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Abstract: Sucrose was added to the hydrothermal decomposition reaction of calcium oxide and K-feldspar to improve
the adsorption performance of the hydrothermal product tobermorite. The effects of the sucrose concentrations on the
decomposition rates of K-feldspar were studied based on the extraction rates of potassium oxide, and the influence
mechanism of sucrose on the phase change of K-feldspar during the hydrothermal decomposition was elucidated. It was
shown that when n(Su)/n(Ca)=0.1:1, the extraction rate of potassium oxide was 83.83%, and the decomposition of
K-feldspar was inhibited with the increase of the sucrose concentration. The increase in the viscosity of the reaction
system and the formation of calcium complexes during the hydrothermal process were the main reasons for the
inhibition of the decomposition of K-feldspar. Moreover, the enhancement mechanism of the methylene blue adsorption
capacity of the sucrose-modified tobermorite was explained from the perspective of the microstructure.
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1 Introduction

As a large agricultural country, China has a
great demand for water-soluble potassium salts [1].
China is short of water-soluble potassium mineral
resources, and the water-soluble potassium mineral
resources that can be used to produce potash
fertilizer are only 2.2% of the world’s total
reserves [2,3]. K-feldspar is composed of aluminum,
silicon, potassium and oxygen in a stable tetrahedral
network structure, which is hardly decomposed by
acids and bases other than hydrofluoric acid at
room temperature and pressure [4,5]. There are
more than 60 exploration sources of potassium-rich
rocks with K-feldspar as the main mineral phase in
China, and the total reserves are more than 10 billion
tons [6—8]. Therefore, it is of great research value

and economic significance to study the efficient
separation and extraction process of potassium in
potash feldspar, which can make up for the shortage
of soluble potassium salt resources in China.

The research on extraction
technology of K-feldspar has been paid attention
to scholars at home and abroad. GAN et al [9]
extracted water-soluble potassium salts from

potassium

K-feldspar by an extraction process, reduced
phosphogypsum to recover sulfur dioxide, and used
the formed calcium compounds to reduce carbon
dioxide emissions. But the treatment of industrial
phosphogypsum consumes a large amount of energy,
which has hindered its industrial application. LU
et al [10] used 30% hydrofluoric acid to leach
K-feldspar at 90 °C, and the extraction rate of
potassium was 85.4%. This process produces
a large amount of waste acid and causes serious
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environmental pollution. Some scholars [11,12]
believe that micro-organisms can disintegrate the
lattices of K-feldspar, and this process involves
chemical degradation to produce soluble potassium
minerals, but the long degradation period makes
this method unsuitable for industrial application.

Aiming at the deficiency of potassium
extraction technology of K-feldspar, calcium oxide
was used as restraining reagent to leach potassium
from K-feldspar by a hydrothermal method. The
advantage of this process lies in the new process
of potassium extraction with no harmful gas
generation, low energy consumption, and a high
material utilization rate, which will effectively
alleviate the shortage of potash fertilizer in
China [13—15]. Related references show that the
reaction of K-feldspar and calcium oxide at high
temperatures produces tobermorite, hibschite, and
other compounds, as one of the
hydrolysates of K-feldspar in this process,
tobermorite is a good adsorption material [16—18].
As shown by the literature review above, scholars
around the world have focused on the extraction
rate of potassium, and there are few studies on the
application of solid phase products after K-feldspar
decomposition.

In this work, sucrose was added into the
hydrothermal decomposition reaction of calcium
oxide and K-feldspar to improve the adsorption
performance of the hydrothermal product
tobermorite. The liquid phase contained a soluble
potassium salt, and a solid-phase product was used
as a high-performance adsorption material to
achieve the goal of zero discharge of process
products. The influence of the
concentration on the decomposition rate of
K-feldspar was measured by the extraction rate of
potassium oxide. XRD, SEM and Fourier-transform
infrared spectroscopy (FTIR) were used to
characterize the phases and morphologies of the
solid phase hydrothermal products of K-feldspar
under different sucrose concentrations, and the
influence mechanism of sucrose on the phase
change of K-feldspar during hydrothermal
decomposition was elucidated. Moreover, the
enhancement mechanism of the methylene blue
adsorption capacity of the sucrose-modified
tobermorite was explained from the perspective of
the microstructure.

mineral

SucCrose

2 Experimental

2.1 Materials

The K-feldspar was from a mine in Tonghua
city, Jilin Province, China, and its chemical
composition is shown in Table 1. The K:Al:Si molar
ratio was about 1:3:8, which is the theoretical
composition of KAISi;O0s. The XRD pattern of the
K-feldspar is shown in Fig. 1, and the XRD pattern
indicates that the main crystal phase of K-feldspar
is microcline with the chemical formula KAISi;Os..
CaO, methylene blue, sucrose and all the other
chemicals used in this study were of analytical
grade and were purchased from National
Pharmaceutical Group, China.

Table 1 Chemical composition of K-feldspar (wt.%)

Si0, AlLOs; KO Fe;O3 Na,O MgO Impurities
6391 17.23 16.37 0.899 0.810 0.177 0.604
0 — KAISi;04

1I0 20 3‘0 40 510 66 70
200(°)
Fig. 1 XRD pattern of K-feldspar

2.2 Experimental procedure

The whole experimental process is shown in
Fig. 2. Certain amounts of K-feldspar, deionized
water, calcium oxide, and sucrose were inserted
into the 150 mL steel projectiles, and the steel
projectiles were fixed and heated in a hydro-
thermal heating reaction kettle. The hydrothermal
temperature was 250 °C, the hydrothermal time was
8 h, the liquid to solid ratio was 20 mL/g, and the
molar ratio of calcium to aluminum and silicon
was 0.83:1:1. In the preliminary work, the
decomposition rate of the K-feldspar under this
hydrothermal condition was ideal. Therefore, this
hydrothermal condition was selected. The molar
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Fig. 2 Experimental flow chart

ratios of sucrose to calcium oxide were 0:1, 0.05:1,
0.1:1, 0.15:1, and 0.2:1. After the hydrothermal
reaction, the hydrothermal reaction kettle was
immediately placed in cold water for cooling, and
the hydrothermal products were separated by
vacuum filtration. The solid products obtained by
vacuum filtration were washed with distilled water
at 90 °C to a neutral pH. Then, the solid products
after washing were dried in a drying oven at 105 °C.
Above 120°C, the crystalline water in the
tobermorite and hibschite could be removed, so a
drying temperature of 105°C was selected. To
investigate the effects of the sucrose concentration
on the hydrothermal reaction of K-feldspar, the
decomposition efficiency of K-feldspar was
expressed by the extraction efficiency of potassium
oxide.

The chemical reaction that has been involved
in this experiment is as follows [19]:

4K A1Si;05+13Ca0+14H,0=CasAly(SiO4),(OH)4+
2CasSisAlO65'5H,0+4KOH (1)

2.3 Analytical methods

The content of dissolved potassium in the
solution was determined by inductively coupled
plasma (ICP, Thermo, ICA-P6300 Radial). Solid
hydrothermal products were characterized by X-ray
diffraction (XRD, Shimadzu, XRD-7000). The
light tube type was a Cu target, and ceramic X light
tube. 4 was 0.15406 nm, the scanning range was
10°=70°, and the scanning speed was 2 (°)/min. The
chemical compositions of the hydrothermal
products and the K-feldspar raw materials were
determined by X-ray fluorescence spectroscopy
(XRF, Thermo, ARL PERFORM X4200). In the
SEM (SEM, Hitachi, SU 8010) tests, the electron

Tobermorite & hibschite

acceleration voltage was 20.0 kV, the working
distance was 21.8 mm, and the magnification
was 15000 times. Fourier-transform infrared
spectroscopy data were collected by the Bruker IF
S66V spectrometer in the frequency range of
4000-400 cm ™! at the frequency step size of 4 cm™.
The extraction efficient of K,O in the experiments
was defined as follows:

K/S—K/S, .y
— resiaue 2
n /S (2)

where # is the extraction rate of K»O (%), K/S is the
mass ratio of KO to SiO; in the K-feldspar,
K/Sresique 18 the mass ratio of K,O to SiO; in solid
phase hydrothermal products.

3 Results and discussion

3.1 Effects of sucrose on hydrothermal

decomposition products of K-feldspar

The influence of n(Su)/n(Ca) ratio on the
extraction rate of K,O is shown in Table 2. The
extraction rate of K»O was 84.47% without sucrose.
When n(Su)/n(Ca)<0.10:1, the extraction rate of
K,O exhibited no change. However, when
n(Su)/n(Ca)>0.10:1, the extraction rate of K,O
decreased significantly, and when n(Su)/n(Ca)=
0.20:1, the extraction rate of K,O was 59.09%. These

Table 2 Extraction rates of K,O at different n(Su)/n(Ca)
ratios

n(Su)/n(Ca) Extraction rate/%
0:1 84.47
0.05:1 84.25
0.10:1 83.83
0.15:1 69.39
0.20:1 59.09
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results showed that sucrose had chemical activity
in the hydrothermal system (CaO—SiO,—H,O) and
had significant influence on the decomposition
efficiency of K-feldspar.

The hydrothermal products under different
n(Su)/n(Ca) ratios were characterized by XRD, as
shown in Fig. 3. The mainly hydrothermal products
were tobermorite, hibschite, and undecomposed
K-feldspar. When n(Su)/n(Ca)=0.05:1, a fuzzy and
wide peak of tobermorites appeared at 26~29°,
When n(Su)/n(Ca)=0.10:1, the two characteristic
peaks of the tobermorites were found at 26=29°.
The diffraction peak of the (110) plane was
observed, which proved that the tobermorites began
to grow along the (110) crystal plane. Moreover, the
sizes of the characteristic peaks of the tobermorites
at 20=~8° increased significantly, which further
proved that the appropriate concentration of sucrose
was beneficial to the crystallization of tobermorites.

1 —KAISi;O0y 3 — Hibschite
,, 2 — Tobermorite
2 1 n(Su)/n(Ca)=0.20:1
3 1 33 3 38 43338

2 3 n(Su)/n(Ca)=0.15:1
3 4 1 3 3 3 33 3

n(Su)/n(Ca)=0.10:1
3 83 3 1533

2 3 n(Su)/n(Ca)=0.05:1
3 4 3 3 3 4333
3

2 n(Su)/n(Ca)=0:1

10 20 30 40 50 60 70
20/(°)

Fig.3 XRD patterns of hydrothermal products with
different n(Su)/n(Ca) ratios

When n(Su)/n(Ca)>0.1:1, the characteristic
peak widths of the tobermorites at 26=~29° increased
significantly, and one of the characteristic
diffraction peaks of tobermorite disappeared. The
results showed that the crystallinity of the
tobermorites decreased significantly, and the
excessive sucrose concentration was not conducive
to the crystallization of tobermorites.

To investigate the effects of sucrose addition
on the morphologies of the hydrothermal products,
the hydrothermal products under different sucrose
concentrations were characterized by SEM, as
shown in Fig. 4. When no sucrose was added, the
hydrothermal products were spherical tobermorites,

and the small globular hibschites were attached to
the surfaces of the tobermorites. The spherical
tobermorites were composed of closely crossed
needle-like crystals. When n(Su)/n(Ca)=0.1:1, the
structures of the spherical tobermorites became
loose. The surfaces of the spherical tobermorites
were interwoven with layered crystals, and the
small globular hibschites were attached to the
surfaces. When n(Su)/n(Ca)=0.2:1, the incomplete
decomposition of K-feldspar and the formation of
tobermorites formed many spherical
aggregates. These aggregates were attached to the
surfaces of a small number of spherical hibschites.
The above results showed that the addition of
sucrose changed the morphology regularity of
the hydrothermal products. The excessive sucrose
concentrations  inhibited the formation of
tobermorites, consistent with the
conclusion from the XRD that the crystallinity of
the tobermorites decreased with the increase in the

small

which was

sucrose concentration. The addition of sucrose
changed the structures of the tobermorites from
compact to loose and porous ones, and the surface
structures of the tobermorites also changed from
closely crossed needle-like crystals to loose layered
crystals. Relevant literature [20] showed that the
surface morphology of tobermorites changed
gradually from layered crystals to needle-like ones
during the hydrothermal decomposition reaction of
K-feldspar, and tobermorites coalesced to form
xonotlites with the increase in the hydrothermal
reaction time. In this study, the addition of sucrose
changed the decomposition efficiency of the
K-feldspar, which also slowed the crystallization
efficiency of the tobermorites. Therefore, the
tobermorites showed different morphologies, and
no xonotlites formed.

To clarify the effects of the sucrose addition on
the tobermorite contents in the hydrothermal
products, the hydrothermal products under different
sucrose concentrations were characterized by FTIR,
as shown in Fig. 5. The FTIR spectra showed main
narrow bands near 958 cm™!, which were typical of
the Si—O stretching vibrations generated by Q2
silicon sites. The 1181 cm™' bands were caused by
the Si—O stretching vibrations in the O° silicon
sites of tobermorite. The bands at 670 cm™' were
caused by Si—O—Si stretching vibrations. The
weak bands at 877 cm™! were due to out-of-plane
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Fig. 4 SEM images of hydrothermal products under different sucrose concentrations: (ai, a;) n(Su)/n(Ca)=0:1;

(b1, b2) n(Su)/n(Ca)=0.10:1; (c1, c2) n(Su)/n(Ca)=0.20:1

n(Su)/n(Ca)=0.20:1

n(Su)/n(Ca)=0.15>

n(Su)/n(Ca)=0.10:

n(Su)/n(Ca)=0.05:1

n(Su)/n(Ca)=0:1

. L 958 . !
1200 1000 800 600 400

Wavenumber/cm™

Fig. 5 FTIR spectra of hydrothermal products under
different sucrose concentrations

bending of CO; ™. The generation of CO;” may be
related to sucrose degradation and CO; pollution
during the hydrothermal reactions [21]. When

n(Su)/n(Ca)=0.05:1 and 0.10:1, the peaks
corresponding to O sites in the sample were clearer
and stronger, indicating that there were more Q°
sites in the samples and the tobermorite contents
were higher. When n(Su)/n(Ca)=0.15:1 and 0.2:1,
the peaks belonging to O° sites almost disappeared
at 1181 cm™!. The peaks associated with O sites
(958 cm™!) became wide and weak, indicating that
the polymerization degree of the silicate chains and
the tobermorite contents were low.

3.2 Effect mechanism of sucrose on hydrothermal
decomposition of K-feldspar
The pH after the hydrothermal reaction under
different sucrose concentrations was determined.
Because a large amount of potassium hydroxide
was generated in the solution after the hydrothermal
reaction, the solution pH was too high to be
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measured by a pH meter. Therefore, the solution
after the hydrothermal reaction was a constant
volume to 500 mL, and then the pH was measured,
as shown in Fig. 6.

11.4
112
11.0F
10.8 -
10.6
E 104]
10.2 -
10.0 -
9.8
9.6 -
9.4 D
0:1 0.05:1 0.10:1  0.15:1  0.20:1
n(Su)/n(Ca)
Fig. 6 pH before and after hydrothermal reaction under

different sucrose concentrations

The pH remained unchanged at about 13.37
before the hydrothermal reaction. This indicated
that sucrose did not react with K-feldspar and CaO
at room temperature. However, with the increase in
the sucrose concentration, the pH decreased
gradually after the hydrothermal reaction. This was
because the decomposition efficiency of the
K-feldspar and the yield of KOH were reduced.
Related literature showed that there were fixed
relationships  between the pH and Ca?

concentration in the hydrolysis process of CaO [22].

The concentration of Ca®" increased with the
decrease in the pH in the range of 8—14 [23]. In this
study, when n(Su)/n(Ca)>0.10:1, the decomposition
rates of the K-feldspar decreased with the decrease
in the pH values after the hydrothermal reactions.
This shows that with the decrease in the pH, the
Ca*" decomposed from CaO did not react with the
K-feldspar. In order to determine the reasons for
this phenomenon, the absorbances of the solution
after the hydrothermal reaction under different
concentrations of sucrose were investigated, as
shown in Fig. 7.

Relevant literature shows that sucrose is easily
degraded by caramelization to form organic acids
and polymers above 160 °C, and these organic acids
usually include formic and acetic acids [24]. These
substances are derived from the degradation of
sucrose by caramelization at high temperatures [25].
An absorption peak centered at 290 nm appeared in

the absorption spectrum of the reaction solution.
This spike was thought to be caused by
carbohydrates and organic acids, usually including
formic and acetic acids [18]. When n(Su)/n(Ca)=
0.15:1 and 0.20:1, the absorbance of the solution
increased significantly. This means that there were
more caramelization intermediates in the solution.
At the same time, these polymers increased the
viscosity of the solution, as shown Fig. 8.

3.5
3.0r n(Su)/n(Ca)=0.20:1
25F
8 n(Su)/n(Ca)=0.15:1
S 20
'g n(Su)/n(Ca)=0.10:1
B 1.5¢
< n(Su)/n(Ca)=0.05:1
1.0+
n(Su)/n(Ca)=0:1
05F
o

20 300 400 500 600 700 800
Wavelength/nm

Fig. 7 Absorbance of solution after hydrothermal

reaction

6.5r =
2 6.0f
[
£
255t
g
Z

50 H

451

0:1 0.05:1 0.10:1  0.15:1  0.20:1
n(Su)/n(Ca)

Fig. 8 Viscosity of solution after hydrothermal reaction
under different concentrations of sucrose

The high viscosity solution had a blocking
effect on the silicate materials. The increase in the
solution viscosity inevitably reduced the ionic
mobility, thus hindering the growth of
diffusion-controlled calcium silicate hydrate [24].
Based on the results in Figs.7 and 8, when
n(Su)/n(Ca)=0.05:1 and 0.1:1, the concentrations of
Ca*" after the hydrothermal reactions were higher
than those without sucrose. This was because
sucrose and CaO in the hydrothermal reaction
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process formed unstable complexes, which
promoted the decomposition of CaO in the
hydrothermal reaction process. These complexes
hydrolyzed at high temperatures to Ca**. The Ca?*
obtained by hydrolysis compensated for the Ca*
consumed in the hydrothermal reaction, which was
beneficial to the forward hydrothermal reaction of
K-feldspar and Ca*". This was also conducive to the
growth of hydrothermal products tobermorite.

When n(Su)/n(Ca)=0.15:1 and 0.20:1, the
excessive sucrose was complexed with Ca®" to
produce a large number of complexes, which
reduced the effectiveness of Ca** in the
hydrothermal reaction process. These complexes
did not fully decompose into Ca*" during the
hydrothermal reaction to compensate for the
consumption of Ca?‘. The formation of too many
polymers consumed a large amount of Ca*".
Although more CaO was dissolved in the solution,
the amount of CaO reacting with the K-feldspar
decreased. In addition, the high concentration of
sucrose increased the viscosity of the solution and
reduced the mobility of ions, which was not
conducive to the hydrothermal reaction between
K-feldspar and CaO. Based on these two factors,
the hydrothermal reaction of K-feldspar with Ca?*
was hindered. Therefore, an excessive sucrose
concentration was not conducive to the growth of
tobermorite. The production of KOH decreased,
resulting in a lower pH of the solution after the
hydrothermal reaction. The above theoretical
analysis was consistent with the SEM and XRD
characterization of the tobermorites, which proved
the accuracy of the theoretical analysis.

3.3 Effect of sucrose on adsorption properties of

tobermorites

Methylene blue is widely used in chemical
indicators, dyes, biological medicine, and other
fields, but its aqueous solutions are toxic [26,27].
Therefore, the wastewater containing methylene
blue must be discharged after harmless treatment.
Tobermorite has certain adsorption properties for
organic pigments such as methylene blue [28,29].
To study the effects of sucrose addition on the
adsorption capacity of the tobermorites, an
ultraviolet spectrophotometer was used to measure
the absorbance values of the samples at a
wavelength of 664 nm before and after adsorption.
The absorbance was used to analyze the adsorption

numerically. The adsorption amount of methylene
blue on the tobermorites is expressed as [30]

Q. ~(Cy, = C IV /m 3)

where C) is the solution concentration of methylene
blue before adsorption (mg/L), C. is the solution
concentration of methylene blue after adsorption
(mg/L), V is the volume of methylene blue solution
(L), and m is the adsorbent mass (g).

First, 0.1g of hydrothermal products
(tobermorites formed by hydrothermal reactions)
were added to 50 mL of a 10 mg/L methylene blue
solution. The influence of different adsorption time
on the adsorption performance was analyzed, as
shown in Fig. 9. During the adsorption process of
methylene blue, the adsorption capacities of the two
kinds of tobermorite samples increased sharply at
first, and then slowed wuntil the adsorption
approached an equilibrium state (the adsorption time
was 100 min). This was because there were many
active points on the surface of the tobermorites at
the beginning of the adsorption. However, with the

7
(@)
T gl
on
£
2 st
3
(=9
5]
&4
= = — n(Su)/n(Ca)=0.10:1
2 e — n(Su)/n(Ca)=0:1
< 3r
<
20 40 60 80 100 120
Time/min
70
(b)
60 |
= 501
Q
g
S 40t
S
g 30
3 = — n(Su)/n(Ca)=0.10:1
< 207 o — n(Su)/n(Ca)=0-1
10

0 20 40 60 80 100 120
Time/min

Fig. 9 Effect of adsorption time on adsorption capacity (a)
and adsorption rate (b) of methylene blue
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increase in the adsorption time, the active points on
the surface were occupied, the adsorption rate
decreased and finally reached an adsorption
equilibrium state.

When the adsorption time was 100 min, the
adsorption rate of the tobermorites prepared with
n(Su)/n(Ca) of 0.10:1 was 63.5%. The adsorption
rate increased by 16.9% compared to that of the
sample without sucrose. This was because when the
amount of sucrose was n(Su)/n(Ca)=0.10:1, the
structure of the spherical tobermorites was loose.
The surfaces of the spherical tobermorites were
interwoven with layered crystals. The loose layered
structure provided more surface active points, and
the large gaps in the layered structure made it easier
for methylene blue molecules to pass through
the crystal surfaces. Therefore, the addition of
sucrose-modified tobermorites yielded a better
adsorption performance for methylene blue.

4 Conclusions

(1) The proper sucrose concentration was
beneficial to the hydrothermal decomposition of
K-feldspar by calcium oxide and the formation of
tobermorite.

(2) The excessive sucrose complexed with
Ca’" to produce a large number of complexes.
These complexes did not fully decompose into Ca?*
during the hydrothermal reaction to compensate for
the consumption of Ca®*, which was not beneficial
to the hydrothermal decomposition of K-feldspar by
calcium oxide and the formation of tobermorite.

(3) The excessive sucrose increased the
viscosity of the solution and reduced the mobility of
ions, which was not conducive to the hydrothermal
reaction between K-feldspar and CaO.

(4) The morphology of the tobermorites
changed from a closely crossed needle-like
structure to a loose layered structure after adding
sucrose, which enhanced the adsorption capacity of
the tobermorites to methylene blue.
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