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ABSTRACT
Recent studies have focused on the processing of biowaste to obtain added value and to reduce 
organic waste in the general stream. This study investigated the synthesis of magnesium oxide 
(MgO) from magnesium-rich Cucurbita pepo (pumpkin) seeds for a precursor solution as a reducing 
agent via an eco-friendly method for the first time. The pumpkin seeds were ashed at 550°C for 6 
h and subjected to acid-leaching. Mg(OH)2 was then precipitated using an aqueous solution of 2.0  
M NaOH. The Mg(OH)2 was then calcined at 550°C for 4 h to obtain MgO. Physicochemical 
properties (i.e. proximate analysis, elemental composition, electrical conductivity (EC), pH) and 
selected heavy metals (i.e. Pb, Fe, As, Cd, Cr, Hg, Cu, and Ni) analyses were conducted on the seed 
samples and as-synthesized MgO. X-ray fluorescence (XRF), X-ray diffraction (XRD), Fourier- 
transform infrared (FTIR), citric acid test (CAT), and acid neutralization capacity (ANC) tests were 
techniques used to characterize the synthesized MgO. The results revealed the percentage yield of 
the MgO to be 23%. The pH of the as-synthesized MgO was recorded as 10.63. XRF studies showed 
that MgO made up 75.1% of the total weight synthesized. XRD results showed the presence of 
crystalline cubic structures of MgO. FTIR results showed a peak at 584 cm−1 which confirmed the 
formation of MgO. The produced MgO was highly reactive, with a CAT time of 2 s. The ANC of the 
MgO was high at 22.77 mol+/kg. Also, metal concentrations such as Fe, Cu, Cd, Ni, Pb, Hg, As, and Cr 
in MgO were below the WHO stipulated limits of 350, 36, 0.8, 35, 85, 0.03, 40, and 100, respectively. 
This implies its suitability for soil remediation purposes. Results indicate that the as-synthesized 
MgO from Cucurbita pepo (C. pepo) seeds could be used for several applications due to its high 
alkalinity, reactivity, and fast CAT time.
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1. Introduction

The rise in the development of new technologies is 
creating opportunities for the use of new, innovative, 
and waste materials. These materials can be tailored to 
possess the right mix of microstructure and properties 
for innovative solutions to societal problems. Several 
materials including metal oxides have been reported in 
the literature to possess unique functionalities and 
applications in numerous fields (Dehghan et al., 2022; 
Kalita et al., 2021; Mohamed et al., 2021; THI Tran et al.,  
2021). One of these metals, magnesium (Mg) and its 
compounds, since early 2000 has found extensive appli
cation within the healthcare industry (DE Baaij et al.,  
2015; Safford et al., 2015; Witte, 2010). As a result, the 
use of Mg and its compounds has risen requiring an 
increase in its production (Hornak, 2021; Nagappa & 

Chandrappa, 2007). Magnesium oxide (MgO) is one of 
the most important inorganic oxides in waste and toxi
city management (FOUDA et al., 2021).

MgO use is progressively gaining attention in almost 
every application. Research proceedings have published 
its outstanding use of paints (Gysau, 2006), in hazar
dous waste remediation (GARCIA et al., 2004; GIRO- 
Paloma et al., 2020; Nagappa & Chandrappa, 2007; Shen 
et al., 2018, 2019), as catalyst and catalyst support mate
rial (Julkapli & Bagheri, 2016). Other applications of 
MgO include refractory and battery material (Zhai 
et al., 2019), wastewater remediation (Jamil et al.,  
2015), agricultural activities (Hornak, 2021), photocata
lysis (Amina et al., 2020), toxic gas adsorbents 
(Camtakan et al., 2012; FERNANDES et al., 2020) and 
many vital applications (Ahmed & ABOU-GAMRA,  
2016). The medicinal importance of MgO can also not 
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be ignored (Guerrera et al., 2009; Sawai et al., 2000). Its 
increasing use as an antacid and laxative and hence 
over-the-counter medication has also drastically 
increased its demand (Mori et al., 2021).

MgO is notably obtained from their orebodies (mag
nesite, dolomite, brucite and olivine) (Shand, 2006) and 
seawater or brine (HØY-Petersen & Rizley, 2020; Zhang 
et al., 2021). There is, however, no universal access to 
these resources, as they tend to be concentrated only in 
some areas of the world (Daigle & DeCarlo, 2022). 
Whereas the orebodies are mainly concentrated in 
a few countries in Asia, Europe, North and South 
America (Wu et al., 2021), seawater/brine is not acces
sible to land-locked areas, hence other sources of MgO 
production are necessary to supplement the high 
demand of MgO being predicted. Again, research has 
shown that the low concentration of magnesium in 
seawater (~1.3 g/cm3) gives rise to design problems dur
ing its synthesis (Kulekci, 2008; Song & Atrens, 1999). 
Also, the extraction of MgO from their raw materials 
has been reported to negatively influence their environ
ment (HØY-Petersen & Rizley, 2020; Zhang et al.,  
2021). Furthermore, the synthesis of MgO from these 
two sources has not been able to generate the quantities 
needed worldwide (Sabouri et al., 2022). Therefore, 
researchers are finding alternate ways of increasing the 
production of Mg and its compound stocks from alter
native raw materials to meet their ever-increasing 
demand (Jassim et al., 2020). The price of MgO has 
been souring on the global market due to demand sur
passing supply of the MgO commodity (Nobre et al.,  
2020). Therefore, there is a high research drive in the 
production of MgO in order to make the product 
affordable and hence for its continuous use in low-end 
applications. Fernández (2022) has projected an annual 
production increase of 1.5% between the period of 2020 
to 2029. A lot of research is currently ongoing to close 
the demand-supply gap and hence the increasing world 
prices.

Recently, a plant-mediated pathway for synthesizing 
metal oxide has received much attention due to their 
environmental benign when compared to conventional 
methods (Mesías et al., 2013; Mousavi et al., 2019; 
Yusufoğlu et al., 2020). Several plant-based sources of 
magnesium have been utilized for the synthesis of MgO. 
For instance, Tabrez et al. (2022) investigated the antic
ancer efficacy of biogenic synthesized MgONPs by using 
Cucurbita maxima pumpkin seeds by utilizing a filtered 
pumpkin seed extract obtained from reflux of powdered 
seeds in deionized water as their reducing agent. 
However, there are issues when it comes to their yield 
and the quality of the MgO produced. Therefore, there 
is a need to study alternative sources of magnesium for 

the synthesis of MgO. To the best of our knowledge, 
there is no study on the synthesis of MgO from 
Cucurbita pepo (pumpkin) seeds for a precursor solu
tion as a reducing agent.

Cucurbita species (Pumpkins) are among the top 10 
widely grown vegetables in the world (Rolnik & Olas,  
2020). Among their wide varieties, Cucurbita pepo 
(Linn) has the most monetary value and is also the 
commonest Cucurbita species grown in Ghana 
(Abbiw, 1990; Glew et al., 2006). The flesh of pumpkins 
has been used for decades for food and medicinal pur
poses (Glew et al., 2006). Their seeds, however, have 
been viewed as waste and are dumped in landfills or as 
animal feed. With the advent of nutritional composition 
studies, C. pepo seeds have been discovered to be rich in 
nutrients, particularly magnesium (Badu et al., 2020; 
Kwiri, 2014). Since then, there has been a rise in the 
consumption of these seeds in food and medicine (Devi 
et al., 2018; Glew et al., 2006). Consumption, however, 
in Ghana and several other African countries is still 
significantly low, with the seeds still mainly treated as 
waste (Badu et al., 2020). In meeting the UN Sustainable 
Development Goals (SDG12 Responsible consumption 
and production), instead of discarding as waste, the Mg- 
rich C. pepo seeds can serve as a unique source of MgO 
for various practical applications. This study, therefore, 
seeks to investigate the extraction and synthesis of MgO 
from Cucurbita pepo (pumpkin) seeds.

2. Methods

De-hulled C. pepo seeds were obtained from a seed shop 
in Techiman, a town in the Bono-East Region of Ghana. 
Sodium hydroxide (NaOH) pellets and hydrochloric 
acid (HCl) (70%w/v) used in this study were purchased 
from VWR Chemicals (France). De-ionized water was 
used throughout the experiment.

2.1. Preparation of magnesium precursor

Seed preparation was done using the approach adopted 
by Bitog et al. (2009). The fresh seeds were first weighed 
on a Sartonous BP 6100 model electronic mass balance 
as initial weight (W1). They were then cleaned and dried 
in an oven at 105°C for 24 h. The final weight (W2) was 
recorded. The seeds were then ground in a porcelain 
mortar and pestle. A portion of the ground seed samples 
was taken for physicochemical analysis, and the rest 
were ashed in a Nabertherm muffle furnace at 550°C 
for 6 h. The resultant ash was weighed and stored in 
airtight bags for further processing and analysis.

The process by which the magnesium precursor was 
prepared was adapted from Royani et al. (2018). The 
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pumpkin seed ash samples were washed with de-ionized 
water in a hot water bath at 60°C for 2 h. The solution 
was then filtered with a Whatman No. 1 filter paper, and 
the residue (seed ash) was dried at 105°C for 3 h. 
Thereafter, the dried seed ash was added to 2.0 M HCl 
at a liquid-to-solid ratio of 20 ml/g, with constant stir
ring at 400 rpm at 75°C for 3 h. The mixture was then 
filtered with a Whatman No.1 paper afterwards, and the 
filtrate, which is the magnesium precursor was stored 
for the magnesium oxide (MgO) synthesis.

2.2. Synthesis of magnesium oxide

A 2.0 M NaOH solution was prepared by dissolving 
NaOH pellets in distilled water. A total of 1.0 L of the 
solution was prepared. The process of synthesis was 
adapted from Daisy et al. (2015). The prepared Mg 
precursor solution (i.e. the leached ash from the 
C. pepo seeds) was added to the NaOH solution in 
a volume ratio of 1:1. After the formation of a white 
precipitate (Mg(OH)2), the solution was heated at 100°C 
for 1 h. Afterwards, the solution was cooled and the 
Mg(OH)2 was observed to settle at the bottom. The 
solution was filtered with a Whatman No. 1 filter 
paper and the precipitate was washed with de-ionized 
water several times until all water-soluble compounds 
had been removed. The washed Mg(OH)2 precipitate 
was then dried and calcined in a muffle furnace at 550°C 
for 4 h to obtain the MgO. The MgO was transferred 
into a tight-lid vial and stored in a desiccator for further 
analysis. The yield of the synthesized MgO was calcu
lated as: 

MgOyield %ð Þ ¼
Mass of product MgOð Þobtained

Mass of Ash obtained
� 100%

2.3. Characterization of C. pepo seeds

Proximate composition (moisture and ash content, volatile 
matter, fixed carbon) was conducted according to García 
et al. (2013). The macro elements (phosphorus, magne
sium, calcium, sodium, and potassium) of the Cucurbita 
pepo seeds were determined according to the method pro
posed by Rafiu (2012). Nitrogen (N) content was deter
mined by the Kjeldahl method (Rafiu, 2012). Sulfur (S) 
content was determined by the turbidimetric method 
(Motsara & Roy, 2008). Walkley–Black wet oxidation 
method was used to determine Organic carbon (C) 
(Nelson & Sommers, 1983). The exchangeable acidity titri
metric method according to Mclean (1965) was used to 
determine the hydrogen (H) content. Oxygen was calcu
lated as %Oxygen ¼ 100 � % CþHþ Nð Þ. Heavy metals 
(Pb, Fe, As, Cd, Cr, Hg, Cu, and Ni) in the C. pepo seeds 

were analyzed by an atomic absorption spectrophotometer 
(AAS), using a tri-acid mixture (HClO4 – HNO3 – HCl) in 
a volume ratio of 1:2:3 (Kimbrough & Wakakuwa, 1989).

2.4. Characterization of the As-synthesized MgO

X-ray fluorescence (XRF) analysis was conducted on the 
powdered MgO sample using a Philips PW2400 X-ray 
sequential spectrophotometer to determine their ele
mental constituents. X-ray diffraction (XRD) analysis 
on the MgO was conducted using a PAN analytical 
Empyrean Series machine. The analysis was carried 
out with CuKα radiations at 45 kV and 40 mA 2θ 
range scanned from 5° to 99°, step 0.1050, and 
a counting time of 47 s. The mineral phase was identi
fied using the X’Pert Highscore software package. 
Fourier-transform infrared (FTIR) analysis was per
formed in the range of 4000–400 cm−1 to detect and 
analyze the functional groups present in the MgO par
ticles by an FTIR Spectrometer (Amina et al., 2020). The 
average crystallite size of MgO was determined using 
the Debye–Scherrer formula (Dobrucka, 2016). 

D ¼
Kλ

βcosθ
Eq:2 

where D is the nanoparticle crystalline size, K denotes 
the Scherrer constant (0.98), λ represents the wave
length, and β is the full width at half maximum.

2.5. Analytical instruments

Physicochemical parameters (pH, EC, temperature, sul
fate) were measured by their respective glass electrodes 
into filtrates of a MgO/water solution in a ratio of 1:10 
(w/v) (PC 300 series—Cyber scan) (Islam et al., 2017; 
Sey & Belford, 2019). SO4

2- determination was adapted 
from Besseah (2011). This was done by inserting 
a HACH DR 4000 spectrophotometer (wavelength =  
450 nm) into supernatants of 1:5 MgO/water suspen
sions mixed with Sulfa Ver. 4 reagent powder. All read
ings were taken on three counts/times.

Citric acid test (CAT) was conducted according to 
Strydom et al. (2005) to determine the reactivity of the 
produced MgO. The test measures the time it will take 
for MgO to neutralize an acid, by causing a change in 
the pH of a solution to 9 (de Valle-Zermeño et al., 2015). 
The test was done by adding phenolphthalein drop by 
drop into a 1:50 solution of MgO and 0.40 N citric acid 
solution. A color change from white to pink (at pH = 9) 
indicates the completion of the reaction (Strydom et al.,  
2005). ANC test was conducted according to DEL Valle- 
Zermeño et al. (2015).
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Acid neutralization capacity (ANC) evaluates the 
ability of the synthesized MgO particles to provide 
a buffer pH range which ensures minimum solubility 
of acids over a period (DEL Valle-Zermeño et al., 2015). 
This was done by determining the volume of acid (1.0 M 
HNO3, 65 wt%) that was needed to drop the pH of the 
MgO solution from that of minimum solubility (pH ≥ 9) 
to pH that allows metal redissolution (pH ≤ 4).

Heavy metal concentrations of the produced MgO 
were determined according to EPA Method 3050 
B (SW-846). The analysis was done by digesting 1 g of 
MgO with a tri-acid mixture (HClO4, HNO3, and HCl) 
in a 1:2:3 ratio. The concentrations of (Fe, Pb, Cu, Cd, 
Ni, Cr, Hg, and As) were analyzed by an atomic absorp
tion spectrophotometer (SPECTRA AA 220 Air- 
acetylene Flame)

3. Results and discussion

3.1. Proximate and elemental composition of 
C. pepo seeds

The average moisture content (%MC) recorded for the 
C. pepo seeds was 5.63 ± 0.06% as shown in Table 1. 
Similar values were recorded by Kwiri (2014) and 
STEINER-ASIEDU et al. (2014), with a slightly higher 
value recorded by Badu et al. (2020). Bowman and 
Barringer (2012) reported that the %MC of C. pepo 
seeds can be as high as 50%. Given the comparatively 
lower %MC in this study, it can be implied that the 
C. pepo seeds were dry. Generally, ash content of bio
mass is reported in published studies to be low (Zając 
et al., 2018), and in this study, C. pepo seeds produced 
low quantities of ash (4.31 ± 0.29%). The obtained value 
was similar to STEINER-ASIEDU et al. (2014) and Badu 
et al. (2020), but higher than Kwiri (2014).

The average volatile matter (%VM) of the seeds was 
recorded as 93.46 ± 0.99%. C. pepo seeds have notably 
high volatile matter content (>70%) as recorded by 
literature, due to high levels of fatty acids and oil 
(Bowman & Barringer, 2012; Zając et al., 2018). 
Bowman and Barringer (2012) also reported that a low 
%MC in the seeds resulted in higher %VM and vice 
versa, which was confirmed in this study. The average 
fixed carbon content (%FC), which determines the 

biochar left after combustion, was recorded at 2.22 ±  
1.28% in conformance with Zając et al. (2018). %FC is 
also dependent on the %VM, as a high %VM is indica
tive of a low %FC, as observed in this study.

The elemental composition of the ashed-seed is pre
sented in Table 2. Average Carbon (C) content was high 
as 50.21 ± 0.90%. This is similar to Bitog et al. (2009) 
who noted that biomass has high C content. Relatively 
lower values of Hydrogen (H) and Nitrogen (N) were 
recorded in this study. This is because H content 
vaporizes in combustion and the N content does not 
combust in temperatures less than 1000°C (Bitog et al.,  
2009). Sulfur (S) content was expectedly low and was 
recorded as 0.07 ± 0.01%.

C. pepo seeds are notably rich in various minerals. 
Constituent major minerals for this study are presented 
in Table 3. Mineral concentration was in the increasing 
order of sodium < magnesium < calcium < potassium < 
phosphorus. The results obtained were consistent with 
Sinkovič et al. (2021) who also recorded higher concen
trations of phosphorus (1125 mg/100 g) and potassium 
(860 mg/100 g). Several other works also recorded 
higher concentrations of P and K (Glew et al., 2006; 
Kwiri, 2014; Rezig et al., 2019; Seymen et al., 2016).

Magnesium content (250 mg/100 g) recorded in this 
study was within the range reported by Seymen et al. 
(2016) (127.52–393.82 mg/100 g). The recorded value 
was higher than that of Elinge et al. (2012) (67.41 mg/ 
100 g) and Hashash et al. (2017) (60.4 mg/100 g). Mg 
content was, however, slightly lower than Kwiri (2014) 
(344.6 mg/100 g), STEINER-ASIEDU et al. (2014) (530  
mg/100 g), Rezig et al. (2019) (527.8 mg/100 g), and 
Badu et al. (2020) (313.63 mg/100 g). Kwiri (2014) 
noted that the mineral concentration of seeds is depen
dent on location and climate conditions, hence the 
variation.

Table 1. Average proximate composition of C. pepo seeds
Parameters Average Composition (%) Other Studies References

Moisture Content 5.00 ± .00 5.2, 5.662 (Gohari et al., 2013; Kwiri, 2014)
Ash Content 4.31 ± .29 2.49, 3.324 (Gohari et al., 2013; Kwiri, 2014)
Volatile Matter 83.48 ± .99 70 (Hagos et al., 2022)
Fixed Carbon 7.21 ± 1.28 17.5 (Demiral & Şamdan, 2016)

Values are expressed as Mean ± standard error of the mean

Table 2. Average elemental composition of C. pepo seeds
Element Average Composition (%)

Carbon (C) 5.21 ± .90
Hydrogen (H) 8.18 ± .17
Nitrogen (N) 4.59 ± .11
Sulfur (S) .07 ± .01

Values are expressed as Mean ± standard error of the mean
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3.2. Characterization of synthesized MgO

3.2.1. Physicochemical composition
The percentage yield (%) of MgO was calculated as 23%. 
In this study, the pH of MgO recorded in Table 4 was 
relatively high (10.63 ± 0.21) which is consistent with 
values obtained by (DEL Valle-Zermeño et al., 2015; 
GARCIA et al., 2004; Shen et al., 2019). This value 
confirms MgO as a strong basic oxide that can be effec
tive for purposes like soil remediation due to its high 
alkalinity. EC of the MgO was relatively high (2930 ±  
26.46 µS/cm), signifying the presence of many mobile 
inorganic ions.

Miller and Curtin (2006) noted that the conductivity 
of a solution is dependent on the concentration of all the 
constituent ions and the types of those ions. They noted 
that higher ion concentrations, particularly inorganic, 
resulted in a higher conductivity value. Inorganic ions 
such as Na+, K+, Mg2+, Ca2+, HCO3-, Cl−, and SO4

2- are 
strong electrolytes, due to the ease of complete dissocia
tion. Thus, the synthesized MgO particles may contain 
a high concentration of these ions, thus its high EC 
value. The temperature of MgO was recorded at 27.77  

± 0.86°C. Temperature is relevant for the movement of 
ions in a medium and facilitates chemical reactions 
(Onwuka & Mang, 2018). This is an essential property 
for works concerning stabilization and photocatalysis. 
Sulphate concentration (mg/L) was recorded as low as 
0.014 ± 0.00.

3.2.2. Presence of functional groups in the 
synthesized MgO
In this study, the FTIR profile of MgO displayed five 
main bands assigned to different functional groups 
(Figure 1(a)). The broad band at 3461 cm−1 represents 
the stretching frequency of the O–H bond (3500–3200  
cm−1), which is due to the formation of an alcoholic 
compound along with MgO in synthesis (Jeevanandam 
et al., 2017). This bond may also represent residual 
water molecules from the reducing agent solution for 
synthesis (Ashok et al., 2016; Kandiban et al., 2015). The 
band around 1600 cm−1 according to Ashok et al. (2016) 
represents an endothermic peak due to the weak stretch
ing vibration of water molecules. In this study, however, 
this peak could represent the N-H bend (primary 
amine), due to the presence of the amino acid Lysine, 
which is present in C. pepo seeds (Devi et al., 2018; 
Jeevanandam et al., 2017).

The band around 1400 cm−1 is representative of O– 
H bending vibration according to (Amina et al., 2020). 
C=O stretching frequency is observed at the broadband 
at 1381 cm−1 which denotes the presence of an aromatic 
ring (Kandiban et al., 2015). The peak at 584 cm−1 in the 
range of 660–540 cm−1 represents Mg-O stretching, 
which signifies the formation of MgO (Amina et al.,  
2020; Ashok et al., 2016; Jeevanandam et al., 2017; 
Kandiban et al., 2015).

The major mineralogical phases in the MgO powder 
were identified by XRD analysis in Figure 1(b). In 
Figure 1(b), the major phases present are MgO and 
NaCl. This result confirms the high EC value obtained 

Table 3. Major minerals in C. pepo seeds

Element

Average Composition

(%) (mg/100 g)

Phosphorus (P) 1.29 ± 0.00 1290 ± 0.00
Potassium (K) 0.92 ± 0.00 920 ± 0.00
Sodium (Na) 0.04 ± 0.00 40 ± 0.00
Calcium (Ca) 0.66 ± 0.07 660 ± 0.07
Magnesium (Mg) 0.25 ± 0.03 250 ± 0.03

Values are expressed as Mean ± standard error of the mean

Table 4. Physicochemical properties of synthesized MgO
Properties Measured Value

pH 10.63 ± 0.21
E.C (µs/cm) 2930 ± 26.46
Temperature (°C) 27.78 ± 0.86
Sulphate (SO4 2-) (mg/L) 0.014 ± 0.00

Figure 1. (A) FTIR Spectrum and (b) X-ray diffraction (XRD) pattern of synthesized MgO from C. pepo seeds.
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for the particles (Section 3.2.2) which implied a high 
concentration of mobile ions such as Mg2+, Na+, O2-, 
and Cl−.

The synthesized MgO particles are of a cubic struc
ture and crystalline nature. MgO was present in its 
crystalline form Periclase, with diffraction peaks at 
36.78°, 42.88°, 62.24°, 74.98°, 78.83°, and 93.10°. 
These peaks are representative of the (111), (200), 
(220), (311), (222), and (400) crystal planes, respec
tively. These planes are characteristic of MgO as 
recorded by several studies (Amina et al., 2020; 
Camtakan et al., 2012; Jhansi et al., 2017; Mantilaka 
et al., 2014). Identified peaks were almost similar to 
that obtained by Jhansi et al. (2017) and Balakrishnan 
et al. (2020). From Figure 1(b), it is observed that the 
highest intensity peak is obtained at 42.88°, represent
ing the (200) planes of MgO, consistent with MgO 
diffraction analysis in literature.

The average crystallite size was determined from the 
most intense peak (42.88°) using the Debye–Scherrer equa
tion as 26 nm. Camtakan et al. (2012) recorded a close value 
of 24 nm when they synthesized MgO using MgCl2 and 
NaOH. The value was also nearly similar to that of 
Krishnamoorthy et al. (2012) (25–27 nm) who synthesized 
MgO using neem leaves. Amina et al. (2020) recorded 
higher crystallite sizes of 30 nm and 34 nm in their study 
using Indian Wood Costus and Sea Incense Costus. Lesser 
sizes were, however, recorded by Jhansi et al. (2017) (15–20  
nm) and Dobrucka (2016) (10 nm).

Generally, crystallite size is inversely proportional 
to peak width-FWHM (β) (Speakman, 2014). This was 
confirmed by increasing crystallite size with decreas
ing β values obtained from the XRD spectrum data, as 
well as the narrow peaks observed in Figure 1(b). 
Crystallite size also increases by increasing calcination 
temperature (Krishnamoorthy et al., 2012; Pilarska 
et al., 2017; Tang & LV, 2014). The authors noted 
that calcination temperature above 800°C increased 
crystallite size. Calcination temperature employed in 
this study was lower (500°C), hence the smaller crys
tallite size.

Sodium Chloride (NaCl) was present as Halite and 
was identified in the synthesized particles as impurities. 
The constituent NaCl may have been produced from the 
reaction between the NaOH used as the reducing agent 
and the HCl used as the leaching medium of the seed 
ash. NaCl content can be reduced by extended washing 
of Mg(OH)2 precipitate before calcination.

3.2.3. Reactivity of the synthesized MgO
In this study, the time for color change at pH 9 was 
recorded as 2 seconds (s). The obtained reactivity (s) 
value was categorized as highly reactive according to 

Strydom et al. (2005). The reactivity time obtained 
implies that the produced MgO can raise the pH of 
a system to 9, where acid is neutralized at a fast rate. 
In practice, this quality is highly desirable in areas such 
as heavy metal stabilization, where there is a need for 
a shorter remediation time. The value recorded was 
significantly lower than DEL Valle-Zermeño et al. 
(2015) who recorded >810 s for LG-MgO, Shen et al. 
(2019) at 33–3322 s, and GIRO-Paloma et al. (2020) at 
60–1320 s. Reactivity also informs about the specific 
surface area of the MgO, and the higher the reactivity, 
the greater the surface area. Reactivity is also dependent 
on calcination temperatures for MgO. The higher the 
calcination temperature, the lower the surface area and 
the lower the reactivity (GIRO-Paloma et al., 2020; Shen 
et al., 2019). In this study, calcination was done at a low 
temperature of 500°C, hence the high reactivity of 
the MgO.

3.2.4. Acid neutralization capacity of the synthesized 
MgO
The results of the ANC of the MgO, which is presented 
as a curve of pH against hydronium (H3O+) per mass of 
solid are shown in Figure 2. From Figure 2, three phases 
of the ANC curve and equilibrium were established. The 
first phase was observed in a pH range between 11.1 and 
10.05 and the second phase was marked by a pH 
between 10.05 and 8 over a wide range of acid additions. 
The last phase was observed from pH 8 to 4. It is 
noteworthy that some alkali species present in the 
MgO establish a solubility equilibrium when they 
come into contact with water, and form their corre
sponding hydroxides. The composition of oxide is cru
cial to and affects the ANC curve results. This is because 
the hydroxides of metals are that which are involved in 
solubility control reactions (GIRO-Paloma et al., 2020).

The pH of the synthesized powder started from 11.1, 
which is higher than the natural pH of MgO (<11). This 
is due to the presence of CaO in the particles as shown 
in Table 2, whose hydroxide (Ca(OH)2) controlled the 
solubility of the first phase. A drop in pH caused by an 
addition of a small amount of nitric acid (mol H3O+) 
brought the pH to 10.05, at which stage solubility is 
controlled by the hydration product of MgO 
(Mg(OH)2/brucite). The takeover of solubility from 
Ca(OH)2 by Mg(OH)2 was fast due to the high reactivity 
of the produced MgO. There is also the possibility that 
added acid (HNO3) quickly consumed the CaO in the 
first stage (GIRO-Paloma et al., 2020).

From pH of 10.05, the second phase was exclusively 
controlled by the solubility equilibrium of Mg(OH)2, 
which acted as a buffering agent over a long range of 
acid (HNO3) additions as shown in Figure 2. DEL Valle- 
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Zermeño et al. (2015) noted that hydration reactions 
easily reach equilibrium and slow down neutralizing 
reaction rates. It can be observed that acid consumption 
of the MgO was considerably high, especially in the 
range between the natural pH (10.5) and pH 8, at 
which point a gradual drop was observed, with 
a similar observation noted by DEL Valle-Zermeño 
et al. (2015) and GIRO-Paloma et al. (2020).

The third phase of the ANC results was marked by 
a descending curve in the pH 8–4 range. As pH fell below 
8, solubility became more prominent and may have 
resulted from the dissolution of some metal hydroxides 
such as Zn(OH)2. Low pH at this phase may have also 
been controlled by the solubility of H3PO4 which was 
present in the oxide powder. It is worth noting that the 
Al2O3, SiO2, and Fe2O3 present in the MgO particles did 
not influence the ANC curve since they remain inert in 
their precipitated forms (GARCIA et al., 2004; GIRO- 
Paloma et al., 2020).

It can be inferred from the foregoing, that MgO 
provides a buffer at a pH range of 8–10.05, where it 
can resist pH changes for consecutive acid additions 
till pH drops. ANC required to exceed minimum 
solubility (pH 8.5–10.5) was 15.78 mol+/kg. To 
further lower the pH to 4, where redissolution of 
acids may occur, ANC required was high at 22.77  
mol+/kg. GIRO-Paloma et al. (2020) recorded ANC 
values of 16–25 mol+/kg in their comparative studies 
of low-grade MgO. Upper limits of ANC values are 
set at ≥20 mol+/kg (Ayensu et al., 2020; Wahlström 
et al., 2009). In this regard, the produced MgO had 
a high neutralizing capacity and can provide a stable 

pH range of minimum solubility over a long time 
against acidification.

3.2.5. Heavy metal concentrations in the synthesized 
MgO
The concentration of selected heavy metals analyzed in 
this study is presented in Table 5. The values obtained 
were very low, compared to standard limits set by WHO 
(1996). It can thus be implied that the concentrations 
are not high enough to confer significant degrees of 
toxicity when utilized for further purposes such as soil 
stabilization and toxic metal adsorption. The synthe
sized powder can thus be employed in areas such as 
contaminated soil and wastewater remediation.

3.2.6. Chemical composition of the synthesized MgO 
particles
The chemical composition of the synthesized MgO is 
presented in Table 6. From the table, the produced 
MgO powder contained magnesium oxide (MgO) as the 
most dominant oxide at 75.1%. This confirms the forma
tion and successful synthesis of MgO from C. pepo seeds. 
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Figure 2. Acid neutralization capacity (ANC) of produced MgO.

Table 5. Concentrations of heavy metals in the synthesized MgO

Metal
Average Concentration  

(mg/kg)
WHO (1996) Limit  

(mg/kg)

Fe 34.47 ± 1.10 350
Cu 12.9 ± 0.53 36
Cd 0.04 ± 0.00 0.8
Ni 0.01 ± 0.00 35
Pb 0.02 ± 0.00 85
Hg 0.01 ± 0.00 0.03
As 0.03 ± 0.00 40
Cr 0.01 ± 0.00 100

Values are expressed as Mean ± standard error of the mean
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This percentage of MgO (75.1%) is significantly higher 
than the values for low-grade MgO (42.9%) obtained 
from the calcination of natural magnesite used by 
GARCIA et al. (2004).

Phosphorus oxide (P2O5) and calcium oxide (CaO) 
were present in relatively lower concentrations at 9.58% 
and 8.26%, respectively. Other constituents were also 
present, albeit in very low concentrations; iron oxide 
(Fe2O3), silica (SiO2), zinc oxide (ZnO), aluminum oxide 
(Al2O3), manganese oxide (MnO), zirconium dioxide 
(ZrO2) and copper oxide (CuO). Low concentrations of 
sulfite (SO3) confirm the low concentrations of sulfate 
(SO4

2-) recorded in Section 3.2.2 (Seshadri et al., 2016).
There were observable differences in the concentrations 

of the elements and oxides such as Fe2O3 and CuO ana
lyzed by AAS and XRF. This may be due to the inert and 
precipitated states some oxides assume in alkaline condi
tions (GARCIA et al., 2004; Wahlström et al., 2009), in 
which regard their concentrations are not observably high.

4. Conclusion

This study investigated the production of magnesium 
oxide (MgO) from Cucurbita pepo seeds, as a way of 
obtaining value from bio-waste, and presenting an eco
nomical and environmentally safe MgO for environmental 
remediation applications. The sample seeds and synthe
sized MgO were deeply characterized by physicochemical 
and microscopic analytical methods. The obtained results 
revealed that the seeds had low quantities of moisture and 
ash but were high in volatile matter content. The seeds also 
contained significant quantities of mineral elements, with 
an Mg concentration of 250 mg/100 g. FTIR analysis con
firmed the formation of MgO by the characteristic peak 
formation in the range of 660–540 cm−1. XRF analysis 
revealed the MgO powder contained 75.1% of MgO out 
of the total weight. The particles were crystalline with 
a cubic structure and an average size of 26 nm. The synthe
sized MgO had a high pH, thus high alkalinity. It was also 
highly reactive with a reaction time of 2 s and had an ANC 
value of 22.77 mol+/kg, hence a high buffering capacity. 
Heavy metal analyses also showed that all the metal con
centrations in the produced MgO were significantly lower 
than the WHO limits. Thus, the synthesis of MgO from 
C. pepo seeds was successful and can be used for further 
waste remediation studies.
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