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Abstract: The physical, chemical and mineralogical characterization of the constituents of magnesium-
rich synthetic gypsum produced in a rare earth-refining plant located in Gebeng, Pahang, Malaysia
was conducted through elemental chemical analysis, scanning electron microscopy with Energy
Dispersive X-ray (EDX)-analyzer, thermal analysis, X-ray fluorescence and X-ray diffraction. The
crystalline nature of the by-product was studied using FTIR spectroscopy. Elemental analysis con-
firmed the presence of Ca and Mg, which are essential macronutrients required by plants and this Ca
alongside the high pH (9.17) of MRSG may confer on the material a high acid neutralization capacity.
From the result, it was observed that the studied by-product is a heterogeneous crystalline material
comprising of gypsum (CaSO4.2H,0) and other major components such as calcium (magnesium)
compounds (hydroxide, oxide, silicates, and carbonate) and sulfur. These aggregates may contribute
to give an acid neutralization capacity to MRSG. The XRD study of MRSG indicated a high content
of gypsum (45.4%), shown by the d-spacing of 7.609 A (2-theta 11.63) in the diffractogram. The
infrared absorption spectra of MRSG indicate close similarities to mined gypsum. The results of the
characterization indicated that MRSG has valuable properties that can promote its use in amending
soil fertility constraints on nutrient-deficient tropical acid soils.

Keywords: industrial by-product; physico-chemical characterization; FTIR; thermal analysis; X-ray
diffraction analysis; X-ray fluorescence; FESEM-EDX; Acid soil amelioration

1. Introduction

Rare earth elements (REEs) refer to a group of fifteen elements called lanthanides,
which include Lanthanum, Europium, Cerium, Yttrium and Scandium amongst others.
These elements form a chemically uniform group with similar physico-chemical properties
and commonly found in the same deposit [1,2]. Until the end of the last century, relatively
little is known about the importance of REEs to humans, or of their effect on organisms and
the environment [3,4]. However, in recent time, this group of metals have seen increased
uses and have become a major component of essential products, especially in the field of
high technology [5,6]. The last decade saw a considerable rise in the demand for REEs,
largely due to specialized uses in modern electronics such as mobile phones, optical,
magnetic and catalytic equipment and photovoltaic modules. Rare earth elements serve
vital functions in reducing greenhouse emissions, having specialized use in automobiles,
wind turbines, converters, chemical action and other technologies [7]. In 2010, about
130,000 t of these elements were mined, a 20-fold increase compared to 1997 [8], meanwhile,
the extraction of rare area elements from the mined ore deposits is followed by an extensive
processing stage which produces large amount of by-product.

The refining of rare earth to produce various materials that are essential and nonre-
placeable in many electronic, optical, magnetic and catalytic applications, produces large
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amounts of byproducts [7] used in automobiles, wind turbines, converters, chemical action
and other technologies. The solid byproducts generated during the refining of lanthanide
ore containing rare earth imported from Mount Weld, Australia at the Lynas Advanced
Material Plant (LAMP), Malaysia are two contrasting materials. After undergoing a series
of chemical processes in the plant, there are two main residues from the rare earth industry,
each one named following the process from which they are produced, namely Neutraliza-
tion Underflow Residue (NUF), a synthetic gypsum also called Magnesium-rich synthetic
gypsum (MRSG), and Water Leach Purification (WLP), an iron phosphate residue. While
the WLP contains low level of radioactive elements, the Neutralization underflow residue,
categorized as Scheduled Waste (SW205) by the Department of Environment (DoE) has
been stated to be nonradioactive and permitted for use in research.

According to Lynas [7], Neutralization Underflow Residue, known as Magnesium-
rich synthetic gypsum (MRSG) has high pH and contains gypsum and other nutrients
needed by plants such as Mg and S. Due to these properties, the MRSG has potential to
be used as an alternative to the conventional fertilizers to supply Ca, Mg and/or S, soil
conditioner and/or liming agent in ameliorating deficiencies resulting from soil acidity
condition. Calcium contained in the MRSG will increase the pH of acidic soils resulting in
the formation of aluminum hydroxide or gibbsites. During the past years, some research
groups have carried out studies on the new ways of utilizing this magnesium and gypsum
containing by-product by investigating its use as low-cost materials capable of substituting
the relatively costlier kieserite and Ground Magnesium Lime (GML) for plant nutrition
balance on acid soil [9,10].

It is important to obtain information on the structure and chemical properties of this
residue to allow a better knowledge of this material to facilitate its recycling, by confirming
its inherent properties and establishing or disputing the ability to the material to function
in its projected use while also assessing the environmental impact associated with its
agricultural use. It has been reported that the addition of some industrial residue may have
valuable benefits in agriculture [11]. These benefits may be direct in terms of improvement
in soil fertility, pollutant immobilization and carbon sequestration. Indirect benefits may
also be derived from alternative use of industrial by-products because the proper man-
agement of many of these residues, considered as waste, highlights the environmental
sustainability of their use [12-14] by preventing improper disposal of these materials. Thus,
understanding the nature of materials is greatly important for their alternative uses.

The objectives of the study are therefore (1) to determine the macro and micro elements
obtained in the MRSG; (2) to characterize the MRSG using different spectroscopy techniques
to determine the main constituents in the MRSG; (3) to obtain information on the surface
topography and mineral compositions of the MRSG; and (4) to determine the thermal
stability property of the MRSG using thermogravimetric analysis (TGA).

2. Materials and Methods

The magnesium-rich synthetic gypsum used in this research was provided by the
Lynas Malaysia Sdn. Bhd. The industrial by-product is produced through cracking and
leaching, solvent extraction and finishing process in the refining of rare earth phosphate
mineral. Initially, rare earth phosphate mineral is subjected to cracking and leaching with
concentrated H,SOy, followed by cracking at a high temperature (350-450 °C) to convert
the rare earth phosphate minerals to rare earth sulphate (Figure 1). At the leaching stage,
water is introduced into the rare earth sulphate to remove impurities in the form of iron
phosphogypsum [15].

Water from the plant is treated in several stages through the process of acid neutral-
ization to obtain a solid by-product. In the above-mentioned process, extraction liquids are
treated with sodium carbonate, neutralized with magnesium oxide and precipitated with
sodium carbonate solution or with oxalic acid and filtered, to produce a Neutralization
Underflow Residue also known as Mg-rich synthetic gypsum (MRSG).
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Figure 1. Flow sheet of MRSG production in the process of refining rare earth.

The MRSG samples from different production cycles were labelled with their respec-
tive date of production and delivered in batches to the Department of Land Management,
Universiti Putra Malaysia (UPM) between 2015-2019. For this study, the homogeneity
of MRSG sample was first tested by randomly collecting samples for physiochemical
analysis and results show the different samples had equivalent chemical characteristics.
The magnesium-rich synthetic gypsum used in this research was provided by the Lynas
Malaysia Sdn Bhd. The pH and electrical conductivity (EC) of the material were measured
at a solid /water ratio of 1:2.5 and 1:5 using a pH meter (Model Metrohm 827, Riverview,
FL, USA) and electrical conductivity meter (Mettler Toledo SevenEasyTM Conductivity
Meter S30, Hamilton, New Zealand), respectively. Total C, N and S in the material were
determined using a LECO CR-412 Carbon Analyser (LECO, Corporation, St. Joseph, MO,
USA). The analysis of the elemental composition of the material was conducted using
the digestion method described in the USEPA3051A [16]. The sample was dissolved in
a mixture of nitric acid and perchloric acid at the ratio of 3:1 with the addition of hydro-
gen peroxide. The content of each element was determined using an inductively coupled
plasma-optical emission spectrometer (Optima 8300, Norwalk, CT, ICP-OES Spectrometer
by PerkinElmer). The limits of detections (LOD) for the elements were determined using
3o following the method of Boumans [17]. The sensitivity of method used was obtained
from the slope of calibration curves. The slopes of the calibration curves of all elements
indicate good sensitivity, the coefficients of determination i.e., R2, was 0.999. The chemi-
cal composition of MRSG was determined using X-ray fluorescence (XRF) spectroscopy
technique (Philips PW 2404).

The morphology of the MRSG was observed under a Field Emission Scanning Electron
Microscope (FESEM) and elements in the material were quantified using Energy Dispersive
X-ray (EDX) attached to the FESEM. For this, a known quantity of MRSG samples was
weighed on aluminum stub using carbon double-sided tape. The MRSG sample was
thinly coated with a film of carbon using a carbon evaporator. Thereafter, the sample was
observed under a Scanning Electron Microscope (LEO EVO 40 XVP—Zeiss) equipped with
an EDX (Quantax XFlash 5010—Bruker). SEM-EDX observation was carried out using
20 kV accelerating voltage at a working distance of 8.0 mm. The EDX was calibrated using
reference standard materials. Upon insertion of the sample into the microscope, selection
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of the mineral grains was performed by moving the microscope stage in a random vertical
and lateral manner to avoid bias in grain selection. The chemical compositions of the
selected region were determined by EDX on two or more areas of each sample to reduce
the margin for error. The mineralogical analysis of the MRSG was conducted by X-ray
diffraction analysis using a Philips X'PERT PRO diffractometer (Philips/PANalytical X'Pert
Pro-MPD Powder Diffractometer, Eindhoven, Netherlands) in Bragg—Brentano geometry
(configuration Theta-2Theta). The diffractometer was operated using 1.54060 A CuKa
radiation, Ni K3 filters, and a scintillation detector at a voltage of 45 kV and 40 mA current,
acquisition interval 5-80° (26) and step size 0.02° [18]. The software Diffrac. EVA v. 2.1
(Bruker AXS, GmbH, Karlsruhe, Germany) was used in processing the XRD pattern while
mineral phases were identified using the ICDD PDF database (ICDD PDF—2 Release 2009).
Fourier transform infrared spectrophotometry (FTIR) spectra of the sample was stud-
ied to identify the functional groups on the surface of the material using an FTIR technique.
Approximately 2.4 mg of the samples was collected and mixed with 100 mg of KBr and
compressed to make a pellet [19]. The FTIR spectra of the samples were recorded on a
Perkin Elmer 1725X FTIR spectrophotometer. The results obtained were deconvolved using
Origin Pro 2020. For thermal analysis, the study was conducted using a Mettler SDTA851e
with a Mettler TA-4000 TG-50 thermobalance. MRSG sample (40-50 mg) was heated in
alumina crucibles under nitrogen atmosphere at 10 °C/min from 25 °C to 1000 °C.

3. Results and Discussion
3.1. Physico-Chemical Characterization

Magnesium-rich synthetic gypsum is alkaline in nature having a pH of 9.17 while
the EC was 7.12 (dS m!), thus its high alkalinity may confer on the material a high acid-
neutralizing capacity. Therefore, the application of MRSG may have an ameliorative impact
on soil acidity [20-22]. Elemental analysis confirmed the presence of elements of Ca and
Mg which are essential macronutrients required by plants. These elements are the most
abundant in the material while some P and K were also present in the MRSG (Table 1).
The contents of Ca and Mg in the MRSG were almost similar to those of GML used by
Shamshuddin and Ismail [23] in their study of an Ultisol in Malaysia. In addition, present
in MRSG are trace concentration of elements such as manganese, zinc, copper, selenium,
silicon and others (Table 1).

Table 1. Chemical characteristics of the MRSG.

Properties Magnesium Rich Synthetic Gypsum
pHH,O 9.2
Electrical Conductivity (EC) (dSm™1) 7.1
Moisture (%) 26.7
C (%) 1.12
N (%) 0.05
S (%) 0.41
Ca (mg kg™) 17,243
P (mg kg_l) 234
Mg (mg kg™ 1) 14,396
K (mg kg™ 1) 49
Na (mg kg~') 288
Fe (mgkg™!) 1368
Mn (mg kg_l) 1175
Cu (mgkg™1) 127
Al (mg kg™1) 350
Cd (mgkg™1) 234
Zn (mg kg~ 1) 38
Loss of ignition (LO1) 19.39

LODs 0.05 ug/g
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Previous studies have reported numerous benefits of the above-listed elements in
the cropping system [24,25]. The presence of carbon, nitrogen and sulfur compounds was
also confirmed in the material. The MRSG is a by-product, so it was expected that the
material contains some heavy metals. This was similar to the result reported by Li et al. [21],
where the contents of Zn, Cu and As in their studied industrial byproduct were in the
range of 40.7, 64.9 and 7.2 mg kg !, respectively. Heavy metals such as cadmium, copper,
nickel, lead, zinc, mercury, and chromium found in industrial by-products are considered
potentially toxic elements (PTEs), and through their use, heavy metals enter the soil aside
from atmospheric deposition and other anthropogenic sources. Some of these elements are
micronutrients for higher plants and deficiency of these micronutrients can impair proper
plant function and reduce yield; however, excessive amounts can limit soil productivity by
decreasing or altering microbial communities thus, inducing toxicity to plants [26,27].

Several techniques have been identified in order to immobilize heavy metals in soil
environment. The risk posed by heavy metals could be reduced with the co-application
of organic amendments such as rice husk biochar (RH) and/or empty fruit bunch (EFB).
Previous studies show that the sorption of such heavy metals (i.e., Cd, Cu, Zn, Fe, As) has
the ability to bind to soil particles, hence reducing the bioavailability of the heavy metals
in the soil solution [28-31]. For example, based on Langmuir’s adsorption model, the
maximum adsorption capacity (qmax) of EFB biochar for As was 0.42 mg g~ !, which was
higher than RH biochar (0.35 mg g~!) [32]. The same trend was observed for the adsorption
maximum, qmax, of Cd with the values of 15.15 and 3.19 mg g_l, for EFB biochar and RH
biochar, respectively. Empty fruit bunch (EFB) biochar had a higher affinity for As than
did RH biochar. On the other hand, the binding affinity (b) of Cd for RH biochar was
higher than EFB biochar [32]. The alkaline properties of biochars increased the solution
pH, which induced metal immobilization through metal precipitation and decreases metal
solubility. At the moment, it is believed that the co-application of MRSG with organic
amendments can reduce the risk posed by these heavy metals. The LOI value of MRSG
shows presence of concentration of volatile compounds as CO, and moisture content in
the studied material. The result obtained on LOI was similar to that obtained in another
gypsum containing industrial by-product [33]; meanwhile, a higher value of LOI was
reported in another research on Flue gas desulphurization gypsum containing industrial
by-product [34].

The chemical composition of the main constituents of the MRSG were determined
using X-ray fluorescence spectroscopy (XRF) and the results of this analysis are presented
in Table 2. Elemental chemical analysis and XRF study confirmed the main constituent of
the studied MRSG sample as calcium and magnesium. The high amount of calcium and
basic oxides is thought to be responsible for the high alkalinity (pH 9.17) of the material,
giving it a high capacity to neutralize acid media.

Table 2. Result showing XRF spectroscopy of the MRSG.

Chemical Composition Amount in %
CaO 59.63
503 29.58

CeO, 3.12
Cl 2.05
La203 2.04
Fe,O 1.62
MnO 1.02
V205 0.37
ZnO 0.21
SrO 0.21
Y703 0.07
ZrO, 0.04

CuO 0.04
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There are concerns on the presence of rare earth element such as La, Vn, and Sr in the
studied material, with study by Li et al. [35] showing that La may affect soil ecosystems at
concentrations slightly above natural background levels. Similarly, Larsson et al. [36] con-
ducted a research on the toxicity of vanadium to soil organisms by testing seven levels of
vanadate doses of vanadate (3.2-3200 mg V kg~ ') on five soils with different characteristics
using two microbial and three plant assays to measure toxicity effect of the element. The re-
searcher reported that elevated level of vanadium in the soil can lead to nitrogen inhibition
in soils. Liang and Tabatabai [37] observed between 12% and 62% inhibition of nitrification
in three different soils at vanadium concentrations of 250 mg kg ~! soil. Strontium occurs
naturally as an alkaline earth metal; however, various detrimental human health impact
has been associated with toxic accumulation of this element through anthropogenic process
such as nuclear weapons explosions or wastes from nuclear reactors [38].

3.2. X-ray Diffraction

The diffraction patterns of the studied MRGS showed that it was a heterogeneous
material comprising a mixture of crystalline phases. The major crystalline component of
the solid phase of MRSG is gypsum (CaSO4.2H;0—98.66%), shown by the d-spacing of
7.609 A (2 theta 11.63) in the diffractogram (Figure 2). The high content of CaSO4.2H,0
results in a high pH of the material thus giving it a high acid-neutralizing capacity; good in
ameliorating acid soils. This is consistent with the previous study by Li et al. [39], where
phosphogypsum, an industrial by-product, showed the presence of gypsum which gave
the material a high acid-neutralizing property. Calcite (CaCOj3) was detected in the MRSG,
indicated by the d-spacing of 3.036 A (2 theta of 29.41). The presence of Si was identified by
the ICP-OES (in solution form), but not by XRD analysis due to its existence in the form of
amorphous silica (5iO;). This result was comparable with result obtained from the analysis
of MRSG conducted by Golder Associates of Australia (courtesy of Lynas) where high
amount of gypsum (73-74%) was reported in the material as well as amount of Mg(OH),
(17.1%), Ca(OH); (4.3%) and CaCOj (2.3%). The alkaline nature of MRSG was related to its
content of Mg(OH), and Ca(OH)j.

7000-] | Calcite, magnesium, syn (( Mg0.03 Ca0.97 ) (C 03 )) = 1.339%
| Gypsum (Ca S04 :2H20) = 98.661%

6000—

5000+

4000~
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Figure 2. The X-ray diffractogram of MRSG.
3.3. FTIR Spectroscopy

Infrared absorption spectra of a crystalline material can provide essential information
on the structure, particularly, supplying conclusive evidence on the nature of the func-
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tional groups in the crystal lattice. Spectroscopic assessment of MRSG was conducted to
understand the structure of the residue. The FTIR spectra of the sample show similarities
to mined gypsum. The intensely strong peak at 3695 corresponds to hydroxyl deforma-
tion modes. The strong broadband observed in MRSG at around wavenumbers 3487 and
3369 cm~! signify that OH was assigned to the stretching mode of hydroxyl functional
group (Figure 3). The bands indicate the presence of hydroxides and oxyhydroxides in
MRSG. The presence of hydroxyls in this material can increase the cation exchange ca-
pacity of the soil when the material is land applied. Queralt [40] reported that hydrated
calcium-magnesium carbonates show a broadband centered around 3435 cm~! and a
sharp band at 3629 cm~ 1 thus the broad shoulder at 3487 cm™~! could be assigned to both
hydroxyl stretching modes of hydrated carbonates and also to adsorbed or coordinated
water molecules (Table 3). The band showing at 1440 cm ™! corresponds to C-O stretching
modes of the CO32 ion [41]. Bands at 1681.00 cm ™! and 1618 cm ™! in MRSG sample could
be attributed to the presence of two types of water molecules in gypsum. The absorptions
peak at 1099 can denote the Si-O stretching modes of silica and silicates.

FTIR spectrum of the MRSG

Transmittance (%)
N

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm!)

Figure 3. The FTIR spectrum of MRSG.

Table 3. Major bands present in FTIR spectra of the MRSG.

No. Wave No. (cm—1) Vibration Functional Groups
1 3695 O-H stretch Bonded and nonbonded hydroxyl group and water
2 3487 O-H stretch Bonded and nonbonded hydroxyl group and water
3 3392 O-H stretch Bonded and nonbonded hydroxyl group and water
4 1681 Stretching Water molecules
5 1618 Stretching Water molecules
C-H deformation, CO,
6 1440 stretch; C-O stretch Alkenes carboxylates and carbonates
7 1099 $i-O stretch; OH vibration Silica and silica'ltes; aluminum F)xyhydroxide
and iron oxyhydroxides
8 665 S04~ Sulfates

Meanwhile, absorption bands that correspond to hydroxyl vibrations of aluminum
oxyhydroxides [42] and iron oxyhydroxides [43] can occur in this region of the spec-
trum. In addition, intense band at wavenumber 1099 cm~!, in the gypsum containing
by-product and deformations at 665.44, 594.08 and 457 cm~! in MRSG could be attributed
to the presence of sulphate functional groups [44]. Similarly, absorption peak in MRSG at
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875 cm~! corresponds to carbonate spectrum [44,45]. According to the FTIR spectroscopy,
the most abundant components of MRSG are calcium hydroxide, calcium and magnesium
carbonates, silicates, and calcium aluminates, which corroborates the XRD results. The
aggregates of these compounds may confer a degree of alkalinity (pH 9.17) to MRSG with
an accompanying acid neutralization property.

3.4. Morphology of MRSG

Identification of the well-crystallized phases in MRSG was conducted using X-ray
diffraction, however, SEM can provide information on the microstructure of the industrial
by-product, as well as the morphology of the sample. EDX was used in determining the
chemical constituents of the mineral phases. The scanning electron micrograph (up to
25,000x) of MRSG is shown in Figure 4. The SEM imaging confirmed the heterogeneity
of MRSG as composed of aggregate particles of different nature and sizes. The material
was shown to have a rough surface chiefly consisting of particles that are grouped by
electrostatic attraction. The micrograph also indicates the presence of wide macropores
and interparticle cavities in MRSG. The result shows the occurrence of minor constituent
phases similar to those revealed in the FTIR spectroscopy. The abundance of gypsum in
the material was confirmed by the presence of the acicular-shaped mineral as shown by
the FESEM (Figure 4).

Figure 4. Acicular-shape mineral in MRSG observed under the FESEM (The needle-like structure
indicated by the arrow shows the presence of gypsum in the material).

Analyses of EDX (average chemical composition of the MRSG at any particular spot
e.g., at spectrum 1, 2 and 3 in the FESEM micrograph) show the co-occurrence of high
levels of C (8.9%), O (69.2) Ca (9.23) and Mg (9.1%), non-negligible level of S (6%), Si (1.0%),
Na (0.59%) and trace amount of Ce and La, in a heterogeneous mass of crystalline materials
of micrometric size (Figure 5). The chemical composition of the MRSG determined using
FESEM-EDX (Figure 3) were the relative measurement, normalized to 100% and were not
the absolute amount as determined by ICP-OES.
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Figure 5. An elemental map showing relevant elements in the MRSG (Scale bar: 20 um). The EDX
spectrum shows the co-occurrence of Ca, O, Mg and S (wt%:). Ca = 8.9%; O = 69.2; Ca = 9.23; Mg = 9.1%).

3.5. Thermal Analysis

The TG and DTA curves of MRSG is presented in Figure 6. As observed from the TG
plot, weight loss occurred in three positions. The differential thermograms of the MRSG
show two relatively significant endothermic effects in close sequence below 400 °C. These
two effects represent the two-step decomposition of the dihydrate to hemihydrate and to
soluble anhydrite (Equations (1) and (2)) [46].

CaSO4 . 2H20 = CaSO4 -1/2 H20 +3/2 H20 (1)
CaSO4 . % Hzo = CaSO4 +1/2 HZO (2)

The first loss observed in the TG (15%weight loss) was due to the evaporation of
adsorbed moisture which occurred at 147.48 °C. The water loss continued until temper-
ature reached up to 190 °C. The second endothermic area observed at 354.48 °C, which
corresponds to 5.85% weight loss, was due to the loss of structural H,O from hydrated car-
bonates [42]. It may also be indicative of the crystalline transition of anhydrous (anhydrite
III-anhydrate II) form of the gypsum [47]. This can also be attributed to the partial dehy-
dration of silicates [48,49]. The small endothermic peak which occurred between 658.64 °C
(1.69%, weight loss), indicate the dehydration of iron and magnesium hydroxides [50].

3.6. Environmental Impact Assessment of MRSG Application

The detailed report on the impact of Mg rich synthetic application on the environment
and palm oil quality has been published by Sahibin et al. [10], while detailed report
on the utilization of this by-product as fertilizer has been reported by Ayanda et al. [9].
Physical and chemical characterization of a material gives conclusive evidence nature of a
material and on the possible environmental impact of the material when it is land applied.
Elemental chemical analysis of heavy metals content in MRSG was conducted to assess the
environmental degradation that may occur following its application. For a long time, the
concentrations of heavy metals and pollutants in samples of industrial byproducts such
as those used in agriculture have been evaluated and this is mainly due to concern that
these industrial residues can be a potential source of contaminant to water, soil, and air
with grave negative impact on the environment as well as human [51,52].
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Figure 6. The thermogravimetric spectrum of MRSG.
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Heavy metals such as cadmium, copper, nickel, lead, zinc, selenium, strontium, cerium
and chromium found in industrial by-products such as MRSG are considered potentially
toxic elements (PTEs), and through their use, heavy metals enter the soil, despite that
some of these elements are essential micronutrient required for crop productivity. The
determination of soil quality following MRSG application was conducted in a previous
study [3] using various measuring criteria. The indices used in the assessment include
Biological Accumulation Coefficient (BAC), Geological Index (I-geo), Contamination Factor
(CF) and Pollution Load Index (PLi). The result of the assessment indicated that the BAC
was low to moderate for As, Cd and Se, while intensive BAC was recorded for Zn [10].
However, level of BAC for Zn is unlikely to result from MRSG application due to the low
level of Zn contained in the MRSG used in the trial [10]. Heavy metals and PTEs in the soil
under investigation and surface water in the trial and surrounding areas were determined.
The effect of MRSG application on the surrounding environment during the period of the
field trial was assessed using the data obtained. The heavy metals content of the treated
soils was lower than their respective reference. It was found that there was no indication of
the increase of heavy metals pollution in the soils treated with MRSG.

Further results of the evaluation gave indication that PTEs in the soils sampled
from the plots treated with MRSG were below the investigative limit for soil reported by
Zarcinas et al. [53] or in the Eco-SSL of USEPA [54]. Values of PTEs of concern in the surface
water before and after MRSG application were found to be below the standard limits of
the Ministry of Health Malaysia. Note that the standards for drinking water in Malaysia
was adopted from the standards of the World Health Organizations. Hence, environmental
risk analysis assessment showed clearly that the soil was not contaminated, indicated
by the low contamination factor and pollution load index. It means that MRSG is safe
for application on agricultural land in Malaysia. The result shows that heavy metals and
PTEs content of the tested plots in the study area were unaffected by the application of
MRSG, kieserite and GML. There were no significant differences in mean values of the
treatments, showing that MRSG and kieserite treatment produced comparable or similar
results. This shows that upon further test for its efficacy, MRSG can be exploited as Mg-
and Ca-fertilizer.

There are no global reports on the critical concentration of La and Ce in soils, however,
there are reports on the mean concentration of these elements in soils of Japan and China.
The respective concentration of these elements was 18 and 40 mg kg~! in soils of Japan,
while that of Chinese soils was 44 and 86 mg kg~ !. It is believed that their concentration in
the soil under study due to MRSG application would not exceed the amount present in the
soils of Japan or China. Meanwhile, there is a dearth of information in terms of critical level
of Sr in soils, no credible information is available in the literature. The ultimate measure
for assessing the impact of MRSG application on the soil cropped to oil palm is the oil
quality of fruitlets. Palm oil quality was determined on oil palm fruitlets at two years after
MRSG was first applied to ensure the credibility of the results. The oil was analyzed for
the presence of the common heavy metals (As, Cd, Pb, Zn, Mn, Ni, Cu and Fe) as well
as the other metals of concern (Th, Cr and Hg). The latter could be harmful for human
consumption if present above the critical level. The concentration of the elements in the
palm oil of the study was compared against edible oils available in the market. The results
of the comparison showed there was no sign of the accumulation of heavy metals and
PTEs in the oil of palms treated with MRSG. In the extracted oil, it was found that the
heavy metals were much lower than those found and/or reported in other studies. Similar
values were recorded in quality of oil from the soil treated with MRSG and those treated
with kieserite.

4. Conclusions

The result of several analysis on the physico-chemical characteristics of magnesium-
rich synthetic gypsum shows the nature of the material as having properties which can
promote alternative use of this industrial by-product. Findings from this study show that
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MRSG properties such as the content of calcium and magnesium alongside other elements
that are beneficial in the crop system indicate that this material will be useful in promoting
agricultural sustainability by ameliorating deficiency conditions associated with cropping
on toxic aluminum-rich and nutrient-deficient acid soil. The study showed that MRSG with
a pH of 9.17 contains high amount of Ca (17,000 mg kg~!) and Mg (15,000 mg kg~ !). These
chemical compositions suggest that its application on agricultural land could increase soil
pH. The upland soils in Peninsular Malaysia are mostly classified as Ultisols and Oxisols,
which are suitable for crops cultivation with proper agronomic management. The soils are
acidic with high aluminum/iron concentration in the soil solution, but low in exchangeable
Ca and Mg. Therefore, the fertility of the soils is low; the soils do not have a sufficient
amount of Ca and Mg, which are essential for growth of crops.

The use of ground magnesium limestone (GML) is one of the normal practices to
alleviate the aluminum toxicity and supply Ca and Mg for sustaining crop production.
As MRSG contains high Ca and Mg, its application can show similar effect as GML, by
reducing the aluminum content in soil solution hence increasing the soil pH. In addition, the
Mg contained in the MRSG can be important for Mg fertilization of oil palm which occupies
a large hectarage of Oxisols and Ultisols in the country. The content of rare earth elements in
the material (Table 2) necessitates that land application of MRSG should be carried out with
great care following extensive environmental impact assessment/studies due to several
reports on potential toxic elements contamination of soils and the resulting effect on living
organisms. According to health organizations such as WHO, approximately 12.6 million
deaths have been recorded globally from >100 diseases resulting from contaminated
environments such as polluted soils and water. In light of this, regulations, environmental
policies, and standards for water and soil pollution prevention and control with strict
restrictions on the usage of this industrial residue on farmland should be proposed prior to
large scale adoption of MRSG.

The projected utilization of this by-product may also be a furtherance of the United
Nations Millennium Development Goals (MDGs) which seeks to promote environmental
sustainability. This is achieved by limiting the exploitation of nonrenewable minerals,
i.e., mined gypsum (used as acid soil ameliorant) and kieserite (used as Mg fertilizer),
which this material may be able to replace as an alternative while also promoting efficient
disposal of the material. These objectives are also in line with the Eleventh Malaysia
Plan 2016-2020 initiative, which looks at managing chemical plant wastes holistically. The
initiative states that using wastes as a resource gives an economic value, hence diverting it
away from landfill towards more productive use. This is especially interesting and worthy
of exploring; however, additional studies and long-term trials should be conducted in
several locations to prove beyond doubt that utilization of this material will not lead to a
significant environmental impact. It is worthy to note that sustainability of the environment
and quality of human life is of utmost importance compared to any benefit to be derived
from land application of this or other industrial by-products.
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