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A B S T R A C T

Rapid industrial growth has witnessed the ever-increasing utilization of sand from rivers for
various construction purposes, which caused an over-exploitation of rivers’ beds and disturbed
the eco-system. strong engineering properties of waste garnets offer a recycling alternative to
create efficient construction materials. Recycling of garnets provides a cost-effective and en-
vironmentally responsible solution rather than dumping it as industrial waste. In this spirit, this
article presents an investigation into the capacity of spent garnets as sand replacement. The main
parameters studied were the evolution of leaching performance, microstructure of the raw spent
garnet and sand specimens. The microstructures, boning vibrations and thermal properties of the
raw materials were determined using X-ray diffraction (XRD), field emission scanning micro-
scopy (FESEM), Fourier transform infrared (FTIR) spectroscopy, and thermo gravimetric analysis
(TGA). Admirable features of the results suggest that the spent garnet is proven to be suitable
replacement of sand. It is established that proper exploitation of spent garnet as an alternative to
sand could save the earth from depleting the natural resources which is essential for sustainable
development.

1. Introduction

Fast industrial expansion has witnessed the ever-increasing utilization of sand from rivers for several construction purposes [1],
which led to an over-utilization of rivers’ beds and disturbed the ecosystem [2]. Numerous problems have emerged including the
increase of river bed depth, lowering of the water table, increase of salinity and destruction of river embankments [3]. Recently,
intensive researches have established that modified concretes obtained by incorporating waste materials can lead to sustainable
product development. Such concrete structures not only allow for greener and environmentally sound construction but also protect
the excessive consumption of natural fine aggregates that are non-renewable [4]. Thus, proper use of fine aggregates in the concretes
as alternative materials became an absolute necessity for the replacement of river sand. In this regard, utilization of waste garnets
emerged as a promising alternative in its own right. So far, no details literature review has been performed on this new waste material
that shows its potential towards concrete applications. In the context of Malaysia, the topic spent garnet is becoming a significant
issue in terms of recycling this new waste material and further reuse as useful sand replacement in concrete. Statistics revealed that
the amount of garnet imported from Australia to Malaysia in the year 2013 was 2000 t. This amount was imported by MMHE
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(Malaysian Marine and Heavy Engineering Sdn. Bhd.). However, heavy mineral sands are the class of ore deposit that is a significant
resource of rare earth elements and industrial minerals including diamond, garnet, sapphire, and other valuable gemstones or metals.
The so called “garnet” is a generic word that refers to an assemblage of multifaceted minerals of silicate compounds containing
Calcium (Ca), Magnesium (Mg), Ferrous iron (Fe) or Manganese (Mn), Aluminium (Al), Chromium (Cr), Ferric iron (Fe) or even
Titanium (Ti) having analogous crystal lattice structures and varied chemical formulas Castel, 2010. Interestingly, the angular
fractures and hardness properties of garnets together with their ability to be recycled make them advantageous for numerous abrasive
applications. The common chemical composition of garnet is A3B2(SiO4)3 wherein the element “A” may be Ca, Mg, ferrous iron, or
Mn, Al, Cr, ferric iron or Ti [5]. Garnets have major industrial uses such as water jet cutting, abrasive blast medium and powder,
granule for water filtration, etc. [6]. In 2002, the total estimated global production of industrial garnet was 440,000 T, wherein
China, Australia, India, and the USA were the major producers. The USA alone produced about 9% of the totally produced industrial
garnet worldwide [7,8].

Production in both Australia and India was more than the USA. Currently, Russia and Turkey are mining garnet to meet mainly
their domestic market demand. Besides, some garnet resources with tiny mining facilities are situated in Chile, Canada, Czech
Republic, South Africa, Pakistan, Spain, Ukraine, and Thailand to meet their domestic demand. Industries in Australia have been
steadily enhancing their garnet manufacturing and export. Meanwhile, China and India have augmented the garnet production and
became vital supplier of garnet sources for other nations. Thus, use of spent garnet to make concrete in place of fine aggregates will
avoid the over-usage of natural sand and gravels. This research effort is expected to bring modernization in the Malaysian con-
struction industries, encourage builders and engineers to use eco-friendly spent garnet based GPCs than the conventional one made of
natural river sand, create more jobs and save environment from further pollution.

2. Materials and methods

2.1. Materials

In this study, the spent garnet was acquired from southern Johor (Malaysia). Subsequently, various characterizations and tests
were made. These include: visual inspection, physical properties, chemical composition and leaching behaviour. The morphology,
mineral composition and thermal analysis were determined. Fig. 1 illustrates the physical appearance of spent garnet and sand used
as fine aggregates.

The chemical composition of the spent garnet was determined using S4 Pioneer X-ray fluorescence spectroscopy (XRF) as dis-
played in Fig. 2. This spectrometer works by irradiating the samples in an intense X-ray beam from a radioisotope source. The
primary source of the rays excites the sample by detaching the tightly bound inner shell electrons from their orbits in the excited
atoms of the samples. When the excited atoms are relaxed to the original state, fluorescent X-rays are emitted. The energies of the
detected emitted rays using an energy dispersive detector are used for the identification of elementsdioisotope source. The primary
source of the rays excites the sample by detaching the tightly bound inner shell electrons from their orbits in the excited atoms of the
samples. When the excited atoms are relaxed to the original state, fluorescent X-rays are emitted. The energies of the detected emitted
rays using an energy dispersive detector are used for the identification of elements in the sample while the intensity of the X-rays is
employed to determine the quantity of the elements. The crystalline and amorphous phase of the constituent materials was verified
using X-ray diffraction (XRD) analysis. A Rigaku XRD machine (Fig. 3) was used.

The structural properties of the spent garnet in terms of bonding vibrations were determinedusing Fourier transform infrared
(FTIR) spectroscopy. The room temperature absorption/transmission infrared spectra were recorded in the wavenumber range of
400–4000 cm−1. Fig. 4 displays the Perking Elmer FTIR instrument that was used to identify the chemical functionality and mole-
cular bonding. Using potassium bromide (KBr) pellet technique a transparent disk-shaped material was prepared and tested. The

Fig. 1. Appearance of fine aggregates (sand and garnet) used in the concrete production.
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pellet was made by mixing with 100mg of KBr in agate spent garnet material and then pressed using a pellet die hydraulic press.
Nitrogen gas was used to purge the spectrometer.

Thermal properties of the spent garnet was also characterized using thermogravimetric and differential thermal analyser (TGA/
DTA) up to a temperature of 1000 °C with heating rate of 10 °C/min as presented in Fig. 5. The thermal stability of the materials due
to decomposition was determined. Generally, TGA is employed to evaluate the selected properties of materials that display mass
alteration (loss or gain) arise from oxidation or moisture loss and decompositions.

The presence of heavy metals contents in the spent garnet including Arsenic (As), Barium (Ba), Cadmium (Cd), Cromium (Cr),
Lead (Pb), Selenium (Se), Silver (Ag), Zinc (Zn) and Copper (Cu) were tested using toxicity characteristic leaching procedure (TCLP)
developed by the United States Environmental Protection Agency (US EPA). The Test Method 1311 (1999) from EPA was used,
wherein spent garnet materials of size below 2.00mm were mixed with deionized water in the liquid to solid ratio of 20:1. Two test
samples were agitated with the revolution of 30 rpm for 24 h (Fig. 6). The samples were filtered to remove particulates and larger
colloids using 0.45 μm membrane filter. After extracting and filtering the leachates, the inductively coupled plasma mass spectro-
metry (ICP–MS) was performed to determine the heavy metals ion contents. The leaching test was performed at the Institute of Bio-
product Development laboratory, UTM – Johor Bahru, Malaysia.

The fine aggregates in the form of naturally occurring river sand was tested via specific gravity on saturated surface-dry basis,
oven-dry basis bulk density, water absorption and sieve analysis.

Fig. 2. Bruker S4 Pioneer XRF spectrometer.

Fig. 3. Rigaku X-ray diffractometer.
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Fig. 4. FTIR spectrophotometer.

Fig. 5. TGA/DTA instrument.

Fig. 6. leaching test.
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3. Results and discussion

3.1. Physical properties

The test results on the physical characteristics of spent garnet are presented in Table 1. The spent garnet showed the value of
specific gravity of 3.0, which is higher than that of natural sand (usually varies from 2.6 and 2.7) [9]. The high specific gravity of
spent garnet was ascribed to the elevated contents of iron oxide (Fe2O3) in it. The water absorption value of 6% was higher than the
maximum limit of 3% recommended by BS EN 1097-6 [11] for fine aggregate. The bulk density was 1922 kg/m3, which is higher than
the limits of 1300 to 1750 kg/m3 required for normal weight concrete as specified by Mehta and Monteiro [10] and Neville and
Brooks [12]. The bulk density of spent garnet is higher when compared to that of river sand and this might be due to reduced void
content. The finer particles of spent garnet might have filled pore and optimized the pore structure, however, it lead to higher water
demand [7,8].

3.2. Grading of spent garnet

Fig. 7 shows the result of the grading of spent garnet and river sand as derived from sieve analysis. The coefficient of grading was
1.02 and 1.02 for spent garnet and river sand, which were greater than 1. Therefore, the spent garnet material was also considered as
well graded. The particle size distribution of the spent garnet material falls within the upper and lower limits of medium grading
limits (M) for fine aggregate specified by BS 882 [13] which is equivalent to zone II classification of BS 812-103.1 [14]. For river sand
this occurred into coarse grading limits (C) of BS 882 [13], which fall into zone I classification of BS 812-103.1 [14]. The fine
aggregate for concrete are generally required to conform to any one of the three grading limits of BS 882 [13]. The coarse, medium or
fine indicated by the grading limits in which the grading falls were designated as C, M and F, respectively. The percentage retained on
5mm sieve size was 0% for spent garnet and 2% for sand, which were within the recommended limits of 0–5% of BS 882 [13] grading
requirements for fine aggregates. This affirmed that the grading of spent garnet was conformed to the recommended grading for fine
aggregates suitable for concrete production.

3.3. Chemical composition of spent garnet

The chemical compositions of the spent garnet and the river sand were evaluated using XRF spectroscopy as enlisted in Table 2.
The major component of spent garnet was iron oxide (Fe2O3). The mass content of iron oxide for spent garnet and river sand were
43.06% and 0.7%, respectively. The alumina (Al2O3) content for spent garnet is 13.88% and Silicon oxide (SiO2) content was 33.76%

Table 1
Physical properties of spent garnet.

Properties Spent garnet River sand Permissible limits Relevant standards or reference

Specific gravity 3.0 2.6 2.6–2.7 Neville [9]
Fineness modulus 2.05 2.66 2.3–3.2 [22]
Hardness 7.5 6 1–10 Mohs scale
Bulk density 1922 kg/m3 1640 kg/m3 1300–1750 Mehta and Monteiro [10]
Water absorption 6% 3% 2%–3% BS EN 1097-6 [11]

Fig. 7. Sieve size dependent percentage passing of the spent garnet.
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while sand has SiO2 of 96.4%. Iron oxide, Fe2O3 is the main colorant in spent garnet, being responsible for the reddish colour. The
calcium oxide (CaO) content for spent garnet is 4.15% and river sand, 0.14%. However, the presences of Cu, Zn and Pb in the
chemical composition will possibly affect the hydration process of SCGPC [15]. Interestingly, no trace of sulphur trioxide was found
in the chemical composition.

3.4. Leaching test

The contents of weighty metals such as As, Cd, Ba, Cr, Se, Pb, Ag, Cu and Zn in the raw garnet are tested to guarantee the materials
safety. The TCLP established by the US EPA was employed to determine the contents of heavy metals present in the garnet as
summarized in Table 3. The heavy metals contents were discerned to be lower than the control limits. The contents of As, Ba, Cr, Cd,
Zn and Pb in the leachate were below the allowable regulatory limit for waters (ground water, surface water and tap water) and
farmland soil based on the requirement of U. S EPA (2000) standards.Thus, the spent garnet used in this study can be considered as
safe material with the following specifications.

3.5. XRD analysis

Fig. 8 displays the XRD patterns of spent garnet, which revealed several sharp crystalline peaks in the angular range of 25° and
100°. The observed sharp crystalline peaks were assigned to the crystalline phases of quartz (SiO2), Magnesium (Mg) and Aluminium
Cobalt (Alco). Quartz is the major phase and is generally known to be nonreactive [16], but usually increase the packing density and
long-term strength development [17].

Fig. 9 depicts the XRD patterns for river sand, where the appearance of crystalline peaks indicated the presence of quartz (SiO2) as
major crystalline mineral. The crystalline silicate phases could be beneficial for generating calcium silicate hydrate (CSH) gel or
calcium aluminium silicate hydrate (CASH) in the concrete.

3.6. Thermogravimetric and differential thermal analysis (TGA/DTA)

Figs. 10 and 11 illustrates the TGA/DTA curves of spent garnet and river sand, respectively. The endothermic dip in the spent
garnet was observed between 350 °C to 500 °C. This dip is usually related to the loss of surface water and dihydroxylation of the
material [18]. The exothermic peak (heat release) was appeared between 550 °C and 750 °C due to the oxidation reaction of organic

Table 2
Chemical composition of spent garnet obtained from XRF analysis.

Chemical Compounds Weight% of spent garnet Weight% of sand

Fe2O3 43.06 0.7
SiO2 33.76 96.4
Al2O3 13.88 –
CaO 4.15 0.14
MgO 2.91 –
MnO 1.08 –
TiO2 0.78 1.1
K2O 0.14 –
P2O5 0.21 –
ZnO 0.06 –
Cr2O3 0.05 –
(LOI) – 1.1

Table 3
Presence of heavy metals in spent garnet determined using TCLP analysis.

Detected metals Results (mg/l)

Spent garnet Regulatory limits

Arsenic (As) 0.000103 5.0
Cadmium (Cd) 0.000445 1.0
Chromium (Cr) 0.006195 5.0
Cuprum (Cu) 0.00462 25
Nickel (Ni) 0.000159 2
Barium (Ba) 1.145093 100
Plumbed (Pb) Not Detected 0.05
Selenium (Se) 0.000757 1.0
Cobalt (Co) 0.00017 8
Zinc (Zn) 0.127609 250
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matter in spent garnet with a weight loss of 0.4% in this period. Meanwhile, the oxidation of hematite was also occurred in this
temperature range, but the heat and weight variation were concealed by the stronger oxidation reaction of organic matter in spent
garnet. The observed weight loss of about 0.2% for the sample in between 700 and 900 °C was ascribed to the decomposition of

Fig. 8. XRD pattern of spent garnet.

Fig. 9. XRD pattern of river sand.

Fig. 10. TGA/DTA curve of spent garnet.
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calcite into CaO at 768.5 °C [19] and dehydroxylation of quartz in the range of 850–900 °C.
The endothermic peaks of river sand at 40 °C and 130 °C were also attributed to the loss of surface water and dihydroxylation. The

difference between the DTA temperatures due to endothermic reaction of the sand and that of the spent garnet was significant. GA
curve further showed that the sample decomposed from 100% to 99. 4% for spent garnet, which correspond to the mass loss of 0.4%
and 0.6% due to the decomposition of adsorbed water between 450 and 550 °C and 700–850 °C, respectively, making loss of about
1%. However, river sand decomposed from 100 to 95.1% with a loss of about 4.9%. Comparing the values, spent garnet decomposed
less than river sand when exposed to temperature and this could be due loose nature of the particles.

3.7. Fourier transform infrared (FTIR) spectra

Figs. 12 and 13 present the FTIR spectra for spent garnet and river sand, respectively. The spectra of spent garnet (Fig. 12) were
comprised of two groups of absorptions such as the outer hydroxyl groups and the inner hydroxyl group. The external groups were
located in the upper unshared plane, whereas the inner groups were situated in the lower shared plane of the octahedral sheet. The
spectrum of the minerals was arranged in the sheets as per the occupation of octahedral and tetrahedral sites in the lattice. The inner
hydroxyl groups were positioned amid the tetrahedral and octahedral sheets, which revealed the IR absorption ≈3733 cm−1. The
observed strong absorption band at about 3847 cm−1 was assigned to the in-phase symmetric stretching. Conversely, the occurrence
of an weak band at 3445 cm−1 was allocated to the out-of-plane stretching vibration [23]. The absorption bands at 1018 and
964 cm−1 were approved to SieO symmetric and asymmetric stretching vibrations, respectively [20]. The IR absorption bands at 569
and 452 cm−1 were allocated to the SieOeAl and SieOeSi bending vibrations, respectively. The band at 1431 cm−1 exhibited the
stretching vibration of Fe2OH [20], a characteristic compound of spent garnet minerals as also revealed in the XRF spectra. The IR
spectra spent garnet further displayed that the absorption bands were due to bonding vibrations of OH and SieO groups. Presence of
these groups often plays a significant role in the water absorption rate and differentiation of mineral composition.

The FTIR spectra of river sand (Fig. 13) revealed significant IR peaks at 778 cm−1 and 1032 cm−1, which were allocated to the

Fig. 11. TGA/DTA curve of river sand.

Fig. 12. FTIR spectra of spent garnet.
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symmetric and asymmetric stretching vibration of SieO bond, respectively. Yet again, the appearance of an IR band at 694 cm−1 was
approved to the asymmetric and symmetric bending vibration of SieO bond. The bands at 3620 cm−1 and 3697 cm−1 were allocated
to the symmetric and asymmetric stretching of calcium hydrate (CH) group [21]. The bands associated with the stretching vibration
of OH group of interlayer water molecule during surface absorption were also evidenced. It was affirmed that pure silica was the main
component of the river sand. The FTIR results were supported by the XRF data, both of which revealed high amount of silica content
in the river sand.

4. Conclusion

The spent garnet material was found to be well graded as its grading fall to zone II within the specified limits of BS 812-103.1
[14]. Spent garnet has a large proportion of reactive and inert materials in the crystalline form as revealed by the XRD patterns. The
chemical composition of spent garnet revealed iron content, alumina and high silica. The spent garnet showed the value of specific
gravity of 3.0, which is higher than that of natural sand (usually varies from 2.6 and 2.7) [9]. The high specific gravity of spent garnet
was ascribed to the elevated contents of iron oxide (Fe2O3) in it. The water absorption value of 6% was higher than the maximum
limit of 3% recommended by BS EN 1097-6 [11] for fine aggregate. The leaching behaviour of spent garnet and safety properties is
within the acceptable limits. The endothermic dip in the spent garnet was observed between 350 °C–500 °C. This dip is usually related
to the loss of surface water and dihydroxylation of the material. The exothermic peak (heat release) was appeared between 550 °C and
750 °C due to the oxidation reaction of organic matter in spent garnet with a weight loss of 0.4% in this period. The result obtained
from this study demonstrated that it is possible to apply spent garnet in concrete.
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