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In this paper, kaolinite was used to synthesize zeolite by using a hydrothermal method.
Before synthesis, kaolinite was pre-treated by alkali-fusion. The as-prepared zeolite was
used to remove MB in wastewater. The effect of synthesis condition (including
NaOH/Kaolinite mass ratio, activation temperature, and hydrothermal temperature) on the
adsorption capacity and MB removal efficiency. The microstructure of zeolite was charac-
terized by X-ray diffraction,scanning electron microscopy (SEM) and N, adsorption-desorp-
tion tests. Various adsorption kinetic models were used to elucidate the adsorption process
and acquire the adsorption rate constant. The results show that zeolite was sphere-like and
had a mesopore structure. The adsorption capacity was about 34.06 mg/g. This as-synthe-
sized zeolite was an excellent purification material for removing dye wastewater.
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Bukopucrannsa raoainity pas cunresy NaP-meoaitry mgasa oudmimeHHs cTidHHX BOJ Bim
oapsHukiB. Xuefeng Yuan, Gang Liao

B pobori Buropucrano KaoniHIT ANA CHHTe3Y II€OJITY 8a LOIOMOTION TiZpOTepMAaJIbLHOTO
meTony. llepen cuHTe3oM KaosiHIT Oyso HOIepeZHBO OOPOGJIEHO CHJIABJIEHHAM 3 JIYTOM.
Orpumanui 11eoxiT 6ysI0 BUKOPUCTAHO [IJA BUIANEHHA 0apBHUKA METUJIEHOBOTO OJAKUTHOTO
3i criunux Boj. BusHaueHO BIJIMB YyMOB CHHTe3y (BKJIOUHO i3 MAacOBUM CIiBBiZHONIEHHAM
NaOH/kaouminiT, TeMmepaTypor axTuBallii Ta rigpoTepManbHOI TeMIEPATypPOIO) Ha aj-
COpOIIifiHy 3paTHiCTL Ta edeKTHUBHICTL BUAasNeHHA OapBHuUKAa. MIKpOCTpyKTYypy Leoity xa-
PAKTepP130BaHO PEHTTEeHIiBCHKOI ANMPAaKIlieln, CKaHYIUOI eJeKTPOHHOI0 MiKPOCKOIiel Ta
TecTOM Ha anxcopbiiiro-mecopbiiiro azory. Hna BucBiTieHHA mpollecy amcopbiiii BHKopuHCTaHO
pisHi rRimeTwuni mogemni. Ilokasano, 10 oTpuMaHUH I1eoJiT Mae cheponogidHy Me30IOpPUCTY
CTPYKTYpPY. Amcopbiiifina amarHicTs ckiagana 6iausbko 34,06 mr/g. CunresoBaHuil Takum
YUHOM I[eOJIT MOKe OyTH BIAMIHHUM OYMCHUM MAaTepiajJoM IJis BUAAJEeHHA OApBHUKIB i3
CTiUHMUX BOJ,.
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1.Introduction

Dye stuff is an indispensable material in
modern society, which is widely used in our
life [1-2]. However, with the immoderate
discharge of dye wastewater into aquatic en-
vironment, the water resource is severely
contaminated. Moreover, the dye stuff is
non-biodegradable and very stable in water.
The dye wastewater has caused serious eco-
logical problems in some districts, such as
the disappearance of aquatic animals or
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plants [3—4]. People have carried out many
methods to purify dye wastewater, such as
photocatalytic degradation, physical adsorp-
tion, chemical oxidation, electric catalytic
degradation et al. [5-7]. Although these
methods are effective in eliminating dye
wastewater, most of them can’t be applied
in large scale due to the high cost and com-
plicated operation. Adsorption is considered
as the most promising technology in dye
wastewater removal, because it’s easily ap-
plied and cost-effective [8, 9].
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There are many materials used for ad-
sorption of dye stuff in wastewater, such as
active carbon, zeolite, diatomite, attapul-
gite, et al. Zeolite has mesostructure pores
and ion exchange capacity, especially for
cations, exhibiting excellent adsorption ca-
pacity [10-11]. Therefore, zeolite is widely
used in environmental remediation. How-
ever, in the last few decades, pure chemical
reagents were used to synthesize zeolite,
which increased the cost of zeolite and lim-
ited the use of zeolite [12]. In order to re-
duce the cost of zeolite, some inexpensive
natural minerals are used to synthesize zeo-
lite. Kaolinite is an ordinary natural min-
eral containing large amounts of SiO, and
Al,O3, which is suitable to synthesize zeolite
[18]. The synthesis process of zeolite mainly
contains alkali activation, digestion of Si or
Al, nucleation, and crystallization. Hy-
drothermal treatment is the widely used
method to synthesize zeolite.

In this paper, kaolinite was used as a
raw material to synthesize P zeolite (PZ),
and the as-prepared PZ was used in dye
wastewater treatment. The methylene blue
(MB) solution was selected to simulate the
dye wastewater. The effect of synthesis pa-
rameters on the adsorption efficiency of PZ
was investigated systemically. The micro-
structure of PZ was characterized by X-ray
diffraction (XRD), scanning electron micros-
copy (SEM) and N, adsorption-desorption
tests. Our work may promote the application
of zeolite in dye wastewater purification.

2. Materials and method

2.1. Materials
Kaolinite was derived from Zhejiang
province of China. The kaolinite was ground

Table 1. Synthesis conditions of zeolite

No. Alkali/ Activation |Hydrothermal

kaolinite | temperature, | temperature,
ratio °C °C
Z1 0.8 550 120
Z2 1 550 120
Z3 1.2 550 120
Z4 1.4 550 120
Z5 1.2 550 80
76 1.2 550 100
77 1.2 550 140
78 1.2 350 120
79 1.2 450 120
Z10 1.2 650 120
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in a ball mill and sieved through a 200
mesh. NaOH was provided by Sinopharm
Chemical Reagent Co., Ltd.

2.2. Zeolite synthesis

5 g of kaolinite and a proper amount of
NaOH were mixed and calcinated at 550°C
for 2 h. The sintered product was ground
and mixed with some water, and stirred and
sonicated for 30 min. The suspension was
added to a teflon liner and treated in a
stainless steel kettle at 120°C for 12 h. To
investigate the effect of synthesis condi-
tions on the property of zeolite, alkali addi-
tion, activation temperature, and hy-
drothermal temperature were varied and
various samples were prepared as shown in
Table 1.

2.3. Characterization

X-ray diffraction was used to charac-
terize crystal phases of samples. The X-ray
diffraction (XRD) patterns of samples were
recorded in Cu-Ko radiation using an ad-
vanced diffractometer (D/max2550, RI-
GAKU, Japan) equipped with a fast position
sensitive detector. The micro-morphology of
samples was observed on a scanning electron
microscope (TM400Plus, HITACHI, Japan).
To characterize the surface area and pore
structure of samples, the N, adsorption-
desorption test was carried out using a sur-
face area automatic analyzer (8H-2000PS2,
BEISHIDE, China).

24. MB removal experiment

The concentration of the MB solution
was fixed at 10 mg/L. 25 mg of the sample
and 100 mL of the MB solution were added
to a conical flask and placed in an oscillat-
ing bed at a constant temperature of 25°C
for 2 h. Subsequently, 5 ml of the suspen-
sion was fetched and centrifugated for
5 min, and then the absorbance of the su-
pernatant was measured. Then, the concen-
tration of the MB solution was calculated
according the Beer-Lambert law. The ad-
sorption capacity of zeolite can be calcu-
lated as:

Co-Cp -V (1)

The MB removal efficiency can be calcu-
lated as:

o1 Ce (2)

Cy
To describe the adsorption process, vari-
ous adsorption kinetic models were used to
fit the adsorption data. The pseudo-first-
order model, the pseudo-second-order

Functional materials, 29, 4, 2022
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model, and the intraparticle diffusion model
are described by Eq. (3)—(5), respectively.

Ln(q, - q,) = Lng, — kqt, 3
t 1 5 1 (4)
LA
q; (kzqe q°
q, = kt%% + ¢, (5)

where g, and g, are the adsorbed quantity of
MB at equilibrium and ¢ (min) time, respec-
tively; ky, ky, k; are the adsorption rate
constants for the three models, respectively;
C is a constant characterizing the thickness
of the boundary layer.

3. Results and discussion

3.1. Microstructure of zeolite

Fig. 1 shows the X-ray diffraction pat-
terns of kaolinite, alkali-treated product,
and as-prepared zeolite. There are strong
diffraction peaks of quartz in the kaolinite
diffraction pattern, indicating  that
kaolinite was not pure and contained some
quartz. Due to the high inertness of quartz,
it is difficult to activate it, which is unfa-
vorable to the formation of zeolite. There-
fore, high-temperature treatment is re-
quired to activate kaolinite. As shown in
the diffraction pattern of the alkali-treated
intermediate product, the diffraction peaks
of quartz and kaolinite disappeared after
calcination at 550°C, indicating that the
crystal structure of kaolinite and quartz
were destroyed. Na,O reacted with Si-O tet-
rahedron and Al-O tetrahedron, thus form-
ing Na,SiO; and NaAlO,. Thus, the diffrac-
tion peaks of Na,SiOz can be observed in
the intermediate product. After hydrother-

NS =1

Fig. 2. Micro-morphology of (a) kaolinite and (
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Fig. 1. X-ray diffraction patterns of

kaolinite, alkali-treated intermediate product,
and zeolite.

mal treatment, the characteristic diffrac-
tion peaks of NaP zeolite appeared, indicat-
ing the formation of NaP zeolite. NaP zeo-
lite has a GIS topological structure and a
microporous structure. The interlaced eight-
ring formed pore channels 0.81-0.44 nm in
size in the [100] lattice plane and 0.26-
0.49 nm in the [010] lattice plane [14].

Fig. 2 presents the micro-morphology of
kaolinite and as-prepared NaP zeolite. It can
be seen that kaolinite was stacked of plate-
like units. And the NaP zeolite displayed
the typical sphere structure. The diameter
of a zeolite microsphere was about 3 um,
and these microspheres were uniform. In
addition, the zeolite surface was covered
with some flocculent substance, which may
be the precursor of NaP zeolite.

Fig. 3(a) exhibits the N, adsorption-
desorption isotherms of kaolinite and zeo-
lite, which belong to the ? type isotherm.

=

b) NaP zeolite.
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Fig. 3. (a) N, adsorption-desorption isotherms, (b) pore size distribution of kaolinite and zeolite.
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An H3 type hysteresis loop was observed in
the isotherms, which was caused by a stack
of sphere-like zeolite particles. The ad-
sorbed amount of kaolinite was very low,
indicating the low content of mesopores and
the high content of macro-pores, which was
also confirmed by the SEM image of
kaolinite. However, the adsorbed amount of
zeolite was much higher than that of
kaolinite, indicating a higher porosity of
zeolite. As the relative pressure increases,
the amount of adsorption gradually in-
creases, and hysteresis loop appears at the
medium relative pressure, which is a typical
characteristic of mesoporous materials. In
addition, the BET surface area of zeolite
(80.9417 g/m?) was higher than that of
kaolinite (6.12088 g/m?2) as shown in
Table 2. Fig. 3(b) shows the pore size distri-
bution curve of zeolite, which confirmed the
mesoporous distribution characteristics.
And the most probable pore size of zeolite
particles was about 4 nm. According to the
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Table 2. Surface area, pore volume, and
pore size of kaolinite and zeolite

No. Sppm g/m? Pore Pore Size,
Volume, nm
em®/g
Kaolinite 6.12083 0.021537 14.8614
Zeolite 30.9417 0.064654 9.2384

classification of the International Union of
Pure and Applied Chemistry (IUPAC), this
type of hysteresis loop belongs to type H5.
The pore structure of zeolite is suitable for
adsorption of contaminants.

3.2. MB removal performance

Fig. 4 shows the effect of
NaOH/kaolinite mass ratio on the MB re-
moval efficiency and adsorption capacity of
as-prepared samples. As the amount of
NaOH increases, the adsorption capacity and
MB removal efficiency improve; and at
NaOH/kaolinite mass ratio of 1.0, zeolite
had the highest adsorption capacity and MB
removal efficiency, reaching 84.27 mg/g
and 84.86 %, respectively. After exceeding
1.0, the adsorption capacity decreased with
an increase in the NaOH/kaolinite mass
ratio. This is due to the transformation of
the mineral phase at different NaOH con-
centrations. With a small addition of NaOH,
neither partial kaolinite nor quartz was ac-
tivated by Na,O and its Si-O tetrahedron
was stable; thus, there was some inactive
substance in the final product. At a high
NaOH concentration, NaP was easy to trans-
form to sodalite, which has a smaller pore
size and low porosity. Sodalite has a micro-
porous structure, and the length of the
main chain of the MB molecule was about
1.447 nm, therefore, most MBs cannot ac-
cess the micropores.

Functional materials, 29, 4, 2022
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Fig. 5. Effect of hydrothermal temperature
on the adsorption capacity and MB removal
efficiency.

As shown in Fig. 5, the adsorption capac-
ity and MB removal efficiency increased
with hydrothermal temperature, and the
sample treated at 120°C had the highest ad-
sorption ability. After exceeding 120°C, the
adsorption capacity of as-prepared sample
decreased obviously. This can be explained
by the fact, that under low temperature, the
precursor of NaP zeolite can overcome the
energy barrier of zeolite crystallization, a
small amount of NaP zeolite is formed; how-
ever, under high temperature, the formed
NaP zeolite is easily converted into sodalite.

Fig. 6 displays the effect of activation
temperature on the adsorption capacity and
MB removal efficiency. Generally, the ad-
sorption capacity and MB removal efficiency
increased with the activation temperature.
The sample treated at 650°C exhibited the
highest adsorption capacity (36.56 mg/g)
and MB removal efficiency (90.54 %). Since
the melting and boiling points of NaOH
were 818°C and 1388°C, in theory NaOH
will react with kaolinite in the range of
318°C to 1388°C. But when temperature
was lower, NaOH didn’t melt absolutely. In
addition, higher temperature accelerated
the NaOH mass transfer; thus, more Si-O or
Al-O bonds were broken, generating more
active precursor for zeolite synthesis.

3.3. Adsorption kinetics

Fig. 7(a) shows that as-synthesized NaP
zeolite has a high adsorption rate towards
MB, and over a half of the MB can be ad-
sorbed by zeolite within the first 5 min.
Moreover, 90 % of the equilibrium absorp-
tion can be achieved within 80 min. The

Functional materials, 29, 4, 2022
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Fig. 6. Effect of activation temperature on
the adsorption capacity and MB removal effi-
ciency.

amount of the adsorbed substance gradually
increased with the contact time and reached
the adsorption equilibrium within 2 h. The
fitting goodness (R2) of the pseudo-second-
order kinetic model was the highest, reach-
ing 0.99856, while R2 of the other two mod-
els were 0.88628 and 0.76392, respectively,
indicating the adsorption process may fol-
low the second-order kinetic model. The
theoretical adsorbed amount of zeolite for
MB removal calculated from the pseudo-sec-
ond-order model is 36.07 mg/g, which is
close to the experimental value
(34.07 mg/g), indicating that the MB ad-
sorption onto zeolite may be determined by
the availability of adsorption sites.

4. Conclusions

NaP zeolite was successfully synthesized
using kaolinite as a raw material. The most
optimal synthesis conditions were the fol-
lowing: the NaOH/kaolinite mass ratio of 1,
activation temperature of 650°C, hydrother-
mal temperature of 120°C. The as-prepared
zeolite consisted of sphere-like particles
with the diameter of 83 um and had a
mesopore structure and a high specific sur-
face area. Zeolite exhibited a high adsorp-
tion capacity towards MB, and the equilib-
rium adsorbed amount of MB can reach
34.06 mg/g. The adsorption process corre-
sponded to the pseudo-second-order model.
Moreover, the adsorption speed was fast and
80 % equilibrium adsorbed amount could be
achieved within 30 min. The as-prepared
zeolite was an ideal adsorption material for
purification of dye wastewater.
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