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Abstract: In this study, the feasibility of producing eco-friendly bricks by using
geopolymer technology and a waste grinding wheel (WGW) from the grinding
wheel industries was investigated. Nowadays, in order to meet industrial needs,
for instance, in Taiwan, approximately 500,000 grinding wheels are used
annually. That is, a large number of “waste” grinding wheels are produced.
Furthermore, few studies have been conducted on the use of WGWs as raw mate-
rials in geopolymer applications. The use of geopolymer technology to form
bricks can avoid the utilization of clay and cement and even prevent the use of
a high-temperature process in kilns. Moreover, it can decrease CO2 emission
and energy consumption and thus, protect the environment. In this study, the fol-
lowing three major factors were considered: press-forming pressure (70 and 100
kgf/cm2), NaOH molar concentration (2 and 4M), and the ratio of binder fine-
aggregate (1:3, 1:4, and 1:5). Under these conditions, the specimens were tested
using the compressive strength test, water absorption test, microstructure analysis,
a freezing–thawing test and toxicity characteristic leaching procedure test. The
optimal formulation was composed of 1:4 binder fine-aggregate ratio, 4M NaOH
concentration, and 100-kgf/cm2 pressure. Furthermore, we used a WGW and
achieved a compressive strength of 50.6 MPa after 28 days, which was greater
than 32 MPa and conformed to the Grade A brick standard of National Standards
of the Republic of China (13295). In conclusion, this brick fabrication method
based on geopolymer technology was not only beneficial to the environment
but also improved the efficiency of reutilizing WGW.
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1 Introduction

Bricks have been used as building materials for at least 5000 years. Nowadays, for the propose of
meetings the needs of urban transformation, construction, and infrastructure, approximately 1500 billion
bricks are produced annually [1]. In the conventional manufacturing of bricks, fried clay, sand, and
cement are utilized as source materials. Moreover, a high-temperature treatment is indispensable.
However, a high temperature leads to massive energy consumption, and a considerable amount of CO2 is
emitted in the process. Therefore, the traditional high-temperature bricks are environmentally harmful. At
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the same time, it has been observed that clay and cement are becoming gradually scarce in both the
developing and the developed countries. For instance, China established regulations to restrict and reduce
the amount of clay and cement used in brick manufacturing [2,3].

For the reasons mentioned above, to improve the conventional fabrication of bricks, various innovative
types of utilization by new raw materials and in non-fired treatments have been proposed in studies recently
[4–8]. According to the modus, they can be classified into two primary technologies: the high-pressure press-
forming method [9–12] and the injection molding method [13–16]. Although these two methods
can decrease greenhouse gas emissions, they still bring on high production costs and considerable
energy consumption.

Apart from the methods mentioned above, the eco-friendly geopolymer technology [17,18], based on
the use of an alkaline solution, industrial by-product, and waste, provides another method to make bricks
and realizes low CO2 emission and energy consumption in the process. Simultaneously, a geopolymer
material, which has considerable durability [19] and excellent mechanical properties [20,21], is favorable
for making bricks. In related studies of geopolymer bricks, several materials have been utilized, such as
800°C fired ceramic wall dust [22], waste bricks [23], residual rice husk [24], and copper mine tailing
[25]. Moreover, Madani et al. [26] explored the feasibility of utilizing the wasted material of aggregates
such as an alkaline solution with a different ratio of NaOH and Ca(OH)2; the compressive strength of the
press-forming mortar can reach 75 MPa after 4 days by curing at 105°C. Apithanyasai et al. [27] mixed
electric arc furnace slag with an NaOH alkaline solution to make geopolymer bricks and cured the
mixture at ambient temperature. The specimens, which were a mixture of waste foundry sand, fly ash,
and electric arc furnace slag in the ratio of 40:30:30, reached the highest compressive strength value of
25.76 MPa, which was beyond the requirement of paving bricks.

Grinding wheels, composed of abrasive compounds, are used for various grinding (abrasive cutting) and
abrasive machining operations. After being worn away, they are regarded as waste grinding wheels (WGWs).
In this study, WGWs were used unprecedentedly as fine aggregates with geopolymer technology in brick
fabrication. Meanwhile, the pressure method was adopted, and the bricks were made and cured at room
temperature. Moreover, the compressive strength, water absorption, microstructure, crystal phases,
freezing–thawing characteristics, and toxicity of the leaching procedure were tested and analyzed. Instead
of the traditional manufacturing of bricks, this new method and raw material were put forward to improve
the environment and served as the basis for the development of geopolymer bricks.

2 Experiment

2.1 Materials
In this study, the waste grinding wheel (WGW) was acquired from Kinik Company, Yingge town,

Taiwan. By crushing and subsequently passing through four mesh (4760-micron) sieves, the WGW was
prepared as a fine aggregate. Ground granulated blast furnace slag (GGBFS) with a D50 value of 12.02
µm and obtained from CHC Resources, Kaohsiung, Taiwan, was used as the binder. Fig. 1 shows the
WGW and GGBFS particle size distributions. The chemical compositions of WGW and GGBFS are
presented in Tab. 1. According to this table, the main components of WGW were 63.4% Al2O3 and
32.0% SiO2. The GGBFS was mainly composed of 57.4% CaO and 27.3% SiO2, and had 10.8% Al2O3

as well. The X-ray diffraction analysis results of WGW and GGBFS are shown in Fig. 2. The main
mineral phase of WGW was corundum (Al). The amorphous phase of GGBFS contained a massive
amount of glass.

The alkaline solution was a mixture of an aqueous solution of sodium hydroxide, sodium silicate, and
sodium aluminate. The molar ratios of SiO2/Na2O and SiO2/Al2O were controlled at 1.28 and 50,
respectively. Furthermore, 98% purity sodium hydroxide (NaOH) was provided by All Rights Reserved,
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Taipei, Taiwan, and the solutions were prepared with different concentrations of 2M and 4M. In the
geopolymer reaction, sodium silicate provided adequate silica and alumina to enhance the compressive
strength of the product [28]; sodium aluminate supplemented the insufficient aluminum ions and
increased the bonding between the aluminum and the silicon ions, resulting in a relatively dense
structure, which contributed to the relatively high mechanical strength [29]. With respect to the
preparation of the alkaline solution, the first step was to dissolve NaOH flakes in water for at least 5 min.
Because of the heat and bubbles, the solution needed at one day to cool down to ambient temperature and
defoam. Then, sodium silicate and sodium aluminate were added in order and stirred for 5 min to form
an alkaline solution.

Figure 1: Particle size distribution of a) WGW and b) GGBFS

Table 1: Chemical composition of materials (wt.%)

Composition CaO K2O SiO2 TiO2 Al2O3 Fe2O3 Others LOI

WGW 2.1 0.6 32.0 0 63.4 0.7 1.2 0

GGBFS 57.4 0.3 27.3 1.1 10.8 0 1.3 1.8

Figure 2: XRD patterns of a) WGW and b) GGBFS
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2.2 Experimental Method
The fabrication of geopolymer bricks was divided into three steps: (1) Mixing WGWand GGBFS for 1

min. (2) Adding the alkaline solution and mixing for another 1 min. (3) Filling the mortars in molds
measuring 200 mm × 100 mm × 60 mm and then pressing them with a hydraulic compression machine
to form the bricks according to the national standards of CNS 13295 [30]. After demolding, the
specimens were cured at ambient temperature for 7, 14, and 28 days before the tests.

In this study, the three main influencing factors, namely forming pressure, NaOH concentration, and the
ratio of binder fine-aggregate were studied. Tab. 2 shows the details of the mixing proportion for geopolymer
bricks. The specimens were made using a forming pressure of 70 and 100 kgf/cm2, NaOH molar
concentration of 2 and 4, and the ratio of binder fine-aggregate of 1:3, 1:4, and 1:5. The liquid/solid ratio
was controlled at 0.12.

2.3 Test Methods
2.3.1 Compressive Strength Test

In accordance with the CNS (1238 A3051) [31], to form cuboid geopolymer WGW bricks, we drilled
the cylindrical specimens for the compressive strength test. As defined in CNS (9212 B7197), the constant
loading rate was set as 1 mm/min [32].

2.3.2 Water Absorption Test
The water absorption and bulk specific density tests, based on Archimedes’ principle, were conducted

according to CNS (619 R3013) [33].

The water absorption (AW ) was calculated as follows:

AW %ð Þ ¼ W3�W1

W3 �W2
� 100

The bulk specific density (Db) was calculated as follows:

Db ¼ W1

W3 �W2

Here, W1 denotes the weight of the specimen after complete drying at 105–120°C, W2 represents the
weight of the specimen after 24 h of soaking, and W3 indicates the saturation weight of the specimen.

Table 2: Mixing proportion for geopolymer bricks

Specimens
label

NaOH concentration (M) SiO2/Na2O SiO2/Al2O3 Liquid/Solid GGBFS (wt.%) WGW (wt.%) Press-forming
pressure (kgf/cm2)

2M-1:3-100 2 1.28 50 0.12 0.75 2.25 100

2M-1:4-100 2 1.28 50 0.12 0.6 2.4 100

2M-1:5-100 2 1.28 50 0.12 0.5 2.5 100

4M-1:4-70 4 1.28 50 0.12 0.6 2.4 70

4M-1:3-100 4 1.28 50 0.12 0.75 2.25 100

4M-1:4-100 4 1.28 50 0.12 0.6 2.4 100

4M-1:5-100 4 1.28 50 0.12 0.5 2.5 100
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2.3.3 Microstructure Analysis
To investigate the geopolymer WGW bricks’ microstructure, crystal phase, and chemical properties, a

scanning electron microscopy (SEM/EDS) analysis, ZEISS Gemini SEM500; X-ray diffraction (XRD)
analysis, Hitachi U-3310; and Fourier-transform infrared spectroscopy (FTIR), INVENIO; were performed.

2.3.4 Freezing–Thawing Test
In this study, the freezing–thawing test was conducted according to the FCMA-WFC-610 standard. The

duration of one freezing–thawing cycle was 6 h: At the start, we set the specimens at 20–30°C ± 1°C for 1 h.
Next, we increased the temperature to 50–60°C ± 1°C in 20 min and then maintained it for 1 h. Then, we
decreased the temperature to 20–30°C ± 1°C in 40 min and maintained it for 1 h. Thereafter, we
decreased the temperature to −10°C ± 1°C in 40 min and froze the specimens for 1 h. Finally, we
increased the temperature to 20–30°C ± 1°C in 20 min. The specimens were tested 30 times in cycles,
and the total testing time was 180 h. After 30 freezing–thawing cycles, the specimens were drilled for the
compressive strength test to calculate the strength loss.

2.3.5 Toxicity Characteristic Leaching Procedure Test
The toxicity characteristic leaching procedure test (TCLP) was performed according to TCLP US-EPA

method 1311. First, 5.7 mL of glacial acetic acid was diluted to a stable pH by adding 994.3 mL of deionized
water. Second, the specimens were ground and passed through a 200-mesh (74-micron) sieve. Third, 12.5 g
of the specimen powders were mixed into the solution and stirred. Fourth, we extracted 250 mL of the mixing
solution and then rotated the samples for 18 h at 30 rpm with a zero-headspace extraction vessel (ZEH).
Finally, we used an inductively coupled plasma mass spectrometer (ICP) with a detection limit of at least
1 ppb to determine the elemental concentrations from the mixture.

3 Results and Discussion

3.1 Compressive Strength Test Results
3.1.1 Effect of Forming Pressure

Fig. 3 shows the effect of the forming pressure on the compressive strength test. The specimens were
prepared under the following conditions: 4M NaOH concentration, 1:4 binder fine-aggregate ratio, and
70- and 100-kgf/cm2 forming pressure. Irrespective of whether the bricks were made under the pressure
of 70 or 100 kgf/cm2, the compressive strengths increased with an increase in the curing age. Under
70-kgf/cm2 pressure, the 28-day compressive strength was 27.2 MPa; in contrast, under the pressure of
100 kgf/cm2, the 28-day compressive strength was 50.6 MPa, which was beyond 32 MPa and conformed
to the Grade A brick standard of CNS (13295). These results indicated that the forming pressure could
tremendously affect the compressive strength of geopolymer bricks. Thus, we inferred that a higher
forming pressure made the bricks denser and then eventually increased the density and the compressive
strength [11,34].

3.1.2 Effect of NaOH Concentration and Binder Fine-Aggregate Ratio
The influence of the NaOH concentration and the binder fine-aggregate ratio on the compressive

strength is shown in Fig. 4. We observed that the strength of specimens made at the NaOH concentration
of 2M on day 28 reached up to 21.5–39.5 MPa, and the strength of specimens made at the NaOH
concentration of 4M on day 28 reached up to 38.9–56.1 MPa. Upon the increase in the NaOH molar
concentration from 2M to 4M, the compressive strength increased sharply at every curing age. The higher
NaOH concentration that could increase both the reaction rate and the strength were also reported
elsewhere [35–37].
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The results indicated that the compressive strengths declined in all of the specimens, followed by an
increase in the fine-aggregate relative to the low content of GGBFS. This implied that overdosing fine-
grained fillers deteriorated the mechanical properties of the geopolymer; to be more specific, the
compressive strength of the geopolymer increased with more aggregates; however, when the aggregates
added to more than 70%, the strength decreased [38,39]. Furthermore, the higher proportion of the binder
material in the specimens resulted in a denser structure because the pores between the aggregates could
be fully filled [40]. Therefore, because of the lacking slurry in geopolymer bricks, the compressive
strength was ultimately affected in this study.

Moreover, the strength of the specimens prepared under the 4M NaOH and 1:5 binder fine-aggregate
ratio fluctuated at different curing ages. Thus, we inferred that the pores between the aggregates could not
be filled in the case of a low binder content, leading to unstable compressive strength.

Figure 3: Effect of press-forming pressure on compressive strength test

Figure 4: Effect of NaOH concentration and binder fine-aggregate ratio on compressive test
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According to the above description, only 2M-1:3-100 samples could reach the Grade A brick standard of
CNS (13295) after 28 days. In contrast, the specimens prepared under the condition of 4M NaOH
concentration could reach the Grade A brick standard at all the curing ages, but the strength of 4M-1:5-
100 fluctuated. Furthermore, although the compressive strength of 4M-1:3-100 was 56.1 MPa, which was
far higher than the Grade A brick standard, the WGW usage of 4M-1:4-100 was more than that of 4M-
1:3-100. For the purpose of compliance with the standards, it was not necessary to enhance the
compressive strength to as high a value as possible. That is, being up to par, the usage volume of WGW
had to be increased by as many times as we could. As a result, the optimal parameters were 4M NaOH
concentration and a 1:4 binder fine-aggregate ratio in this study. Specimens prepared under these
conditions could reach the Grade A brick standard and had a higher WGW usage that could produce the
best possible results.

3.2 Water Absorption and Bulk Density
According to the results reported above, the considerable compressive strength and high usage of WGW

could be obtained at a binder fine-aggregate ratio of 1:4. As a consequence, the effect of the NaOH
concentration and the forming pressure on the water absorption and the bulk density was only observed
at the 1:4 binder fine-aggregate ratio, as shown in Tab. 3. The results indicated that under the
100-kgf/cm2 pressure, both the 2M and 4M NaOH specimens had a higher bulk density than that of the
specimens prepared under 70-kgf/cm2 pressure. This was because a higher bulk density led to a lower
water absorption and then finally formed denser structures. Moreover, a higher concentration of NaOH
resulted in a less porous matrix, which decreased the water absorption and increased the bulk density.
Accordingly, the higher forming pressure and NaOH concentration made the geopolymer bricks denser
and increased the compressive strength.

3.3 Characterization of Geopolymer WGW Bricks
Fig. 5 illustrates the SEM images and the EDS spectra of WGWand 4M-1:4-100 specimens. According

to Fig. 5a, WGW was irregular and uneven and mainly consisted of Al and Si elements in the detected area.
The 4M-1:4-100 specimen is presented in Fig. 5b. It was not merely composed of Al and Si elements but had
the Ca element as well in the detected area.

The XRD analysis results of the WGWand 4M-1:4-100 specimens are shown in Fig. 6. Corundum was
found to be the major crystal phase in both the figures. Compared with the raw WGW in Fig. 6a, the
geopolymer WGW bricks in Fig. 6b reduced approximately half of the intensity. This phenomenon
implied that the amorphous geopolymer slurry might be covered or surrounded by crystalline WGW.
Therefore, the corundum intensity decreased. The main reaction product is shown near 29.5° 2θ. It could
be attributed to the geopolymerization, coinciding with the calcium silicate hydrate gel (C–S–H) [41,42].

Table 3: Effect of NaOH concentration and forming pressure on water absorption and bulk density

Specimen label Water absorption (%) Bulk density (g/cm3)

7 days 28 days 7 days 28 days

2M-1:4-100 13 13 2.2 2.2

4M-1:4-70 16 14 1.9 2

4M-1:4-100 9 8 2.4 2.4
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Figure 5: SEM images and EDS spectra (1000×) of a) waste grinding wheel and b) 4M-1:4-100

Figure 6: XRD patterns of a) WGW and b) 4M-1:4-100
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The FTIR analysis results of the WGW and 4M-1:4-100 specimens are presented in Fig. 7. Apparent
changes in the molecular and bond structure were observed in geopolymer WGW bricks. We observed
that the bands in the range of 450–470 cm−1 were associated with the Si–O–T bonds from the structure of
the silicate and the aluminates [43]. The peaks at approximately 1000 cm−1 were transferred to around
970 cm−1 coinciding with the Si–O–T. This could refer to the peaks of GGBFS represented at around 970
cm−1 [44,45]. Furthermore, the bands between 1420–1490 cm−1 represented the vibrations of C–O in
attribution to CaCO3 from GGBFS [46], which could also prove that there were Ca elements in Fig. 5b.
Moreover, the bands in the region of 1700–3510 cm−1 were attributed to the stretching and bending
vibrations of O–H and H–O–H from the alkaline solution [47,48].

3.4 Compressive Strength Test after Freezing–Thawing
Both 2M-1:4-100 and 4M-1:4-100 were tested under 30 freezing–thawing cycles in accordance with the

standard; the results of the strength loss are shown in Fig. 8. The compressive strength of 2M-1:4-100 after
the freezing–thawing cycles was 25.12 MPa, and the strength loss was only 16.7%. In contrast, the
compressive strength of 4M-1:4-100 after the freezing–thawing cycles was 43.24 MPa, and the strength
loss was only 14.5%. Furthermore, Fig. 9 illustrates the appearance of the 4M-1:4-100 specimen before
and after the test. As can be seen, the appearance did not change apparently after the 30 test cycles. Thus,
we inferred from the mechanical properties and the appearance that WGW was feasible for the
development of high-strength bricks.

3.5 Toxicity Characteristic Leaching Procedure (TCLP) Results
The toxicity characteristic leaching procedure results of 4M-1:4-100 and the permissible limit of toxic

elements are shown in Tab. 4, in order to comprehend whether the geopolymer WGW bricks were eco-
friendly or not. The elements detected by the ICP instrument included Pb, Cd, Cr, Cu, Zn, Ba, As, and
Hg. The results showed that the concentration of all the elements from 4M-1:4-100 remained undetected,
which were lower than the US EPA limit value. As a result, the geopolymer WGW bricks were
concluded to be non-toxic construction materials and eco-friendly.

Figure 7: FTIR analysis of WGW and 4M-1:4-100 specimen
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Figure 8: Compressive strength of 2M-1:4-100 and 4M-1:4-100 before and after 30 freezing–thawing cycles

Figure 9: 4M-1:4-100 freezing-thawing specimen: a) before and b) after

Table 4: TCLP test of 4M-1:4-100

Analysis radicals Concentration of toxic radicals (mg/l)

4M-1:4-100 EPA limit

Pb N.D. 5

Cd N.D. 1

Cr N.D. 5

Cu N.D. 15

Zn N.D. –

Ba N.D. 100

As N.D. 5

Hg N.D. 0.02
Note: N.D. - Not Detected.
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4 Conclusion

This study revealed that it was feasible to use the WGW to make geopolymer WGW bricks.
We investigated the effect of three major factors, namely the press-forming pressure, NaOH
concentration, and the ratio of the binder fine-aggregate. From the experimental results, the following
conclusions were drawn:

(1) Increasing the press-forming pressure to 100 kgf/cm2 can make the bricks denser and then
eventually enhance the bulk density and the compressive strength.

(2) The geopolymer WGW bricks prepared at the 4M NaOH concentration had higher strength than
those prepared at 2M. The maximum compressive strength at the 4M NaOH concentration could
reach 56.1 MPa after 28 days. This was attributed to the higher NaOH concentration, which can
considerably increase the reaction rate and the strength.

(3) The optimal formulation was composed of 1:4 binder fine-aggregate ratio, 4M NaOH concentration,
and 100-kgf/cm2 pressure. The specimen prepared using the ratio of 1:4 can use further WGW and
reached 50.6 MPa after 28 days, which was greater than 32 MPa and thus conformed to the Grade A
brick standard of CNS (13295).

(4) The optimal formulation of 4M-1:4-100 was tested under 30 freezing–thawing cycles and toxicity
characteristic leaching procedure. The results revealed that the compressive strength was 43.24 MPa
and the strength loss was only 14.5%, also it was a non-toxic construction material and eco-friendly.

As a result, this study presented a new feasible method to make geopolymer bricks by using WGWs that
not only is more environment friendly but can also replace the conventional fired bricks.

Funding Statement: The authors received no specific funding for this study.
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