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Abstract
Silicon (Si) fertilizer is of great signi�cance to modern agricultural production; the citrate-soluble silicon fertilizer based on
coal gangue is one way to protect the environment and meet the agricultural needs of China. In this study, we produced
high-e�ciency coal-gangue based silicon fertilizer by calcining a mixture of coal gangue, calcium carbonate (CaCO3) and
corn stalk powder at high-temperature (i.e., high-temperature activation technology); the effect of temperature and mixing
ratio on the available-Si content of activated coal gangue was studied, followed by an analysis of the mechanism of
available- Si formation. The results showed that the layered structure of coal gangue was severely damaged above 600
℃, and the kaolin began to transform into metakaolin and other substances, where the available-Si content was not high
(less than 10%). When CaCO3 alone was added, the peak intensity of quartz and muscovite in coal gangue decreased
signi�cantly with the increase of CaCO3. However, CaCO3 mainly played a catalytic role in the entire calcination and
activation process, forming only a small amount of calcium silicate on the contact surface with coal gangue; however, the
available-Si content was still below 12.60%. When corn stalk powder alone was added, the oxides of the corn stalk ash
participated in the chemical reaction involving coal gangue, forming nepheline (K(Na, K)3Al4Si4O16) and other silicates,
and the available-Si content was signi�cantly higher than that with CaCO3. When coal gangue, CaCO3, and corn stalk
powder were mixed and calcined, the available-Si content was as high as 22.97% under the synergistic effect of CaCO3

and corn stalk powder; the concentration of harmful heavy metals was below 0.025 mg/L. The above is in line with the
requirements of silicon fertilizer for use in agriculture, thus con�rming the preparation of coal gangue-based silicon
fertilizer in an e�cient manner.

1. Introduction
As the second most abundant element in the soil, silicon (Si) is ubiquitous in plants, and plays a vital role in the growth of
crops. The Si available from the soil has a positive effect on plant growth, promoting photosynthesis, growth of symbiotic
bene�cial microorganisms, resistance to pests and diseases, capture of bene�cial components such as P, Ca, K, and Mg,
resistance to salt and water stress, and reduction of heavy metal toxicity (Xiao et al. 2016; Xiao et al. 2021; Yan et al.
2018). However, the Si in the soil is present mainly in the form of quartz and secondary clay minerals, which cannot be
directly absorbed by plants. Only monosilicic acid below 1% can be absorbed and utilized by plants, and is called
available-Si. Moreover, with the continuous promotion of the large-scale agricultural model in China, the available-Si in the
soil gradually decreases, which may have a potential negative impact on plant growth (Song et al. 2014; Samaddar et al.
2019). Therefore, scienti�c and reasonable application of silicon fertilizer for the timely supplementation of the available-
Si in the soil has become a focus of modern agricultural production.

Currently, silicon fertilizer is being used in the cultivation of rice, soybean, melon, lettuce, pomegranate and sugarcane,
and has achieved good results (Mandlik et al. 2020; Zhu et al. 2019). Silicon fertilizer comes mainly from two sources.
The �rst source is a mixture of silicate and metasilicate formed through the arti�cial combination of water glass (or
quartz sand) and carbonates, i.e., water-soluble silicon fertilizer which mainly includes salicylic acid, and silicates of
calcium, sodium, potassium, and magnesium. The fertilizer has available-Si above 60%, with the characteristics of quick
action and easy direct absorption. However, the production cost of water-soluble silicon fertilizer is relatively high with
lower yield, making it di�cult to meet the large demand for silicon fertilizer in modern agriculture from this source (Chen
and Committee 2018; Pati et al. 2016). On the other hand, steel slag from industrial solid waste, slag, �y ash and black
liquor from the paper industry can be activated to form the citrate-soluble silicon fertilizer, which has a low effective
silicon content, mostly less than 35%. The silicon fertilizer so produced has a delayed effect but exhibits high
performance, and is effective over a long period; it also realizes the secondary resource utilization of solid waste while
mitigating environmental pollution, which has high developmental and application prospects (Ning et al. 2016).
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Coal gangue, which is the main source of citrate-soluble silicon fertilizer, is a solid waste produced in the process of coal
processing and utilization. It is a type of low-carbon, hard black rock with SiO2 as its main component, accompanied by
abundant trace elements such as B, Cu, Co, Zn, and Mn (Wang and Wang 2018). The Si component of coal gangue is
suitable for producing silicon fertilizer, while the presence of trace elements can promote crop growth and development
(Wang et al. 2020). However, since the silicon in coal gangue cannot be directly absorbed and utilized by plants, it is
necessary to convert crystalline silicon dioxide into available-Si that can be absorbed and utilized by plants, so as to
realize its use in agriculture. The activation processes commonly used at present to achieve this end are mainly divided
into four types, namely mechanical activation, microbial activation, chemical activation and high-temperature activation.

In the mechanical activation process, mechanical energy is mainly used to cause physical and chemical changes in the
target mineral, which promotes imperfections or displacements in the crystal lattice and even the amorphous state,
thereby improving the dissolution behavior of useful chemical components (Said et al. 2020). Liu et al. (2020) used
mechanical grinding to activate potassium-containing silicate minerals, thereby increasing the release of silicon and
potassium, to prepare silicon-potassium fertilizers. Countries like Japan and North Korea often adopt this activation
method for the preparation of silicon fertilizer, achieving good economic bene�ts in rice cultivation (Cai 2017; Lee and
Kim 2006; Makabe-Sasaki et al. 2014). However, the available-Si content of the silicon fertilizer produced by mechanical
activation is generally low, which is insu�cient to meet the needs of large-scale agricultural production. The aim of the
microbial activation process is mainly to degrade the target minerals using the metabolic process of the microorganisms
themselves (i.e., use of silicate bacteria and bacillus megaterium) to achieve the dissolution of P, K and Si, thereby
producing microbial fertilizers (Wang et al. 2010). The microbial activation process exhibits high e�ciency in dissolving P
and K from coal gangue, but its e�ciency in dissolving Si is relatively low (Bi et al. 2019; Dopson et al. 2006; Li et al.
2014). The chemical activation process mainly uses acid, alkali, and salt solutions to destroy the chemical bonds in the
target minerals, thereby increasing the available-Si (Gao et al. 2015). However, this process is currently in the laboratory
stage of development. Sun Hongbin (2008) activated a mixture of coal gangue and straw in KOH and H2O2 solutions to
prepare silicon fertilizer, but the Si that was �nally available in the activated coal gangue was only approximately 1.0–
3.5%; it is thus di�cult to prepare high-e�ciency silicon fertilizer using chemical activation.

The high-temperature activation process mainly utilizes a high-temperature environment to promote the reaction of target
minerals with other reagents, so as to transform their stable structure into a morphological structure with multiple
micropores, multiple broken bonds, increased solubility, and higher internal energy. Finally, the Si in the target mineral is
activated into available-Si (Li et al. 2013; Li et al. 2016). In order to improve the rate of extraction of available-Si from the
target mineral at high temperature, activators such as calcium carbonate, potassium carbonate, sodium carbonate,
diethanolamine and alkali metal salts are necessary, the reactions resulting in citrate-soluble silicon fertilizers such as
silicon potassium fertilizer, silicon calcium fertilizer and silicate micro-fertilizer. Yao et al. (2014) used steel slag as a raw
material and prepared a fused potassium silicate fertilizer at high temperature by adding potassium carbonate. It has
been reported that the preparation of silicon fertilizer by high-temperature activation is a very viable and relatively simple
process which is particularly suitable for industrial applications. However, few studies have been carried out on the
preparation of coal-gangue based silicon fertilizer using high-temperature activation technology.

In this study, coal gangue mixed with calcium carbonate and corn stalk powder is used as a raw material to produce
gangue-based silicon fertilizer through high-temperature activation. Combining X-ray diffraction (XRD) and Fourier
transformed infrared (FT-IR) measurement with silicomolybdenum blue spectrophotometry, the in�uence of calcination
temperature and mixing ratio on the available-Si in activated coal gangue was initially explored; the optimal preparation
procedure was then investigated. Finally, the leaching test was used to study the release characteristics of coal-gangue
based silicon fertilizer, and its reliability veri�ed, thereby providing a theoretical basis for use of coal-gangue based silicon
fertilizer in agriculture.
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2. Methods And Materials

2.1 Methods
In this study, coal gangue (10 g sample for each experiment) mixed with CaCO3 and corn stalk powder was used to
prepare coal gangue-based silicon fertilizer using a high- temperature activation furnace (DC-B-2, Beijing Original
Technology Co., Ltd., China). In order for the high-temperature calcination process to be completed, the calcination time
was set to 120 s. Moreover, using XRD (D8 Advance, Bruker Axs GmbH, German) and FT-IR (Vertex 80v, Bruker Axs GmbH,
German) measurement technologies, the changes in the composition and functional groups of the samples were
obtained to analyze the mechanism of formation of silicon fertilizer from coal gangue. Herein, the X-ray generator was
equipped with a copper target x-ray tube operating at 40 kV and 26 mA (radiation wavelength λ = 0.154 nm). In the
measurement process, XRD spectra were acquired at room temperature over the 2θ range of 5°−35° at 0.05° intervals with
a measurement time of 1 second per 2θ intervals. Moreover, FT-IR spectra were obtained on KBr pellets (1 mg of samples
powder and 200 mg of KBr, pressed into 13 mm diameter discs at a pressure of 10 Ton). FT-IR spectra were recorded on a
Bruker Vertex 80v Fourier Transform Infrared Spectrometer with a resolution of 4 cm− 1, by 64 scans in the region between
4000 and 450 cm− 1. In addition, silicon molybdenum blue spectrophotometry was used to determine the available-Si
content of the sample, to analyze the in�uence of various factors on the activation process.

2.1.1 Single factor exploration
In order to analyze the in�uence of the calcination temperature, the mixing ratio of CaCO3 (or corn stalk powder) to coal
gangue, and the available-Si content in the activated coal gangue produced—corresponding to �ve levels for each factor
to be studied—were determined, and are shown in Table 1.

Table 1
The levels of each factor

Factors Value

Calcination temperature 200℃ 400℃ 600℃ 800℃ 1000℃

Mixing ratio of CaCO3

(i.e.., Gangue: CaCO3)

1:0.1 1:0.3 1:0.5 1:0.7 1:0.9

Mixing ratio of corn stalk powder

(i.e.., Gangue: Corn stalk powder)

1:0.1 1:0.3 1:0.5 1:0.7 1:0.9

2.1.2 Multi-factor optimization
In order to obtain the optimal mixing ratio of coal gangue, CaCO3 and corn stalk powder for the e�cient preparation of
coal-gangue based silicon fertilizer, 25 sets of mixed calcination experiments were performed, the results of which are
shown in Table 2.
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Table 2
Mixing ratio con�guration of the three substances

No. Gangue: CaCO3:Corn stalk powder No. Gangue: CaCO3: Corn stalk powder

1 1:0.1:0.1 14 1:0.5:0.7

2 1:0.1:0.3 15 1:0.5:0.9

3 1:0.1:0.5 16 1:0.7:0.1

4 1:0.1:0.7 17 1:0.7:0.3

5 1:0.1:0.9 18 1:0.7:0.5

6 1:0.3:0.1 19 1:0.7:0.7

7 1:0.3:0.3 20 1:0.7:0.9

8 1:0.3:0.5 21 1:0.9:0.1

9 1:0.3:0.7 22 1:0.9:0.3

10 1:0.3:0.9 23 1:0.9:0.5

11 1:0.5:0.1 24 1:0.9:0.7

12 1:0.5:0.3 25 1:0.9:0.9

13 1:0.5:0.5      

2.2.3 Leaching experiment
The leaching experiment on coal-gangue based silicon fertilizer is shown in Fig. 1; the release characteristics of heavy
metal ions were studied to verify the safety and applicability of the coal-gangue based silicon fertilizer. The equipment
used in the leaching experiment includes a plastic basin with holes at the bottom, and a �lter tray for �ltering the
leachate. The plastic basin contained three layers of material, the upper and bottom layers consisting of sand while the
sample constituted the middle layer (i.e., the sand as the control group, and the silicon fertilizer as the experimental
group). The water used in the leaching experiment was deionized water; the material in the basin was subjected to
leaching every �ve days, and the heavy metal ion content in the �ltered water was measured using the inductive coupled
plasma emission spectrometer (ICP).

2.2 Materials

2.2.1 Coal gangue
The coal gangue used in the experiment comes from the Shendong mining area in Inner Mongolia, China. Figure 2(a) is
the FT-IR spectrum of coal gangue, with its characteristic absorption curve. Here, 3697 cm− 1 and 3620 cm− 1 are the
vibrations in the outer hydroxyl group (i.e., structural water) and inner hydroxyl group (i.e., interlayer water), respectively, of
kaolin in coal gangue (Yan 2018); the absorption peak at 1430 cm− 1 is mainly formed by hydroxyl bending vibration. The
adsorption peaks at 942 cm− 1 (back peak) and 912 cm− 1 correspond to the bending vibrations of the inner surface
hydroxyl group and inner hydroxyl group, respectively (Castellano et al. 2010; Makó et al. 2006), and the absorption peaks
at 1100, 695 and 473 cm− 1 are attributed to the stretching vibration, �exural vibration and rocking vibration of the TOT
bond where T is Al and Si (Markovic et al. 2003). Moreover, the absorption peaks at 539 and 431 cm− 1 may be attributed
to Si-O-AiVI, which overlaps with the absorption vibration of the Si-O-Si bond (Guo et al. 2016). From the XRD spectrum in
Fig. 2(b), the coal gangue is seen to be mainly composed of quartz, kaolinite and muscovite. Si in coal gangue exists
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mainly in the form of SiO2 and silicate, which have relatively stable phase structures, requiring activation treatment in
order to produce effective silicon fertilizer.

2.2.2 Corn stalk powder
The corn stalk powder comes from farmland near the Shendong mining area in Inner Mongolia, China. For better mixing
of the sample, the corn stalk powder was ground to − 200 mesh size. The metal oxide content of corn stalk ash at
different calcination temperatures is shown in Table 3 below.

Table 3 shows that the metal oxides and corn stalk ash contents are roughly the same at different calcination
temperatures. The main oxides are SiO2, K2O, CaO and MgO, which react with the silica-containing ore in coal gangue,
thereby promoting the activation of Si in the coal gangue.

Table 3
Metal oxide content of corn stalk ash at different calcination temperatures

Temperature/
℃

SiO2 Al203 Fe2O3 K2O CaO MgO SO3 P2O5 Na2O MnO Cl

200 60.823 0.985 1.026 16.314 9.251 1.665 1.324 1.139 0.184 0.36 4.19

400 61.358 1.038 1.257 15.098 10.067 1.709 1.45 1.682 0.106 0.201 3.011

600 62.071 1.254 1.304 14.207 10.804 1.511 1.506 1.809 0.081 0.116 2.627

800 66.752 1.308 1.352 11.024 11.038 1.305 1.527 1.934 0.032 0.109 1.024

1000 67.25 1.485 1.407 11.069 11.051 1.017 1.71 2.011 0.010 0.021 0.92

2.3 Evaluation
In order to study the activation e�ciency for coal gangue under different conditions, the available Si content is used as an
evaluation index, calculated by Eq. (1).

k =
m
mo

× 100

1

where k is the available Si content, as %; m is the mass of available Si in the activated sample in g; mo is the mass of the
activated sample in g.

3. Results And Discussion

3.1 Results

3.1.1 Single factor exploration
The coal gangue was subjected to calcination under various operating conditions, as shown in Fig. 3. The available-Si in
coal gangue is different at different calcination temperatures, showing a gradually increasing trend with increase in
temperature. When the calcination temperature reaches 600 ℃, the available-Si increases rapidly; while available-Si is
6.18% at 400 ℃, it is 8.19% at 600 ℃, the value then increasing slowly with temperature, indicating that the Si
component of coal gangue is activated at 600 ℃. However, the overall percentage of available-Si is not high (k < 10%).
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In the subsequent experiments where calcination is carried out after mixing CaCO3 and then corn stalk powder, the
calcination temperature is set to 600 ℃. In the calcination experiment involving coal gangue mixed with CaCO3, the
available-Si content of the calcined coal gangue is signi�cantly better than that of the calcined coal gangue obtained
through the calcination of coal gangue alone. With the increase of the mixing ratio, the available-Si content of calcined
coal gangue increases slightly. Especially, when the mixing ratio of coal gangue and CaCO3 increases to 1:0.9, the
available-Si content can reach 12.60%, indicating that CaCO3 can promote the activation process of coal gangue to a
certain extent.

When coal gangue and corn stalk powder are mixed and calcined, available-Si increases with increase in mixing ratio.
When the mixing ratio is 1:0.9, the available-Si content rises to 14.56%, which is obviously better on the whole than that in
activated coal gangue mixed with CaCO3; this may be due to the in�uence of oxides formed by the calcination of corn
stalk powder.

3.1.2 Multi-factor optimization
In order to study the trends in available-Si during the calcination of coal gangue mixed with CaCO3 and corn stalk powder,
a multi-factor experiment was used to obtain the best mixing ratio in each case, as shown in Fig. 4.

Overall, during the mixed calcination process, available-Si increases with the increase of CaCO3 (or corn stalk powder);
there were two peaks, with available-Si of 22.97% and 22.55% at mixing ratios of 1:0.3:0.9 and 1:0.9:0.9, respectively.
Moreover, the available-Si content of the activated samples basically meets the relevant regulations on silicon fertilizer
(NY/T797-2004, China), i.e., k > 10%, which indicates that it is feasible to use a mix of coal gangue, CaCO3 and corn stalk
powder to form a silicon fertilizer through calcination. From an economic point of view, in order to produce e�cient coal-
gangue based silicon fertilizer, the optimal mixing ratio of coal gangue, CaCO3 and corn stalk powder should be 1:0.3:0.9.
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Table 4
Range analysis results

Factor CaCO3 Corn stalk powder

K0.1 64.763 46.200

K0.3 78.942 60.543

K0.5 66.923 76.480

K0.7 75.430 86.517

K0.9 82.439 98.759

K0.1 12.953 9.240

K0.3 15.788 12.109

K0.5 13.385 15.296

K0.7 15.086 17.303

K0.9 16.488 19.752

Range analysis 3.535 10.512

Signi�cance Corn stalk powder > CaCO3

* Ka is the sum of the test results when the factor level is a; Ka is the average value of the sum when the factor level
is a.

Furthermore, the experimental results with extreme differences were analyzed to study the in�uence of CaCO3 and corn
stalk powder on the available-Si content of calcined coal gangue, as shown in Table 4.

Table 4 shows that the effect of corn stalk powder on the available-Si content of calcined coal gangue is stronger than
that of CaCO3, which is related to the different roles played by the above two additives in the Si activation of coal gangue.

3.1.3 Leaching experiment
Through the leaching experiment on coal gangue-based silicon fertilizer, the variations in the concentrations of harmful
heavy metals in the �ltrate were analyzed, as shown in Fig. 5. The main harmful heavy metals in coal-gangue based
silicon fertilizer are Cr and Ni, with the highest concentrations present being 0.025 mg/L and 0.01 mg/L, respectively; the
concentrations of these heavy metals decrease over time. The coal-gangue based silicon fertilizer also contains less
harmful heavy metals, i.e., Pb, As and Cd, in concentrations less than 0.01 mg/L. The concentrations of harmful heavy
metal ions in coal-gangue based silicon fertilizer meet the safety requirements for agricultural applications according to
the relevant standards for fertilizers (GB 8173 − 1987 and GBT 29163 − 2012).

3.2 Discussion

3.2.1 Calcination temperature
When the calcination temperature reaches 600 ℃, the characteristic peaks of the hydroxyl groups are replaced by a series
of new absorption bands, indicating that the layered structure of coal gangue has been completely damaged (Fig. 6).
With the disappearance of the absorption peaks at 1100, 1033 and 1009 cm− 1, a strong and broad absorption peak
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appeared at 1050 cm− 1, which corresponds to the stretching vibration of the TOT bond in metakaolin, indicating the
presence of metakaolinite in the calcined sample. The characteristic absorption bands of metakaolinite also contained
the three newly formed bands corresponding to Si-O-Si bond vibration at 798 cm− 1 and Si-O bending vibration at 694 and
486 cm− 1 (Peng and Liu, 1982). Moreover, the original absorption peaks at 539 and 432 cm− 1 disappeared, indicating the
transition from Si-O-AiVI to Si-O-Ai IV, which is also evidence of the formation of the amorphous metakaolinite phase.
Therefore, calcination temperatures above 600 ℃ can promote the phase change of coal gangue, rapidly increasing its
available-Si content.

The diffraction peaks in the XRD spectra of coal gangue samples are different at different temperatures shown in Fig. 7.
When the temperatures are lower than 600 ℃, the diffraction peaks of coal gangue samples show little change,
indicating that the composition and structure of coal gangue before and after heat treatment are similar, mainly
composed of quartz, kaolinite and muscovite. The intensity of individual diffraction peaks corresponding to quartz
increases with the increasing temperature, which may be caused by the burning of residual carbon in coal gangue, and
the formation of amorphous SiO2 during the dehydroxylation of minerals such as kaolin and muscovite. As suggested by
the disappearance of individual diffraction peaks of kaolinite and the formation of calcium silicate hydrate peaks, the
hydroxyl group of kaolinite is being transformed into metakaolinite. When the calcination temperature exceeds 600 ℃,
the diffraction peak corresponding to kaolinite gradually disappears, indicating that the kaolinite is being transformed
into metakaolin at high temperature, thereby activating coal gangue. When the calcination temperature exceeds 800 ℃,
the diffraction peak corresponding to muscovite gradually disappears, indicating that the muscovite in the coal gangue
has undergone structural changes. However, due to the relatively low content of activated muscovite, the increase in
available-Si in the coal gangue during this phase is not signi�cant. Therefore, when the calcination temperature exceeds
600 ℃, although available-Si in calcined samples increases, the rate of increase is not signi�cantly high.

3.2.2 Calcination of coal gangue and CaCO3 mixture
When coal gangue is calcined with CaCO3 at 600 ℃, the characteristic absorption curve changes signi�cantly, as shown

in Fig. 8. The absorption peaks at 2874, 2513, 1799, 1421, 875 and 712 cm− 1 are characteristic peaks of carbonate, 3674
cm− 1 corresponds to the stretching vibration of the free hydroxyl group, 1048 cm− 1 indicates Si-O stretching vibration,
and 562 and 484 cm− 1 correspond to the bending vibration of Si-O. Here, 3674, 1048, 562 and 484 cm− 1 constitute the
characteristic peaks of hydroxy silicate (Li et al. 2021), indicating that a large amount of soluble silica minerals are
formed by the calcination of coal gangue mixed with CaCO3. Moreover, increasing the mixing ratio of coal gangue to
CaCO3 does not signi�cantly change the solid phase structure formed, but only increases the intensity of the relevant
characteristic peaks, indicating that the effective extraction rate of available-Si from coal gangue increases with increase
in the mixing ratio.

From the XRD spectrum of coal gangue calcined with CaCO3 shown in Fig. 9, it is seen that the untreated coal gangue
contains quartz, kaolinite and muscovite. After calcination of the mixture at 600 ℃, the peaks related to kaolinite
disappeared, while the intensity of the peaks related to quartz and muscovite decreased signi�cantly with increase in
CaCO3 content. When the mixing ratio exceeds 1:0.5, there is no new crystal phase in the calcination except the formation
of soluble calcium silicate, indicating that the whole activation process at this stage is a non-equilibrium reaction limited
to the destruction of the crystalline structure. Moreover, this destroyed crystal structure will not evolve into crystals again,
but will remain amorphous; for example, kaolinite is transformed into amorphous metakaolinite under the in�uence of
CaCO3. Thus, CaCO3 mainly plays a catalytic role in the entire calcination and activation process; the only chemical
reaction involving CaCO3 is its reaction with coal gangue on the contact surface, forming soluble calcium silicate.

3.2.3 Calcination of coal gangue and corn stalk powder mixture
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The FT-IR spectrum of the coal gangue calcined with corn stalk powder, subjected to calcination at 600 ℃, mainly
displays the vibration absorption peak of the metakaolinite phase (Fig. 10). Compared with the spectrum after calcination
of coal gangue alone, the main characteristic peaks of the calcined mixture spectrum—such as the stretching vibration
peak of the T-O-T bond at 1050 cm− 1—are signi�cantly wider. Moreover, the vibration peak of the H-O-H bond appears at
1638 cm− 1, indicating that the organic matter in the corn stalk is continuously removed during calcination. Further, the
oxides of corn stalk ash formed during calcination react with the silicon-containing material in the coal gangue to form a
soluble silicate, which promotes the activation of Si in the coal gangue.

Figure 11 shows the XRD spectrum of coal gangue calcined with corn stalk powder, calcined at 600 ℃. After calcination,
the diffraction peaks related to kaolinite gradually disappear, indicating that the crystal structure of kaolinite has been
destroyed; the kaolinite begins to transform into metakaolinite. Moreover, a new mineral component appears in the
calcined sample, namely nepheline (K(Na,K)3Al4Si4O16), which indicates that part of the metakaolinite is transformed into
silicate. The calcined corn stalk powder contains various oxides such as CaO and K2O, which promote the above
transformation process. Thus, the oxides in the calcined corn stalk powder can participate in the chemical reactions
involved in the further calcination of coal gangue; therefore, the available-Si content of coal gangue calcined with corn
stalk powder is signi�cantly higher than that of coal gangue calcined with CaCO3.

3.2.4 Calcination of coal gangue, CaCO3 and corn stalk powder
mixture
In the multi-factor experiment, the coal gangue-based silicon fertilizer was produced under operating conditions that
produced the best results (1:0.3:0.9), and analyzed as shown in Fig. 12. After calcination of the coal gangue, CaCO3 and
corn stalk powder mixture at 600 ℃, the calcined sample contains not only the original quartz and CaCO3, but also new
substances with a large amount of soluble silicon components, i.e., nacrinite (NaAlSiO4), potash nepheline (KAlSiO4), gray
wollastonite (Ca5(SiO4)2CO3), etc., resulting in the higher available-Si content of the calcined coal gangue. Here, the action
of high temperature in the presence of CaCO3 promotes the destruction of the crystal structure of the gangue, forming a
large amount of metakaolinite. The metakaolinite further reacts chemically with the oxides in the corn stalk ash to form
soluble silicon acid salt. Thus, under the synergistic effect of CaCO3 and corn stalk powder, the silicon element in coal
gangue can be effectively activated.

4. Conclusion
This study used CaCO3 and corn stalks as additives to transform coal gangue into coal gangue-based silicon fertilizer
through high temperature activation. The in�uence of the calcination temperature and the mixing ratio on the available-Si
in calcined samples was studied using silicomolybdenum blue spectrophotometry, and the activation mechanism of
calcined coal gangue with CaCO3 and corn stalk powder was analyzed using XRD and FT-IR technologies.

The available-Si in calcined coal gangue increases with increasing calcination temperature and addition ratio of CaCO3

(or corn stalk powder). At a calcination temperature of 600 ℃, the hydroxyl groups and layered structure of the coal
gangue are damaged, and the kaolinite begins to transform into metakaolinite, the available-Si content present being less
than 10%. Since the destroyed crystal phase continues to remain amorphous, the calcination process after the addition of
CaCO3 to the coal gangue at 600 ℃ does not include a crystal phase. CaCO3 mainly plays a catalytic role in the entire
activation process, only participating in a chemical reaction with coal gangue on the contact surface to form soluble
calcium silicate; still, the effective silicon content in the calcined sample is not high, only reaching 12.60%. When coal
gangue and corn stalk powder are mixed and calcined at 600 ℃, a new mineral component appears in the calcined
sample, i.e., nepheline (K(Na,K)3Al4Si4O16. The corn stalk ash contains various oxides such as CaO and K2O, which react
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chemically with the minerals in the coal gangue. Meanwhile, the available-Si content increases signi�cantly, reaching
14.56% at a mixing ratio of 1:0.9, which is signi�cantly higher than that with CaCO3. When coal gangue is calcined with
CaCO3 and corn stalk powder, a large amount of soluble silicon components are formed under the synergistic effect of
CaCO3 and corn stalk powder. When the mixing ratio is 1:0.3:0.9 (coal gangue : CaCO3 : corn stalk powder), the available-
Si content in calcined coal gangue reaches 22.97%, the amount of harmful heavy metals present being less than 0.025
mg/L, thus providing an e�cient and safe coal-gangue based silicon fertilizer.

Considering how the coal gangue-based silicon fertilizer could contribute to a modern, and sustainable agriculture
system, further studies including planting experiments using silicon fertilizer are necessary, to elucidate the state,
variations and relationships between physical, chemical and mineralogical parameters of soils in relation to the silicon
fertilizer and its role in plant growth.
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Figures

Figure 1

Schematic diagram of leaching experiment.
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Figure 2

The mineral composition and crystal structure analysis of coal gangue: (a) infrared spectrum; (b) X-ray diffraction
spectrum.
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Figure 3

Available-Si content of calcined coal gangue under different conditions.
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Figure 4

Extraction rate of available-Si under different conditions.
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Figure 5

The content of harmful heavy metal ions in the �ltrate.
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Figure 6

FT-IR spectra of calcined samples at different temperatures.
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Figure 7

XRD spectra of calcined samples at different temperatures.
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Figure 8

FT-IR spectra of coal gangue calcined with CaCO3.
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Figure 9

XRD spectra of coal gangue calcined with CaCO3.
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Figure 10

FT-IR spectra of coal gangue calcined with corn stalk powder.
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Figure 11

XRD spectra of coal gangue calcined with corn stalk powder.
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Figure 12

XRD spectrum of coal gangue calcined with CaCO3 and corn stalk powder.


