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Novel electromagnetic induction
heat curing process of fly ash
geopolymer using waste iron
powder as a conductive material

Toon Nongnuang?, Peerapong Jitsangiam?*, Ubolluk Rattanasak? & Prinya Chindaprasirt**

Geopolymer (GP) was invented to replace concrete, but its heat curing requirement hinders

extensive use in real-world construction. Past studies have tested several methods of heat curing.
However, the conventional heat curing process (using an oven) is still required for GP to develop

good strength on the laboratory scale. This study introduces a new heat curing method for GP based
on an electromagnetic field (EMF)generator and a ferromagnetic material. Waste iron powder (WIP)
was used as the ferromagnetic material mixed with the fly ash-based GP to generate heat through
induction. The sample was cured at 1.18 kW with 150-200 kHz of EMF generator for 15 min. The results
showed that 5% of the WIP mixed sample gained compressive and flexural strength at 28 days more
than the control (oven-cured). Compressive and flexural strengths of 76.8 MPa and 11.3 MPa were
obtained, respectively. In addition, heat induction enhanced the densification and geopolymerization
in the GP matrix following SEM and XRD results. This alternative method of heat curing accelerated
the formation of the GP matrix, reduced curing time, and increased strength. Moreover, this EMF
curing method can save 99.70% of the energy consumed compared to the conventional heat curing
method.

Due to the high emissions of carbon dioxide (CO,) from cement clinker production and construction activities,
massive investment in green materials is urgently needed to solve this greenhouse effect problem. These efforts
are in response to the three achievements of the UN Sustainable Development Goals (SDGs): sustainable cities
and communities, responsible consumption and production, and climate action. The climate change negatively
affects the way of construction'. Hence, waste and by-product materials have received a large amount of attention
as alternative materials for construction around the world®=°. Using waste is environmentally friendly and reduces
the cost of construction®®. One popular and well-known material effectively produced from waste materials such
as coal fly ash (FA) is geopolymer (GP). For partial or full concrete replacement, GP has been studied for decades
as a substitute for ordinary Portland cement (OPC) concrete*’. This environmentally friendly cementitious mate-
rial results from the synthesis of an inorganic polycondensation reaction when aluminosilicate mixes with an
alkaline solution, discovered by Joseph Davidovits in the 1970s'>!". FA is a pozzolanic material widely used to
manufacture a GP'>"7. Due to the endothermic reaction, GP requires a heat curing process at low temperature
to attain high strength and good physical properties!®. A temperature range of 50-80 °C with a curing duration
of 24 h or more was suggested'**. However, the heat curing process and long curing period constrain the use
of GP in actual construction. Although many researchers have studied alternate forms of heat curing, such as
self-curing?', room temperature curing”>?, hot weather curing®, or even microwave radiation”>-%, the strength
of the resulting material is not satisfactory. Researchers have studied advanced curing methods such as hot and
cold pressing to obtain ultra-high mechanical properties**°. The short-time curing method is a significant step
to increasing geopolymer application in actual construction. For the conventional heat curing technique, which
generally requires a hot air oven, the heat energy penetrates through the surface of the material and transfers to
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Chemical compositions Fly Ash | WIP
ALO, 8.52 -
Sio, 18.17 1.96
Fe,0, 2985 | 95.95
CaO 31.41 -
SO, 8.43 -
K,0 247 -
TiO, 0.58 -
SrO 0.29 -
MnO 0.28 0.53
Cr,0, - 1.56
Median particle size (Ds,), microns 19 22
Specific gravity 2.3 7.2

Table 1. Properties and chemical compositions of materials.

the inside of the sample by thermal convection. Nonetheless, due to the gentle thermal gradients inside the mate-
rial, a slow rate of geopolymerization occurs, leading to incomplete formation of the geopolymeric structure®.

A better way of heat curing must be found to apply GP to the pressing need for modern construction materi-
als. Every year, industrial sectors produce many by-products and a large amount of waste. One waste product
relevant to the GP problem is waste iron powder (WIP). In Thailand, approximately 20,000 tons of WIP are
produced annually, and most of this waste is disposed of by dumping it in pit holes®. This disposal method could
lead to long-term environmental problems. It has been revealed that this waste iron powder has been utilized
with an electromagnetic field (EMF) generator to generate heat by hysteresis loss. Hysteresis loss is caused due
to molecular friction in a ferromagnetic material (iron) under an alternating magnetic field. The loss is released
as heat energy. Some recent works have applied the metal scraps in asphalt concrete and used an electromagnetic
field to induce heat and create a self-healing asphalt concrete®. In addition, some researchers have incorporated
zero-valent iron (ZVI) with an EMF generator (EMFG) to induce heat for chloride treatment in ground water.
However, using of EMF in geopolymers has not been reported. Therefore, this concept could be applied to a new
GP heat curing procedure. Hence, the effect of WIP incorporated in GP must be investigated.

The use of iron-rich FA in GP resulted in a positive effect on GP properties®. In GP synthesis, the ferro-
silico-aluminate GP could be formed using the high iron content in the prime material, in which some Al is
substituted by Fe***”. However, this process only occurred around 600-800 °C. Previous research on applying
WIP in FA GP used conventional heat curing and revealed that the harmful actions of ferrous (Fe?*) compounds
could block the geopolymerization and hinder the strength development of GP with time**8. Even though the
FA GP mixed with WIP resulted in unsatisfactory mechanical properties, applying EMF with WIP to GP is still
of interest, and it has not been explored further.

Thus, this study explores the potential of electromagnetic induction in GP curing by applying WIP as a con-
ducting material and investigating the physical and mechanical properties of the products. The energy consump-
tion was compared with the conventional heated curing method. This EMF heat curing could play an important
role in GP manufacture to enhance the strength quickly and improve the application of GP in construction.

Experimental
Materials. FA was obtained from Mae Moh coal-fired power plant, Lampang, Thailand. It was classified as
Class C FA according to ASTM C618-11%. The properties of this FA are shown in Table 1. The high contents of
CaO and iron oxide (Fe,0;) were detected by energy-dispersive X-ray fluorescence (EDXRF), using a JSX3400R
(JEOL Ltd., Tokyo, Japan) and the FA has a reddish-brown color. The calcium content of this lignite coal is high
and increased with the depth of mining®*. Scanning electron microscopy (SEM) images of FA are shown in Fig. 1.
WIP was waste obtained from a bearing manufacturer in Thailand. The contaminated WIP was treated by
using a detergent before the experiment. Its properties and chemical composition are also tabulated in Table 1.
By EDXREF analysis, Fe,O; was the main component at 95 wt% The SEM of the raw WIP is also shown in Fig. 1.
The alkali activator was a blended solution of sodium hydroxide (SH, NaOH) and sodium silicate (SS,
Na,Si0;). Laboratory-grade SH was used (ACI Labscan Ltd., Thailand). To prepare 8 M NaOH, SH pellets were
dissolved in distilled water and left overnight to obtain the solution at room temperature. A commercial-grade
SS was purchased from a local distributor (Kusawad Chemical Group Ltd., Chiang Mai, Thailand) with the con-
centrations of 27 wt% SiO, and 8 wt% Na,O. The alkali activator was the mixed solution of Na,SiO; and NaOH
with a weight ratio (SS/SH) of 1.00%.

Geopolymer preparation. Firstly, the FA and WIP were oven-dried for 24 h and left to cool down at room
temperature (25 °C). Then, FA was combined with the alkaline activator using a blending machine. A liquid and
binder (L/B) mass ratio of 0.45 (L/B) was used'. The control GP paste (CGP) was produced as follows: the fresh
GP paste was poured into a 40 x 40 x 160 mm? prismatic mold and placed on the vibration table to eliminate the
air bubbles. After that, the sample was left for 1 h to initiate hardening and then demolded. The samples were
wrapped in plastic film to prevent moisture from leaking before the heat curing process was applied. Since a cur-
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Figure 1. SEM microphotographs of (a) FA and (b) WIP at 1000 x magnification.

Mixture | FA(g) | WIP (g) | Alkaliactivator (g) | L/B | Testing age (days) | Heat curing method
CGP 100 0 45 045 |3,7,28 Oven

EIGP5 100 5 45 045 |3,7,28 EMFG

EIGP10 100 10 45 045 |3,7,28 EMFG

EIGP15 100 15 45 045 |3,7,28 EMFG

EIGP20 100 20 45 045 |3,7,28 EMFG

Table 2. Mix proportions of GP pastes.

ing temperature of 45-80 °C could provide sufficient heat for the geopolymerization reaction'>*, a curing tem-

perature greater than 80 °C could negatively affect the GP properties due to the sudden loss of moisture, resulting
in the occurrence of micro-cavities in the GP structure®!. Hence, the hot air oven was set up to cure CGP at
60 °C for 24 h. After curing, the samples were left to cool down to room temperature and then left to reach their
testing ages of 3, 7, and 28 days. The mechanical properties, that is, the compressive and flexural strengths, were
measured in accordance with BS-EN 196-1%2.

For another group of samples, WIP contents of 5%, 10%, 15%, and 20% were mixed with fly ash by %weight
of binder (FA) to produce the GPs for EMF curing, called the electromagnetically induced GP paste (EIGP)
samples, where "EIGPx" indicates WIP-mixed GP paste, where x is the mass percentage of WIP. The preparation
process was similar to CGP except for the heat curing method. EIGP samples were thermally cured using the
EMEF curing process. The detail of mix proportion is shown in Table 2.

EMF curing process. The custom-made EMFG was employed with reference to the 60 °C oven curing
temperature. It should be noted that this EMFG used in the study cannot be automatically controlled to exactly
obtain a target temperature. The samples were installed in the sample holder, leaving a 1 cm distance between the
sample and the induction coil. To achieve the temperature of approximately 60 °C, the power was set to 1.18 kW
and the frequency to 150-200 kHz. The temperature profiles were monitored using a thermal imaging camera
(PONPE190, Protraction Intertrade Co., Ltd, Thailand). Figure 2 shows the results of heat induction. A heat cur-
ing duration of around 15 min could reach 55-65 °C for all of the EIGP samples. Hence, 15 min at these settings
was selected for the EMF curing process. The EMF heat curing process details are shown in Table 3, and the EMF
curing equipment and temperature monitoring are shown in Fig. 3.

Physical and mechanical testing.  The bulk density of hardened GPs was measured prior to the mechani-
cal properties test. The mechanical properties of hardened CGP and EIGP samples, that is, compressive strength
and flexural strength, were measured for the 3, 7, and 28 day-aged samples using a CST compression machine
(CST Instruments, Part Ltd., Thailand) following the BS-EN 196-1 standard. First, the flexural strength test was
conducted on 40 x40 x 160 mm?® prismatic samples using the three-point loading method with a 100-mm span
length of two supporting points. Second, the parts obtained from the flexural strength test were then used for the
compressive strength test at a loading rate of 1.00 mm/min and a 4x 4 cm* compressive area.

Microstructure analysis.  The X-ray diffraction (XRD) technique (Rigaku SmartLab, Rigaku Corporation.,
Tokyo, Japan) was used to investigate the morphology of materials. The EDX-SEM technique (JSM-5910LV,
JEOL Ltd., Tokyo, Japan) was used to observe the microstructure and to identify the chemical compositions of
products.
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Figure 2. Induced heating temperature using EMF curing method.

Name FA: WIP | Heat curing method | Frequency (kHz) | Power (kW) | Duration (mins) | Curing temperature (°C)

CGP (control) 100:0 Oven - 4.20 3600 60

EIGP5 100:5 EMFG 150-200 1.18 15 55-65

EIGP10 100:10 EMFG 150-200 1.18 15 55-65

EIGP15 100:15 EMFG 150-200 1.18 15 55-65

EIGP20 100:20 EMFG 150-200 1.18 15 55-65

Table 3. Details of oven and EMF curing processes.
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Figure 3. EMF equipment and temperature monitoring using a thermal imaging camera.

Results and discussion

Density. The bulk densities of 28-day-old hardened GP are shown in Fig. 4. The increase in the WIP content
of the sample resulted in an increased GP density due to the difference between the specific gravity of WIP (7.2)
and FA (2.3).

Mechanical properties. Figure 5 illustrates the compressive strength of the CGP and EIGP samples. The
CGP samples gave a high early strength at 3 days of 46.6 MPa. At 7 and 28 days, the compressive strengths
increased to 62.9 and 66.4 MPa, respectively. The strength developed with time owing to the hydration reaction
from the high CaO content of the FA. The early strength of the EIGP samples was 41.6 MPa, slightly lower than
that of CGP. Moreover, increased WIP content in FA GP led to lower early strength. For example, EIGP5 had
a compressive strength of 41.6 MPa; simultaneously, EIGP20 had a strength of 33.8 MPa after 3 days of curing
time. The decrease in compressive strength with increasing WIP content was due to the impurity in WIP and its
particle shape®.
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Figure 4. The densities of CGP and EIGPx samples at 28 days.
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Figure 5. The compressive strengths of EIGP samples.
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At 7 days, all the EIGP samples had greater compressive strength than the 3-day-old samples. Furthermore,
the compressive strength of EIGP5 reached 76.8 MPa at 28 days, which is noticeably higher than the CGP
(66.4 MPa). From the previous research, oven-cured WIP/FA GP could not develop this strength with time due
to the formation of Fe compounds, the products of the reaction between the Fe and the alkaline solution (sodium
tetrahydroxoferrate (II), Na,[Fe(OH),]) in a microstructure®. The chemical reactions are shown in Egs. 1 and
2. This Fe compound led to the volumetric expansion, causing stress and cracks in the GP matrix with longer
curing times*~**. However, EMF heat-cured GP accomplished the strength development with time.

Fe(s) + 2NaOH (aq) — Fe(OH),(s) + 2Na™ (aq)

(1)
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Figure 6. The flexural strength of CGP and EIGP samples.
Fe(OH),(s) + 2NaOH (aq) — Nay[Fe(OH)4](s) (2)

The EMF curing process positively affected geopolymerization and the hydration reaction due to the high cal-
cium content of the FA. Generally, the heat evolution in GP depends on the heat energy that penetrates through a
surface and transfers to the core by thermal convection. However, a gentle thermal gradient of the material slows
down the rate of geopolymerization® This may lead to less integrity of the geopolymeric gel formed. In contrast,
the EMF-induced iron particles, which are a ferromagnetic material*, generate heat through the entire sample
mass by the hysteresis loss phenomenon. The rapid temperature increase occurred throughout the matrix of the
sample simultaneously. This situation could be theoretically described using the microwave radiation heat curing
concept?. Previous research has reported that rapid heat evolution led to the greater dissolution of AI** and Si** at
the surface of the FA particles, resulting in the increased integrity of the geopolymerization. In addition, the fast
heating hindered the formation of Na,[Fe(OH),], which is a main product for reduction in strength development.
The presence of water molecules in the GP matrix was also concerning. Microwave heating directly vibrated the
water molecules into H* and OH™ ions. This dissociation of water molecules produced heat, but it decreased the
water content available for later hydration reactions, including too-high curing temperatures, harming the GP
structure. Curing at the boiling temperature of water resulted in rapid water evaporation, high pressure, and
subsequent cracks in sample?*!. Therefore, microwave-cured GP could not attain great strength over a longer
curing time because of the lack of water molecules for needed hydration reactions. Conversely, due to the induc-
tion, the EMF power vibrates only the WIPs to generate heat of around 50-70 °C in samples. Consequently, the
water molecules were still present to react with CaO and form more hydration products (e.g., [N, C]-A-S-H gel).

The results of the flexural strength are presented in Fig. 6. The flexural strengths of CGP were 3.00, 3.86, and
3.80 MPa at 3, 7, and 28 days of curing, respectively. All samples, including CGP and EIGP, showed strength
development. However, the EIGP samples had much greater flexural strength than the CGP. Although the 3-day-
old samples of EIGP had the same flexural strength as the control sample, the flexural strength of the EIGP
samples increased more than 10 MPa after 28 days of curing in every sample. The highest flexural strength was
12.8 MPa for EIGP20 after 28 days. This result was similar to previous research, which showed that the greater
the content of WIP, the more flexural strength was obtained because the clusters of iron particles enhanced the
flexural strength®. Hence, the addition of WIP not only increased the compressive strength but also greatly
increased the flexural resistance in FA GP. In addition, WIP had a fibrous, flat-twisted shape with 10-30 microns
in length, as shown in Fig. 1. This WIP could reinforce the intergranular space of GP and increases the flexural
strength compared with that of the control.

Microstructure analysis.  All the samples were analyzed by XRD after 28 days of curing. XRD spectra of
CGP and EIGP are shown in Fig. 7. The broad hump at the range of 20°-36° 20 shows the major amorphous
phase in GPs. It consisted of kyanite (Al,05S1), tobermorite (Ca;HO,Si;), portlandite (Ca(OH),), and magnetite
(Fe;0,) for all samples. The difference between CGP and EIGP was between 20 of 42°-46°, the phases of iron
(Fe) and nepheline (zeolite). Due to the reaction between the WIP and the alkaline solution, sodium iron (IIT)
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Figure 7. XRD results of EIGP samples.

oxide was detected in all samples. It was clear that the addition of WIP increased the peak intensity of the Fe
and nepheline phases and reduced the intensity of the phases in the area of the broad hump (at 20 =20°-36°).

SEM-EDX techniques were used to study the microstructure of the CGP and EIGP samples, as seen in
Fig. 8. Figure 8 shows the amorphous structure detected in CGP. Moreover, the unreacted FA particles were
surrounded by geopolymeric gel, and the residual shells of FA after the reaction were seen in the GP matrix. The
EDX spectra indicated the high Si, Al, and Ca contents, and the geopolymeric reaction and hydration products.
EIGP samples appear similar to CGP, but the higher amounts of Fe due to the addition of WIP were detected. The
flat and twisted shapes of the iron particles could be covered with C-S-H gel, and each particle was connected
with geopolymeric gel, forming a cluster of iron particles. The geopolymer and C-S-H products of kyanite and
tobermorite were found in composites detected by the XRD pattern (Fig. 7). These products had a lower density
than WIP and formed over the WIP particles, as shown in the EDX analysis of Fig. 8. The products acted as a
binder and led to the agglomeration of WIP particles. These WIP clusters were scattered around the GP matrix,
enhancing the flexural resistance in EIGP samples.

From the EDX data, the Si/Al ratio of CGP was 2.84, whereas EIGP5, EIGP10, EIGP15, and EIGP20 had Si/
Al ratios of 1.82, 2.33, 2.28, and 2.41, respectively. It has been reported that a Si/Al ratio in the range of 1.56-2.14
possibly results in fully condensed GP'!. This ratio provided the dense matrix and high durability of GP. Since the
Si/Al ratio affects the properties of geopolymers, the optimum Si/Al ratio provides microstructural stabilization
and resistance to syneresis. This result improves mechanical properties®, as shown in compressive and flexural
strengths (Figs. 5 and 6). A higher Si/Al ratio means high content of Si and a large quantity of unreacted fly ash
due to a low amount of alkaline solution for reaction.

From the SEM images in Fig. 9, EIGP samples had denser structures than the CGP after 28 days of curing.
The clusters of iron particles were detected throughout the GP matrix. According to the XRD analysis, the peak
intensities of nepheline and the Fe phases increased with higher WIP content. It could explain that the occurrence
of Na,[Fe(OH),] and zeolite weakened the structure of GP compared with the other EIGP samples. Nevertheless,
EIGP20 still had greater compressive strength than CGP because of the integrity of geopolymerization attained
by the EMF curing process. EIGP5 was the best sample for the use of EMF in the heat curing process. Denser
and stronger structures were formed by this method of GP manufacturing.

Energy consumption. Table 4 shows the energy consumption of the curing process of the conventional
method and the EMF method for the production of GP. The new alternative way of heat curing using EMF con-
sumed less energy than the oven: a 99.70% reduction in energy consumption was recorded. Consequently, using
the EMF method for heat curing not only increased the strengths of the GP but also dramatically reduced energy
consumption in GP manufacturing.

Conclusions

In this study, the electromagnetic induction concept effectively enhanced the process of heat curing in GP. EMF
curing greatly reduced the heat curing duration and energy consumption. A WIP content of 5% in GP cured by
1.18 kW EMFG for 15 min produced the highest compressive (76.8 MPa) and flexural strengths (11.3 MPa) after
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Spectrum 1
Element Weight%  Atomic%
C 225 4245
Na 1227 12.23
Al 9.30 790
S1 2637 2151
K 201 118
Ca 20.58 11.76
Fe 7.22 296
Totals 100.00
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Figure 8. Detailed EDX spectral analysis of CGP and EIGP samples.

Scientific Reports | (2022) 12:9530 | https://doi.org/10.1038/s41598-022-13392-x nature portfolio



www.nature.com/scientificreports/

Figure 9. The SEM images of CGP and EIGP samples after 28 days of curing at 500 x magnification.

Energy consumption reduction (Oven
Heat curing method Power (kW) | Duration (hour) | Energy consumption Unit (kW-h) | — (EMF/Oven)) (%)

Conventional (Oven) 4.20 24 100.8
EMFG 1.18 0.25 0.295

99.70

Table 4. Details of energy consumption of EMF and conventional heat curing methods.

28 days of curing, compared with those of the CGP (66.4 MPa and 3.8 MPa, respectively). The heat induction
enhanced the integrity of the geopolymerization since the electromagnetic field rapidly promoted the dissolu-
tion of Si and Al ions from the surface of the FA to react with the alkali activator. Furthermore, EMF curing
for 15 min reached 55-65 °C in the sample, which evaporated less water than the conventional heat curing
method. Since the conventional heat curing method in the oven requires a long curing time, e.g., 24-48 h., to
transfer the heat from the geopolymer’s surface to the core of the sample, a more considerable amount of water
is lost than the EMF method through evaporation. For EMF curing, samples could reach 55-65 °C in 15 min,
and the heating covers the entire section of the sample due to the heat induction process, leading to the rapidly
geopolymerization formation.

Therefore, the presence of moisture in the sample enhanced the reaction of the GP with extended curing time.
In conclusion, the EMF curing process showed impressive results for contribution to the manufacture of FA GP.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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