MB (mg/g) at equilibrium and time t (s), respectively. k; is the
pseudo-first-order rate constant (s~!), and k, is the pseudo-sec-
ond-order rate constant (mg/g/s). k; and k; values can be calculated
by the slope and intercept from the straight lines of log(qe—q;) vs t
and t/q, vs t, respectively (Table 3). The initial adsorption rate con-
stant ko; (mg/g/s) is equal to k,q2 (Table 3). As can be seen, the the-
oretical g. values obtained by fitting the experimental data with
pseudo-first-order kinetic model are far away from the experimen-
tal values, and the linear correlation coefficient is lower than 0.9845
(Fig. S6, see Supporting materials). Whereas the theoretical g, val-
ues obtained by fitting with pseudo-second-order model would be
more close to the experimental values, and the correlation coeffi-
cient R? is larger than 0.9981 (Fig. S7, see Supporting materials).
This indicates that the adsorption kinetics could be described by
the pseudo-second-order kinetic model very well. Generally, the
adsorbates may be transferred from the bulk solution to the adsor-
bent by a diffusion process. The possibility of the intra-particle dif-
fusion could be evaluated by using the intra-particle diffusion
model (Eq. (6)) proposed by Weber and Morris [37]:

q, = kg * t1/2 (6)

where ¢, is the amount of adsorbates adsorbed on the adsorbent at
time t, kq is the intra-particle diffusion rate constant. The plots of g,
vs t1/2) based on the experimental data are shown in Fig. S8 (see
Supporting materials). Two distinct regions could be observed:
the initial portion of the curve is corresponding to the external sur-
face adsorption (the boundary layer diffusion effects); and the sec-
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Adsorption isotherm parameters for the adsorption of MB.

Samples Langmuir equation Freundlich equation
qm (mgfg) b(L/mg) R K n R?
Raw PAL 212.77 0.0032 0.9866 2.4213 2.2660 0.9986
Si/Mg 1:0  242.72 0.0095 0.9948 5.0998 4.2176  0.9991
Si/Mg 3:1  502.51 0.0140 0.9963 6.0606 3.2959  0.9963
Si/Mg 2:1  543.48 0.0227 0.9977 74335 3.9873  0.9972
Si/Mg 1:1  386.10 0.0135 0.9955 6.0057 3.8270  0.9975
Si/Mg 1:2  374.53 0.0126 09953 5.9109 3.8491 0.9985
Si/Mg 1:3  362.32 0.0120 09936 6.0116 4.0502  0.9987
Table 2

Adsorption isotherm parameters for the adsorption of Cu(lI) ions.

Samples Langmuir equation Freundlich equation

qm (mg/g) b (L/mg) R K n R?
Raw PAL  111.86 0.0120 0.9977 33190 3.5750 0.9956
Si/lMg 1:0  177.62 0.0250 09993 4.8136 4.1839 0.9684
Si/Mg 3:1  204.50 0.0333 0.9994 53762 44705 0.9826
Si/Mg 2:1  213.68 0.0505 0.9997 49728 3.8187 0.9731
Si/Mg 1:1  195.69 0.0314 0.9995 49642 4.0943 0.9799
Si/Mg 1:2  202.02 0.0338 0.9994 5.0008 4.0378 09722
Si/Mg 1:3  204.08 0.0370 09996 5.0139 4.0014 0.9653
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ond less sloping linear portion indicates the gradual adsorption
stage leading to the equilibrium (intra-particle diffusion) [38]. This
indicates that the overall kinetics of the adsorption process is prob-
ably controlled by the surface adsorption and intra-particle diffu-
sion. From Table 3, it can be concluded that the initial adsorption
rate of the adsorbents for MB in the solutions with the initial con-
centration of 200 and 800 mg/L follows the order: Si/Mg 2:1
(800 mg/L) > raw PAL (800 mg/L) > Si/Mg 2:1 (100 mg/L) > raw PAL
(100 mg/L), which suggests a faster adsorption rate of the adsorbent
than raw PAL. For the same sample, the adsorption rate at higher
initial concentration is faster than that at lower initial concentra-
tion due to the higher concentration gradient.

Fig. 9 shows the adsorption kinetic curves of the adsorbent for
Cu(Il) ions. The adsorption kinetic curves exhibit similar change
tendency with prolonging the contact time, and adsorption equi-
librium was rapidly reached within 30 min. The adsorption kinetic
was fitted with the pseudo-first order and pseudo-second-order
models and the results are shown in Table 4. It is obvious that
the pseudo-second-order Kkinetic model is more suitable to
describe the adsorption process because the R? value is higher
(>0.9956) (Figs. S9 and S10, see Supporting materials). As shown
in Fig. S11, the plots of q, s t!/2) for Cu(1l) adsorption also show
two regions, which reveals that the physical diffusion and interior
dispersion contribute to the adsorption process. The adsorption
kinetic constants are in the order of Si/Mg 2:1 (200 mg/L) > Si/Mg
2:1 (50 mg/L) > raw PAL (200 mg/L) > raw PAL (50 mg/L). Like the
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Fig. 9. Influences of contact time on the adsorption capacities of the modified PAL for MB and Cu(II) ions.
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Table 3

Adsorption kinetic parameters for the adsorption of MB on raw PAL and the adsorbent.

Pseudo-first-order model

Pseudo-second-order model

Ge.exp (Mg/g) Ge.cal (Mg[g) ki x 10* (s™") R Ge.cal (Mg[g) k x 10° (g/(mg s)) kai (mg/(gs)) R
Raw PAL 100 mg/L 44.46 32.07 5.0414 0.9845 47.24 3.5245 0.0786 0.9981
Raw PAL 800 mg/L 131.25 90.16 5.7716 0.9763 137.93 1.5497 0.2948 0.9986
Si/Mg 2:1 100 mg/L 99.02 75.57 4.8732 0.9802 107.07 1.2547 0.1438 0.9984
Si/Mg 2:1 800 mg/L 448.83 314.51 5.7097 0.9837 476.19 0.4126 0.9355 0.9993
Table 4
Adsorption kinetic parameters for the adsorption of Cu(Il) ions on raw PAL and the adsorbent.
Pseudo-first-order model Pseudo-second-order model
Je.cal (Mg/g) ki x 10% (s ™) R Gecal (Mg/g) ks x 10° (g/(mg s)) ksi (mg/(gs)) R
Raw PAL 200 mg/L 51.65 3.3283 0.9911 66.62 0.9892 0.0439 0.9956
Si/Mg 2:1 200 mg/L 124.11 3.8851 0.9910 164.20 0.4375 0.1180 0.9995
Raw PAL 50 mg/L 29.49 3.6050 0.9911 38.84 2.0825 0.0314 0.9985
Si/Mg 2:1 50 mg/L 34.64 3.5301 0.9798 49.97 2.3768 0.0618 0.9989

adsorption behavior for MB, the 2:1 sample also shows the fastest
adsorption rate for Cu(ll) ions. The diffusion process for Cu(ll)
adsorption is due to the greater specific surface area of the adsor-
bents and electrostatic attraction interaction, and the chemical
adsorption process is due to the interaction of the functional
groups with metal ions. In addition, the Mg?* ion in the adsorbent
may exchange with the Cu(Il) ions in the solution, which is favor-
able to the adsorption.

3.9. Effect of external pH values on adsorption

Fig. 10 shows the effects of pH on the adsorption of the adsor-
bent for MB and Cu(ll) ions. It can be noticed that the adsorption
capacity for both MB and Cu(Il) increased and then tends to be con-
stant. At lower pH value, the surface groups of the adsorbent exist
in the form of -Si-OH3, and more H50" ions are existed in the solu-
tion. These ions may generate a competition with Cu(Il) ions or MB
molecules to restrain the adsorption of MB and Cu(II) onto the sur-
face active sites [39,40]. At higher pH, however, the -Si-OH groups
tend to transform as -Si-O~ groups, which has relatively stronger
electrostatic or chemical association interaction with Cu(Il) or MB
[16,39], and thus facilitate to the adsorption of positively charged
adsorbates onto the negatively charged adsorbent. The evident
dependence of adsorption capacity on external pH values gives
direct information that the electrostatic interaction is important
to the adsorption process. From above analyses, the main influence
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Fig. 10. Effect of external pH values on the adsorption of the adsorbent (Si/Mg
dosage ratio, 2:1) for MB and Cu(lI).

factors for the adsorption capability of the adsorbent to MB and
Cu(ll) can be correlated. The adsorption capacity is not highly
dependent on the specific surface area, but is clearly affected by
the surface charges and state of chemical groups (i.e., -Si-O~). This
means that the electrostatic interaction and chemical association
of the active groups mainly contribute to the adsorption process.

3.10. Removal efficiency

The adsorbents show excellent removal capability to MB and
Cu(Il) ion in the solution, which can remove 99.3% of MB (initial
concentration, 100 mg/L) and 99.6% of Cu(Il) ions (initial concen-
tration, 25 mg/L) from aqueous solution at the adsorbent dosage
of 1 g/L, which is clearly higher than that of raw PAL (only 44.1%
for MB and 64.3% for Cu(Il)). The digital photo gives a more visible
indication about the removal of MB and Cu(Il) ions (Fig. 11). As can
be seen, the deep-blue MB solution (100 mg/L) may almost be
completely decolored. For Cu(ll), the solution with initial Cu(Il)

Fig. 11. Digital photos of (a) 100 mg/L MB solution; (b) MB solution after
adsorption by raw PAL; (c) MB solution after adsorption by the Si/Mg 2:1
adsorbent; (d) 25 mg/L of Cu(Il) solution; (e) Cu(Il) solution after adsorbed by
raw PAL; (f) Cu(Il) solution after adsorbed by the Si/Mg 2:1 adsorbent. For (d-f), the
chromogenic reagent of Cu(ll) was added to indicate the change of Cu(ll)
concentration before and after adsorption.



W. Wang et al./ Chemical Engineering Journal 265 (2015) 228-238 237

concentration of 25 mg/L shows deep yellow color after adding the
chromogenic reagent of Cu(ll) Neocuproine Hemihydrate. The
color slightly becomes shallow, whereas the solution after adsorp-
tion becomes almost colorless even also adding chromogenic
reagent. This indicates that the adsorbent is greatly superior to
the raw PAL and can be used as efficient and promising adsorbent
for the decontamination of wastewater containing cationic dye and
Cu(II) ions.

4. Conclusion

In summary, a general one-step hydrothermal route has been
developed for the effective preparation of the hybrid adsorbents
with excellent adsorption capability to cationic dye and Cu(Il). In
the reaction process, the structure of PAL was slightly altered
and it turns to be more suitable for the adsorption. The magnesium
silicate was in-situ formed and compounded with PAL to form a
new hybrid adsorbent. Intriguingly, the inert quartz associated
with PAL mineral may transfer into magnesium silicate with
adsorption activity, which provides a new approach for the utiliza-
tion of quartz-rich PAL minerals. The obtained adsorbents are
inclined to be amorphous, and have higher specific surface area
(407.3 m?/g), with more narrow mesopores. The alkaline condition
plays an important role for the formation of the adsorbent, and the
as-prepared hybrid adsorbents showed an excellent ability to
remove cationic dye and heavy metal ions, and are expected to
be useful in many other applications. The maximum adsorption
capacity of 527.22 mg/g for MB and 210.64 mg/g for Cu(Il) ion
was obtained at the Si/Mg dosage ratio of 2:1, and it can almost
completely remove MB in the 100 mg/L of MB solution and Cu(II)
ion in the 25 mg/L of Cu(Il) solution. The adsorption isotherm
and kinetics suggest that the physical and chemical adsorption
contributes to the whole adsorption process, and the electrostatic,
ion-exchange and chemical association are responsible for the
enhanced adsorption. More importantly, the adsorbents are
derived from natural PAL minerals and non-toxic and environ-
ment-compatible elements, e.g., Si, Mg, Na, which are new types
of low-cost, high-efficient, non-toxic and eco-friendly adsorbents.
Therefore, the adsorbent could be regarded as a promising adsor-
bent for MB dye and Cu(Il) removal from water treatment, and
can be used as indeed perfect candidates of absorbents for dye
and heavy metal ions.
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