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A B S T R A C T S   

Iron is one of the heavy metals that present in industrial wastewater and domestic waste which 
damage agricultural production as well as the landscape if there is no proper treatment. One 
popular method was to introduce the heavy metal ions into the raw material for the synthesis of 
tobermorite, as the main cement component. However, the conventional hydrothermal synthesis 
was time and intense energy consuming. Therefore, microwave hydrothermal synthesis of 
tobermorite was evaluated by comparing with the conventional method. The experimental results 
showed that the dominant products were Fe-tobermorite/ tobermorite via conventional method, 
whilst it turned to be Fe-containing hydrogarnet under microwave hydrothermal synthesis when 
the Fe/Si ratio was 0.15/0.2, which were found to be more stable, thus enhancing the safety of the 
solidification. Both methods exhibited 100 % of solidification of iron, and the microwave hy-
drothermal synthesis consumed a much shorter time than conventional method. Therefore, pre-
sent work has demonstrated that microwave hydrothermal synthesis of tobermorite is an effective 
alternative to conventional method for the solidification of iron.   

1. Introduction 

Iron is an essential nutrient for humans and organisms, and its functions for the human body are manifested in many ways, such as 
its involvement in the transport and storage of oxygen, promoting development, increasing resistance to disease, and regulating tissue 
respiration [1]. Therefore, iron itself is not a significant contaminant. However, iron from industrial wastewater and domestic waste 
will occupy agricultural land and damage agricultural production as well as the landscape and vegetation without proper treatment 
[2]. Therefore, various techniques were developed to solidify the iron ions, especially for the treatment of industrial wastewater 
containing Fe3+. The current treatment methods include chemical precipitation method, biological method and membrane separation 
[3,4], which are, however, suffer from their high cost and low efficiency, as well as secondary pollution problems. 

Solidification of heavy metal ions by tobermorite has been proved to be an effective method by introducing the heavy metal ions 
into the raw material for the synthesis of tobermorite [5]. Theoretically, the microstructure of tobermorite is modelled on the 
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dreierketten model [6], where silica-oxygen tetrahedra on both sides are connected to Ca-O lamellae parallel to the b-axis and stacked 
along the c-axis to form a crystal of tobermorite, with the presence of water molecules and Ca2+ acting as equilibrium between the 
layers, i.e. forming an intermediate layer [5]. The Ca-O lamellae have a coordination number of 7 for Ca. The non-bridging silico-
n-oxygen tetrahedra (P) are paired silicon-oxygen tetrahedra to share 2 vertices, and the bridging silicon-oxygen tetrahedra (B) are 
silicon-oxygen tetrahedra connecting the non-bridging silicon-oxygen tetrahedra [5,7]. There are five Ca2+ in the molecular structure 
of tobermorite, where four Ca2+ form Ca polyhedra to produce the laminar structure of tobermorite, and the other Ca2+ and H2O 
molecules form the intermediate layer in the crystal structure of tobermorite. When preparing tobermorite internal doping metal ions, 
such as Fe3+ and Al3+, to produce metal-substituted tobermorite, the Si4+ ions are replaced to obtain a structure that is similar to 
tobermorite [8–10]. Such manner has been proved by previous work [11], where aluminium-substituted tobermorite was synthesized 
from waste blast furnace slag, sodium silicate and sodium hydroxide. 

Currently, the conventional hydrothermal method is still a dominant synthesis method of tobermorite which is, however, both time 
and energy consuming [12,13]. To reduce the CO2 emissions during this process, microwave hydrothermal synthesis is a promising 
method that combines the conventional hydrothermal synthesis method with microwave fields, taking full advantage of both mi-
crowave and hydrothermal methods [14]. By comparing with conventional hydrothermal synthesis, microwave heating is featured 
with strong penetrating power, resulting in fast heating rate[15]. Therefore, microwave hydrothermal synthesis requires only few 
hours for synthesis of tobermorite, reducing the preparation time and energy consuming significantly [16]. In addition, the 
non-thermal effect of microwave heating can also reduce the activation energy of the reaction, making the preparation temperature 
lower than the that required by conventional heating methods [16]. Though synthesis of heavy metal substituted tobermorite via 
microwave hydrothermal seems superior to conventional method, the efficiency and feasibility of microwave hydrothermal synthesis 
of Fe-substituted tobermorite has been rarely reported in the literature as most work was related to Al-substituted tobermorite [17,18]. 

This work thus completed an attempt to employ advantageous microwave hydrothermal synthesis technology to produce Fe- 
substituted tobermorite by using calcium hydroxide, silicon dioxide and ferric trichloride hexahydrate as raw materials. The chemi-
cal and physical properties of the products via both microwave and conventional hydrothermal synthesis were thoroughly compared. 
The efficiency to solidify iron by these two methods were evaluated as well by determining the iron concentration in the supernatant 
and leaching solution. Finally, the effect of synthesis method and duration on the products was discussed in an attempt to provide some 
technical guidance and theoretical reference for the effective treatment of iron-containing waste. 

2. Experiments 

2.1. Materials 

The chemicals used in this work include fumed silica (SiO2) from Degussa AG., and calcium hydroxide (Ca(OH)2, 95 %) and ferric 
chloride hexahydrate (FeCl3-6H2O, 99 %) from Maclean. The deionised (DI) water was employed for dissolution and synthetization. 

2.2. Sample preparation 

Ca(OH)2, SiO2 and FeCl3-6H2O were used as raw materials and mixed well at a Ca/(Si+Fe) of 0.83, Fe/Si of 0, 0.05, 0.1, 0.15 and 
0.2, respectively, and a liquid to solid ratio of 30 mL/g. The mixed slurry was placed in a microwave digestion apparatus (Nanjing 
Xian’ou Instrument Manufacturing Co., Ltd, China) as shown in Fig. 1, and a dynamic hydrothermal reactor (GCF) produced by Dalian 
Automatic Control Equipment Factory as shown in Fig. 2 for synthesis tests. When the reaction was completed, the slurry was cooled to 

Fig. 1. The diagram of dynamic hydrothermal reactor (GCF).  
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room temperature, and the supernatant was collected. In the meantime, the remaining sample was washed by filtration, and the 
resulting solid sample was dried under vacuum at 60 ◦C for 24 h. The experimental conditions for microwave and conventional hy-
drothermal synthesis are shown in Tables 1 and 2, respectively. The temperature and duration of synthesis was based on primary trail 
tests [19]. 

2.3. Microstructure 

The mineral composition was characterised by a Smart-lab type XRD test with CuKα radiation (Rigaku Corporation of Japan). The 
scanning range was from 5◦ to 65◦ with a speed of 5◦/min [20]. A Merlin Compact field emission scanning electron microscope 
produced by Carl Zeiss NTS Gmbh, Germany was used to observe the microscopic morphology of the product. TG-DSC test was carried 
out on the sample using STA800 produced by Perkin Elmer Company. The experiment was carried out under nitrogen atmosphere, and 
the temperature was heated from 50 ◦C to 1000 ◦C with a heating rate of 5◦/min. FTIR measurement was performed with a Bucks HP9 
2FX thermal infrared spectrometer from Perkin Elmer, with a test range of 400–4000 cm− 1 and a resolution of 2 cm− 1. 

2.4. Heavy metal toxicity leaching experiment 

To determine the heavy metal solidification effectiveness during synthesis, the concentration of iron ions in supernatant after 
hydrothermal synthesis were characterized by an iCAP Pro X inductively coupled plasma emission spectrometer (ICP-OES) from 
Thermo Fisher Scientific. In addition to the supernatant, the safety of the products synthesized by different methods, as the solidified 
body, were evaluated for heavy metal leaching toxicity according to a standard procedure named ‘Solid Waste Leaching Toxicity 
Leaching Method - Horizontal Oscillation Method’ as described in the literature [21,22]. The experiments were carried out under an 
argon atmosphere. The instrument was operated at 1150 W, with a cooling gas flow rate of 12.5 L/min, an auxiliary gas flow rate of 
0.5 L/min and a pump speed of 45 rpm. The supernatant was filtered using a 0.45 µm membrane. 

3. Results and discussion 

3.1. XRD: physical phase of the products 

Fig. 3 shows the XRD patterns of samples prepared with different Fe/Si ratios at 2 h of microwave hydrothermal synthesis. It can be 
seen that the main phases of the sample were tobermorite when no iron was incorporated. When the Fe/Si ratio was 0.05, the main 
phase of the sample was Fe-tobermorite/tobermorite. Fe-containing hydrogarnet started to appear in the when the Fe/Si ratio reached 
0.1. At an Fe/Si ratio of 0.15 and 0.2, reinhardbraunsite (Ca5(SiO4)2(OH)2) and gyrolite were detected in the hydration products of the 
sample. It is worth noting that, with the increase of Fe/Si ratio, the contents of Fe-containing hydrogarnet and gyrolite were found to 
increase, and, inversely, Fe-tobermorite/tobermorite was reduced based on the intensity of their corresponding diffraction peaks. 
Under hydrothermal reaction conditions, iron took the place of some of the silicon to form iron-substituted C-S-H, which formed as 
iron-substituted tobermorite and Fe-containing hydrogarnet [20]. Similar results were found in the literature [9]. 

Fig. 4 shows the XRD patterns of samples prepared with different Fe/Si ratios at 4 h of microwave hydrothermal synthesis. As can 
be seen from the figure, with the increase of Fe/Si ratio, the trend of the reaction products in the samples was generally similar to that 
in Fig. 3. The only difference was the appearance of gyrolite and Fe-containing hydrogarnet after 4 h of microwave hydrothermal 
synthesis at a Fe/Si ratio of 0.05. It is thus suspected that at longer curing times, the formation of the gyrolite and Fe-containing 
hydrogarnet was promoted even though there was a low Fe/Si ratio. 

Fig. 5 shows the XRD patterns of the samples produced with different Fe/Si ratios after 14 h of conventional hydrothermal 

Fig. 2. The diagram of microwave digestion apparatus (ATPIO-24 T).  
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synthesis. With no addition of iron, the main physical phase of the sample was tobermorite, the diffraction peaks of tobermorite were 
more intensive than those for the samples after microwave hydrothermal synthesis. With an Fe/Si ratio of over 0.05, Fe-tobermorite 
and gyrolite and reinhardbraunsite appeared in the product. By comparing with the products after microwave hydrothermal synthesis, 
Fe-containing hydrogarnet was missing in the products after conventional hydrothermal synthesis. 

3.2. SEM: morphologies of the products 

Figs. 6 and 7 show the morphologies of samples produced by microwave hydrothermal synthesis for 2 h and 4 h, respectively. 
Generally, the morphologies of the products were generally similar to each other after 2 and 4 h with the sample Fe/Si ratio. As can be 
seen from Figs. 6(a) and 7(a), the samples were in the form of small flakes stacked together in a honeycomb pattern without iron, 
suggesting the presence of tobermorite [23]. The only difference was observed when the Fe/Si ratio was 0.05. After 2 h of microwave 
hydrothermal synthesis, few spherical crystallites appeared in the product as shown in Fig. 6(b), which should be attributed to the 
formation of Fe-containing hydrogarnet as evidenced in XRD results. Similar morphology was observed in literature as well [20]. 
However, after 4 h of microwave hydrothermal synthesis, few flakes were found to transfer to lamellar-shape crystallites as can be seen 
in Fig. 7(b), indicating the formation of Fe-tobermorite [23]. With the Fe/Si ratio at 0.1 (Figs. 6 and 7(c)), while few spherical crystals 
were still present, there was an increase in the lamellar-shape crystallites, suggesting the increasing of Fe-tobermorite. At an Fe/Si ratio 
of 0.15 (Figs. 6 and 7(d)), there was an apparent rise in spherical crystals number and a decrease in the presence of lamellar-shape 
crystals in the product, which was in line with the observation in XRD results. When the Fe/Si ratio is 0.2 (Figs. 6 and 7(e)), the 

Table 1 
Experiments under microwave hydrothermal conditions.  

Sample No. Ca/(Si+Fe) Fe/Si Liquid solid ratio (mL/g) Synthesis temperature (◦C) Synthesis time (h) 

M-T 0.83 0 30 220 2, 4 
M-T-0.05Fe 0.05 
M-T-0.1Fe 0.10 
M-T-0.15Fe 0.15 
M-T-0.2Fe 0.20  

Table 2 
Experiments under conventional conventional hydrothermal conditions.  

Sample No. Ca/(Si+Fe) Fe/Si Liquid solid ratio (mL/g) Synthesis temperature (◦C) Synthesis time (h) 

C-T 0.83 0 30 220 14 
C-T-0.05Fe 0.05 
C-T-0.1Fe 0.10 
C-T-0.15Fe 0.15 
C-T-0.02Fe 0.20  

Fig. 3. XRD patterns of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 2 h.  
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products showed agglomeration of crystallises. 
SEM images of the samples made with different Fe/Si ratios at 14 h of conventional hydrothermal synthesis are shown in Fig. 8. As 

seen in Fig. 8(a), the sample morphology was fibrous which was another typical morphological habit of tobermorite [23]. At an Fe/Si 
ratio that was over 0.05, i.e. Fig. 8(b–e), the product were all in form of lamellar-shape crystallites, confirming the formation of 
Fe-tobermorite. It is worth noting that only limited amount of the spherical crystals could be observed in the products synthetized by 
conventional hydrothermal. 

As evidenced by the formation of lamellar-shape crystals, it can thus be deduced that Fe successfully replaced the Si position in 
tobermorite to produce Fe-tobermorite during the hydration reaction. Additionally, under microwave hydrothermal synthesis, the 
products were mainly composed of Fe-tobermorite with a Fe/Si ratio of 0.1. With the rise of Fe/Si ratio, a dramatical increase in the 
formation of Fe-containing hydrogarnet was found. Whilst no significant difference was found in the morphologies of products under 
conventional hydrothermal synthesis among the different Fe/Si ratio (over 0.05). 

Fig. 4. XRD patterns of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 4 h.  

Fig. 5. XRD patterns of samples prepared with different ratios of Fe/Si after conventional conventional hydrothermal synthesis for 14 h.  
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3.3. DTG: thermal properties of the products 

The DTG plots of samples made with different Fe/Si ratios at 2 h and 4 h of microwave hydrothermal synthesis are shown in Figs. 9 
and 10. The products synthesized after 2 h and 4 h microwave hydrothermal methods showed slightly different thermal behaviours. 
An exothermic peak at around 120 ◦C could be found in all samples, which was associated with the loss of interlayer water molecules in 
tobermorite/Fe-tobermorite [24,25]. The peak at around 245 ◦C was only observed in products that were synthesized with a Fe/Si 
ratio over 0.15, which should be attributed to the water loss of the Fe-containing hydrogarnet [26]. This result was in line with the XRD 
and SEM results, as there was an apparent increase in the amount of Fe-containing hydrogarnet when the Fe/Si ratio was over 0.15 
[26]. Additionally, the DTG curves of all samples showed a peak at the range from 550 to 620 ◦C, corresponding to cleavage of the 
Si-O-H bonds in tobermorite/ Fe-tobermorite [26]. In Fig. 9, the position of the peak shifted from ~550 ◦C to ~600 ◦C when the Fe/Si 
ratio was increased from 0 to 0.05/0.1, which shifted back to ~550 ◦C with the further increase of the Fe/Si up to 0.2. It is thus 
suspected that the formation of the Fe-tobermorite had probably occupied the weak Si-O-H bond and left the remaining strong Si-O-H 
bonds. As can be seen that the amount of Fe-tobermorite reached the maximum at a Fe/Si ratio of 0.1, which decreased gradually with 
the increase of Fe/Si ratio. However, in Fig. 10, the peak was originally at around 620 ◦C which shifts to lower temperature gradually 
with the increase of Fe/Si ratio. The higher cleavage temperature for M-T-4 h sample should be benefited from its longer synthesis 
time, improving the degree of the crystallization of tobermorite [25]. With the addition of iron, the stability of Si-O-H bonds decreased 
since these bonds might have achieved the most stable status after 4 h of microwave hydrothermal synthesis. It is well known that 
tobermorite would transform to an anhydrous form of wollastonite (CaSiO3) at above 800 ◦C [26]. Therefore, an endothermic peak at 
~800 ◦C was found in Fig. 9 for all samples. However, in Fig. 10, this peak shifted to a lower temperature at around 730 ◦C for the 
samples with addition of iron, which might be inferred as the larger amount of Fe-containing hydrogarnet formed. 

The DTG curved confirmed the formation of Fe-tobermorite and Fe-containing hydrogarnet in the products with different Fe/Si 
ratio, and the maximum Fe-tobermorite can be obtained when the Fe/Si ratio was 0.05–0.1. Moreover, the products formed after 2 h of 
microwave hydrothermal synthesis were generally similar to those after 4 h, but the thermal behaviour exhibited slightly difference. 
Additionally, the stabilisation of Si-O-H bonds under high temperature would be reduced by the incorporation of Fe in tobermorite. 

The DTG plots of samples made with different Fe/Si ratios at 14 h of conventional hydrothermal synthesis are shown in Fig. 11. 
50–300 ◦C It is notable that there was only one exothermic peak at 100 ◦C, corresponding to the water loss of tobermorite for almost all 

Fig. 6. SEM images of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 2 h.  
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samples. Only the products synthetized with a Fe/Si ratio of 0.05 showed a broad peak at around 200 ◦C, which might have been 
caused by the formation of small amount of Fe-containing hydrogarnets as evidenced by SEM images in Fig. 8. The second exothermic 
peak related to the cleavage of Si-O-H bond at around (600 ◦C) was only observed in the products synthetized with a Fe/Si ratio less 
than 0.1, which should be attributed to the total transformation of tobermorite to Fe-tobermorite. A shift of peak to higher temperature 
cound also be seen with the increase of the Fe/Si ratio, which was consistent with the previous observation under microwave hy-
drothermal synthesis. Overall, the cleavage of Si-O-H happened at a lower temperature than that produced by microwave hydro-
thermal synthesis, especially for the ones with high Fe/Si ratio. This should be linked to the formation of Fe-containing hydrogarnet as 
which was reported to be more stable than Fe-tobermorite [26]. With regard to the peak at around 800 ◦C indicating the formation of 
wollastonite, only a broad one could be seen in the products without any Fe in synthesis, and small peaks pointed by arrows in the 
figure for the products synthesized with Fe/Si ratio of 0.05/0.1. 

3.4. FTIR: Chemical bonds of the products 

The FTIR results of the samples produced by different Fe/Si ratios at 2 h and 4 h of microwave hydrothermal synthesis and 14 h of 
conventional hydrothermal synthesis are shown in Figs. 12–14, respectively. Generally, the FTIR spectra of all products showed similar 
patterns with several peaks at the same positions, indicating the existence of certain chemical bonds regardless of the synthesis method 
and duration. For example, the peaks at 446 cm− 1 and 961 cm− 1 could be observed in all spectra, which were usually attributed to the 
stretching vibration modes of Si-O bonds [27,28]. But the intensities of these two peaks both reduced with the increase of the Fe/Si 
ratio, which should be induced by the increase of polymerization of silicate chains [28]. In addition to the peaks related to Si-O bonds, 
three peaks associated with C-O bonds could be found at 667, 876 and 1476 cm− 1 [27,29]. It is suspected to be caused by the 
carbonation of calcium compounds during the synthesis process while the samples were exposed to air as it has also been observed by 
other authors in the literature [28]. In higher range of wavenumber, the peaks at around 1638 and 3460 cm− 1 were present in all 
spectra which should be assigned to the vibrational mode of O-H bonds in H2O molecular [9,27,28]. The only exception was the 
spectrum of the products synthesised with Fe/Si ration of 0.2 in conventional method which shifted to a lower wavenumber, indicating 
the strengthen of the O-H bond [30]. 

Fig. 7. SEM images of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 4 h.  
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Apart from the abovementioned peaks, there were some peaks only appeared when the products were synthesized with a Fe/Si ratio 
over 0. The peaks at around 588, 609 and 784 cm− 1 started to appear when the Fe/Si ratio was 0.05, whose intensities increased 
initially with the Fe/Si ratio increased to 0.1 and decreased afterwards until the Fe/Si ratio reached 0.2. These three peaks were related 
to the Si-O-Si bending, Si-O-Si symmetric stretching and Si-O-Si asymmetric stretching modes in silicate tetrahedra [9,29]. It could be 
found that the most intense peaks were both observed in the products when the Fe/Si ratio was 0.1. Additionally, the peaks at 997, 

Fig. 8. SEM images of samples prepared with different ratios of Fe/Si after conventional hydrothermal synthesis for 14 h.  

Fig. 9. TG-DTG diagram of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 2 h.  
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Fig. 10. TG-DTG diagram of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 4 h.  

Fig. 11. TG-DTG diagram of samples prepared with different ratios of Fe/Si after conventional hydrothermal synthesis for 14 h.  

Fig. 12. FTIR diagram of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 2 h.  
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1026 and 1126 cm− 1, corresponding to vibrational modes of terminal Si-O bonds, showed a same trend, which appeared at a Fe/Si 
ratio of 0.05 and reached the maximum intensity at 0.1. As evidenced by SEM results, Fe-tobermorite reached the maximum amount at 
a Fe/Si ratio of 0.1. It is thus deduced that the Fe substitutions has increased the cross-linkage of silicate tetrahedra [9] and thus 
induced the increase in the intensities of these peaks. This could be used to explain the reduction of the intensities of these peaks when 
the Fe/Si ratio was further increased as the amount of the Fe-tobermorite decreased as can be seen in SEM results. 

By comparing the FTIR spectra obtained from the samples produced by different methods and durations, the change of the peaks 
with different Fe/Si ratios were similar in all these three groups. In particular, the FTIR spectra in lower range from 400 to 2000 cm− 1 

were almost identical for the one synthesized after 4 h of microwave hydrothermal and 14 h conventional hydrothermal. However, the 
spectra obtained from the samples from 2 h microwave hydrothermal synthesis showed the weakest peaks at 588, 609, 784, 997, 1026 
and 1126 cm− 1, especially for the products synthesized with the Fe/Si ratio at 0.01, implying the much better crystallization of Fe- 
tobermorite after 4 h of microwave hydrothermal synthesis. 

3.5. ICP-OES: solidification effectiveness of the products 

The experimental results found that the iron concentrations in both supernatant and leaching solution were both comparable to 
that in a blank solution. Based on the absence of iron in the blank solution, it can be deduced that the concentration of iron was either 
undetectably low or completely absent, thereby suggesting that no iron existed in supernatant and leaching solution. On one hand, the 
absent of iron ions in supernatant implies that all iron has been successfully solidified in all products, even including the ones syn-
thesized by microwave hydrothermal method for only 2 h. On the other hand, the missing of iron ions in leaching solution suggests the 
safety of the solidified body, i.e., products, which again includes the products produced after only 2 h of microwave hydrothermal 

Fig. 13. FTIR diagram of samples prepared with different ratios of Fe/Si after microwave hydrothermal synthesis for 4 h.  

Fig. 14. FTIR diagram of samples prepared with different ratios of Fe/Si after conventional hydrothermal synthesis for 14 h.  
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method. Therefore, 2 h are probably enough to solidify the iron by synthesizing tobermorite via microwave hydrothermal method, and 
the products were proved to be safe that would not leach any iron ions when the Fe/Si ratio was up to 0.2. 

4. Discussion 

The overall reaction involved in the synthesis of tobermorite via both microwave/conventional hydrothermal methods is shown as 
follows [31],  

SiO2 (s) + Ca2+ (aq) +Fe3+(aq) + 2OH- (aq) → tobermorite (s) / Fe-tobermorite (s)                                                                                 

The hydrothermal synthesis produces tobermorite, which is known as a layer structure with an inner calcium oxide layer and 
bridging tetrahedron outer layers [32]. While there are iron ions present, they would replace partial silicon ions at the outer layer to 
form Fe-tobermorite during the synthesis process [8–10]. 

The experimental results in present work showed that the variations in Fe/Si ratio could affect the synthesized products signifi-
cantly, especially for the microwave hydrothermal synthesis. With the addition of Fe, Fe-tobermorite gradually formed as evidenced in 
the SEM results in present work, which was in line with the observation in the literation [20]. In addition to Fe-tobermorite, gyrolite 
also appeared with the increase of Fe/Si ratio, which should be attributed to the increase of Ca/Si ratio in the raw material since the 
phase of products to be formed is theoretically dependent on the Ca/Si ratio [33]. More notably, Fe-containing hydrogarnet in 
spherical shape was only observed in the products via microwave hydrothermal synthesis. This might be owed to the combined effects 
of the increase in the Fe containment and enhancement of the mass transfer under microwave [33]. The presence of gyrolite during the 
solidification process is generally deemed to have negligible or slightly adverse consequences, as evidenced by the lack of solidified 
iron, whilst the formation of Fe-containing hydrogarnet exhibits a positive effect due to the successful solidification of iron. The 
presence of tobermorite holds inherent value due to its capacity to effectively solidify a substantial majority of iron ions. Additionally, 
the products via microwave hydrothermal method showed a better resistance to high temperature with a more stable Si-O-H bond. 

Despite the difference in the chemical compositions of the final products, the microwave hydrothermal synthesis exhibited a much 
more effective performance by comparing with conventional method in terms of the solidification of Fe. Only 2 h were required for 
microwave hydrothermal synthesis to solidify all Fe even when the Fe/Si ratio was up to 0.2. Such an improvement in the efficiency of 
solidification should be attributed to the rapid heating up of the entire reaction system evenly [34], which is benefited from the nature 
of microwave. Microwave heating transfers the energy directly to the molecular bonds within material through electric field with 
extremely deep penetration [34]. The energy would then induce the vibration of molecular bonds and thus heat up the entire system 
thoroughly much faster than conventional heating method. In addition to thermal effect, microwave heating is famous for its 
non-thermal effect [34]. Specifically, the microwave field provides a non-linear driving force for the ions in the system [34], effectively 
enhancing the mass transfer rate and thus reducing the activation energy for the hydrothermal process. 

Considering the economic benefits by using microwave hydrothermal synthesis, the energy consumption of both methods, mi-
crowave and conventional ones, for synthesising tobermorite to solidify iron is shown Table 3. It can be seen that there is a dramatical 
drop in the energy consumption by replacing the conventional method with the microwave heating. In particular, compared with 
conventional hydrothermal synthesis for 14 h, a significant reduction (95.2 %) in energy consumption has been achieved from mi-
crowave hydrothermal synthesis for 2 h, demonstrating a remarkable potential to benefit the cost for solidification as well as its 
environmental impact. 

To further develop the microwave hydrothermal synthesis of tobermorite for the solidification of iron, it is suggested that the time 
for the microwave hydrothermal synthesis can be further reduced as 100 % Fe solidification might have achieved before 2 h. In the 
meantime, the Fe/Si ratio can be increased to further evaluate the capacity of Fe that can be solidified via microwave hydrothermal 
synthesis of tobermorite. Regarding the potential of this technique for industrial-scale development, one key aspect of scaling up 
microwave utilization is the availability of appropriate equipment and infrastructure. Fortunately, industrial-scale microwave reactors 
capable of handling larger volumes and higher temperatures are already available in the market. However, there are still several 
challenges to be addressed before practical scale-up, such as process optimization, safety and economic feasibility. While scaling up 
microwave utilization for industrial applications may present certain challenges, many of these can be addressed through careful 
planning, optimization, and advancements in technology. 

5. Conclusion 

This work demonstrated the feasibility of microwave hydrothermal synthesis for the solidification of Fe. Different chemical and 
physical properties of the products synthesized under microwave and conventional hydrothermal synthesis were characterized and 
compared, and the efficiency of these two methods to solidify Fe was evaluated. The main conclusion can be drawn: 

Table 3 
Energy consumption under different heating methods.  

Method Power of Instrument (kW) Heating Time to 220 ◦C (h) Holding time (h) Total Energy Consumption (kW h) 

Conventional heating 1.5 0.66 14 21.99 
Microwave heating 0.45 0.36 4 1.96 

2 1.06  
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• The dominant product produced under conventional hydrothermal synthesis were Fe-tobermorite/tobermorite, along with gyrolite 
and reinhardbraunsite. In addition to these compounds, Fe-containing hydrogarnet was also formed under microwave hydro-
thermal synthesis. In particular, the dominant compounds switched from Fe-tobermorite/tobermorite to Fe-containing hydro-
garnet with the increase of Fe/Si ratio.  

• The products formed under microwave hydrothermal synthesis demonstrated a more stable state under high temperature than that 
produced via conventional hydrothermal synthesis, which was benefited from the dominant compounds, Fe-containing 
hydrogarnet.  

• Both microwave and conventional hydrothermal synthesis of tobermorite can effectively solidify iron ions by chemical substitution 
by 100 % when the Fe/Si ratio was up to 0.2. More importantly, the microwave hydrothermal synthesis was more effective as it 
only required one-seventh of time to achieve the sample solidification efficiency as conventional hydrothermal synthesis in present 
work. 

Consequently, our results suggest that microwave hydrothermal synthesis of tobermorite is a promising technique to solidify iron 
ions with superior efficiency and more stable products by compared with conventional hydrothermal synthesis. 
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