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A B S T R A C T   

Water pollution by potentially toxic elements such as cadmium (Cd) and lead (Pb) is a persistent problem in 
many parts of the world. It continues to have profound implications for drinking water supplies, wastewater 
discharge and environmental quality of rivers and lakes. Treatment is routinely needed but is not always 
accessible or practical for a given location or situation, hence new treatment options are the focus of much 
research. Nanotechnology has great potential to enhance water purification and decontamination efficiency. 
Nanomaterials have been shown to efficiently remove organic and inorganic pollutants, including metals, from 
contaminated waters but they can have a tendency to flocculate and thereby lose removal efficiency. Research 
aimed at stabilising nanoparticles into matrices such as silica offers a way forward. In this study, mesoporous 
silica (mSiO2, also referred to as MCM-41) was prepared and loaded with magnesium oxide nanoparticles (MgO- 
NP) to form a MgO-silica composite (MgO-mSiO2) and characterised using UV–Vis, FTIR, XRD, BET, and SEM 
techniques. The MgO-NP, mSiO2 and MgO-mSiO2 were then evaluated for their Cd and Pb removal capacity 
across varying conditions of pH, metal concentration, adsorbent: solution volume ratio and contact time. 
Sorption data were evaluated using the Freundlich, Langmuir and Temkin isotherm models. The MgO-mSiO2 was 
found to have a very high sorption capacity across the conditions tested, with >99% Cd removal across pH range 
3–9 and >99% Pb removal across pH range 5–9. When tested at pH 6–7, the MgO-mSiO2 achieved nearly 100% 
adsorption efficiencies across the contact times tested (15–180 min).   

1. Introduction 

Lead and cadmium are important metal pollutants that are 
frequently a cause for concern in relation to drinking water, wastewater 
and water in the wider environment (e.g., rivers, lakes, oceans). They 
are listed as Priority Substances under the European Union’s Water 
Framework Directive (WFD) and as Priority and Toxic Pollutants under 
the USA’s Clean Water Act. Therefore, they are considered to be among 
the most dangerous metals commonly found in water (Zhou et al., 
2020). Treatment and removal of metal pollutants from water has thus 
been a research priority for a long time and consequently there are many 
techniques employed to remove or reduce their concentrations to 
permissible or acceptable levels. Techniques include chemical 

precipitation, membrane filtration, coagulation and flocculation, ion 
exchange, electrochemical treatment, solvent extraction and oxidation. 
Such techniques can be effective, but can also have disadvantages, 
including a high energy consumption rate, high general costs, applica-
tion methods that require large installations, insufficient or inconsistent 
removal of pollutants when present in large amounts, and the generation 
of new wastes that require treatment and disposal (Crini and Lichtfouse, 
2019). Therefore, many consider adsorption to be the best or most 
reliable technique to remove metals due to ease of application and low 
cost, in addition to the high efficiency of removal that can be achieved 
(Sodipo and Aziz, 2016). A wide range of sorbents are used and the 
refining and further development and optimisation of sorbents is a rich 
field of current research. One growing area is the use of nano-sized metal 
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oxides as sorbents, and in particular magnesium-based metal oxides 
(MgO-NP) have shown promise with high adsorption efficiencies for 
metals (Mahdavi et al., 2015; Seif et al., 2019; Mahdavi et al., 2018). 
Part of the appeal of MgO-NP is their relatively benign impacts on the 
environment if released and their low solubility in water, which restricts 
wider environmental redistribution. However, on their own metal 
nanoparticles can lose effectiveness as sorbents because of aggregation 
and related processes during water treatment (Crane and Scott, 2012), 
hence research efforts have been focused on embedding metal nano-
particles into stable matrices such as mesoporous silica, including the 
synthesis of nanoparticles embedded or coated in these structures (Singh 
et al., 2017), with a metal compound nanoparticles at the core, such as 
zinc oxide (Wang et al., 2009; El-Nahhal et al., 2016a), iron oxide 
(Sodipo and Aziz, 2016; Zhang et al., 2016; Upadhyay et al., 2021); 
nickel oxide (Wang et al., 2016), or titanium oxide (Sun et al., 2017), 
and the matrix or shell composed of silica. In addition to increased 
stability, SiO2 amended surfaces of metal compounds can have 
enhanced properties (Wawrzkiewicz et al., 2017; He et al., 2017). For 
example, a silica shell changes the surface charge of a metal oxide, 
enhancing adherence and thereby improving the characteristics of 
composites in general (He et al., 2017). Characterisation of metal oxide – 
silica composites can improve understanding of the processes involved 
when sorption of pollutants occurs. Therefore, the aim of our study was 
to prepare MgO-loaded mesoporous silica nanoparticles (MgO-mSiO2), 
characterise them using a range of analytical techniques, and study their 
effectiveness in the adsorption of lead and cadmium ions from water 
under various conditions. To fully evaluate the sorption capacity of the 
generated composites, we also compared the adsorption of lead and 
cadmium ions by commercially obtained MgO nanoparticles and mes-
oporous silica (mSiO2). 

2. Materials and methods 

2.1. Chemical reagents 

The following reagents were used as purchased without further pu-
rification or adjustment: magnesium oxide nanopowder <50 nm (MgO- 
NP), tetraethyl orthosilicate (TEOS) 98%, and cetyltrimethylammonium 
bromide (CTAB) 95% from Sigma–Aldrich; lead nitrate, Pb(NO3)2, and 
cadmium nitrate tetrahydrate, Cd(NO3)2⋅4H2O, from BDH-VWR. 
Ammonia solution (28% NH3, analytical reagent grade) was purchased 
from Fisher Scientific. 

2.2. Synthesis of mesoporous silica (MCM-41, or mSiO2) 

The MCM-41 silica matrix was synthesised based on a method re-
ported previously (Guthrie and Reardon, Apr. 2008). 50 g TEOS was 
added to a polyethylene bottle (1L) with 417.5 g high purity deionised 
water (<18.2 MΩ⋅cm), 268.5 g NH3 (28 wt%) and 10.5 g CTAB. The 
mixture was subjected to stirring for 30 min and then heated for 24 h at 
80 ◦C and subsequently filtered and rinsed with cold ethanol. Finally, 
the product was dried at 50 ◦C and calcinated at 500 ◦C for 3 h following 
an approach used elsewhere (Dimos et al., 2009). 

2.3. Synthesis of MgO loaded mesoporous silica composite (MgO-mSiO2) 

Synthesis of mesoporous silica – magnesium oxide material com-
posite, labelled as MgO-mSiO2, was prepared similarly to methods re-
ported previously (Wang et al., 2009; El-Nahhal et al., 2016a; Yuan 
et al., 2013; Pei et al., 2015). Specifically, by dispersing 0.10 g of MgO- 
NP in 60 mL ethanol and 1.2 mL concentrated ammonia solution (28 wt 
%) followed by sonication for 1 h. Then 0.30 g CTAB, dissolved in 
ethanol, was added to the mixture under constant stirring at room 
temperature. After that, 0.43 mL TEOS was added dropwise to the 
mixture under constant stirring which was maintained for a further 6 h. 
The product was separated from solution by centrifugation (4000 rpm) 

and washed with deionized water and a few drops of 2 M HCl to remove 
any excess MgO on the outside surfaces of the MgO-mSiO2 composite. 
The product was dried at 100 ◦C for 12 h and calcined at 500 ◦C for 3 h. 

2.4. Characterization of MgO-mSiO2, MgO-NP, and mSiO2 

A detailed structural characterisation of the generated mSiO2 and 
MgO-mSiO2, as well as of the commercially obtained MgO-NP, was 
carried out prior to the sorption studies. UV–vis spectrophotometry (UV- 
Cary 60, Agilent) was performed on materials dispersed in glycerine and 
water suspensions. Powder X-ray diffraction (XRD) patterns were 
recorded on a Bruker D8 Advance diffractometer with CuKα radiation at 
40 kV and 40 mA over the 2-theta angle range of 5-70◦. The crystalline 
phases were matched by comparing the XRD patterns of the materials 
with those reported in the literature. The apparent surface areas of the 
catalysts were calculated using the BET model for the P/P0 relative ni-
trogen pressure <0.15; their pore volume and the pore size distribution 
were computed using the nonlinear density functional theory (NLDFT) 
model applied to the adsorption branch of the isotherms obtained from 
the nitrogen adsorption experiments carried out on a Quantachrom iQ 
Autosorb instrument. The activation parameters were determined by 
thermogravimetric analysis (TGA). The TGA analysis was carried out in 
flowing nitrogen using a Rheometric Scientific STA 1500 instrument; the 
sample weight change was measured as a function of temperature 
(ramped from 20 to 800 ◦C at 10 ◦C/min). FTIR spectra were monitored 
using a Thermo iS10 spectrometer equipped with a DTGS detector in the 
range 6000–1000 cm− 1 with a spectral resolution of 4 cm− 1 and 32 scans 
using an ATR attachment. The obtained infrared spectra were analysed 
(including subtraction and determination of peak positions) using spe-
cialised Thermo software, Omnic. Further details are available else-
where (Al-Ani et al., 2018; Al-Ani et al., 2020). 

2.5. Sorption of lead and cadmium 

A batch sorption study was conducted to determine the capacity of 
the generated MgO-mSiO2 and mSiO2, as well as the commercial MgO- 
NP, to remove Cd and Pb from water under varying conditions of pH 
(3–9), contact time (15–180 min), adsorbent amount (10–80 mg in 25 
mL solution), and initial metal concentration (10–100 mg/L). All ex-
periments were carried out in centrifuge tubes (50 mL) by adding 25 mL 
solutions containing varied Cd2+ and Pb2+ concentrations. The samples 
were shaken (100 rpm, orbital shaker) for the allotted time to provide 
good contact between adsorbent and adsorbate. Post shaking, the mix-
tures were centrifuged (5000 rpm) for 10 min to separate the superna-
tant liquid, which was then analysed for Cd and Pb via inductively 
coupled plasma optical emission spectroscopy (VISTA-MPX, Agilent). 
The removal efficiency (%R) and the adsorption capacity at equilibrium 
(qe, mg/g) were calculated according to Eq. (1) and Eq. (2). 

%R = 100 × (Co − Ce)/Co (1)  

qe = (Co − Ce) V /m (2)  

where Co is initial (original) and Ce the final (equilibrium) concentration 
of metal (mg/L), respectively, m is mass of adsorbent (g) and V the 
volume of solution (L). 

Sorption isotherms (Langmuir, Freundlich and Temkin) were ob-
tained for batch tests using 25 mg adsorbent and metal concentrations 
spanning 0–100 mg/L. The linear forms of the isotherm equations are 
presented in equations 3–5 (Langmuir, Freundlich and Temkin, respec-
tively) (Dąbrowski, 2001; Ayawei et al., 2015; Ho, 2006). 

1/qe = (1/ (KL qm) ) (1/Ce) + 1/ qm (3)  

log qe = log KF + (1/n) log Ce (4)  

qe = BT log AT + BT log Ce (5) 
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where KL and qm are the Langmuir constant and the associated 
maximum monolayer coverage capacity, respectively, KF is the 
Freundlich constant and 1/n a dimensionless function of the Freundlich 
model linked to the strength of adsorption, while AT is the Temkin 
isotherm equilibrium constant and BT a Temkin constant related to heat 
of sorption (Zhou et al., Nov. 2022). 

3. Results and discussion 

3.1. Characterisation of optical, morphological and structural properties 

3.1.1. UV – Vis spectroscopy 
The UV–vis spectra of MgO-NP and mesoporous silica – magnesium 

oxide composite (MgO-mSiO2) are shown in Fig. 1. The spectra indicate 
that both materials have a peak at ~270 nm, which is typical for mag-
nesium oxide (Moorthy et al., 2015). 

3.1.2. Fourier transform infrared spectroscopy 
The FT-IR spectra of MgO-mSiO2, MgO-NP and mSiO2 materials 

(Fig. 2) show notable peaks within the ranges of 3300–3700 cm− 1, 
1400–1700 cm− 1 and 1000–800 cm− 1. The mSiO2 spectrum shows a 
peak at ~1000 cm− 1 that is characteristic of Si-O stretching vibrations in 
silicates and mesoporous silica (Holmes et al., 1998). The MgO-NP has a 
sharp peak at ~3700 cm− 1 due to the O-H stretching vibrations and a 
broad peak at ~1450 cm− 1 which can be attributed to the bending vi-
brations of adsorbed water or Mg-OH groups, these have been noted 
previously for MgO (Balakrishnan et al., 2020); this assignment is also 
supported by our data for MgO and Mg(OH)2 presented in Fig. S1 (see 
Supporting Information, SI). The MgO-mSiO2 has a set of peaks across 
the range 1420 cm− 1 to 1624 cm− 1; these may reflect the formation of 
Mg-carbonate and its incorporation into MgO-mSiO2. Indeed, carbon-
ates are known to have absorption peaks in this region, e.g. hydro-
magnesite (Mg5(CO3)4(OH)2⋅4H2O) shows peaks at 1424 and 1482 cm− 1 

(Janet et al., n.d). It is possible that reactions between MgO surfaces, 
carbon dioxide and water in the air (which can readily occur and has 
even been proposed as a climate change mitigation option (McQueen 
et al., Dec. 2020) has led to the Mg-carbonate formation on MgO-NP 
surfaces to some degree. The FTIR spectrum for MgCO3 measured 
under the same conditions (Fig. S1) supports this hypothesis. 

3.1.3. X-ray diffraction 
The X-ray diffraction (XRD) patterns, which indicate crystal struc-

ture and the location of atoms in the lattice structure, for the MgO- 
mSiO2, MgO-NP and mSiO2 are presented in Fig. 3. The XRD pattern of 
the mSiO2 exhibits very broad peaks at ~5◦ and 23◦. In addition, small- 
angle X-ray scattering pattern shows an intense peak corresponding to 
3.5 nm d-spacing. This is consistent with the formation of a mesoporous 
SiO2 characterised by long-range ordering (e.g. MCM-41 with hexagonal 
structure) (Zholobenko et al., 2003). Fig. 3 reveals that the XRD pattern 
of MgO-NP featured major peaks at 37.08◦, 43.09◦, and 62.57◦, which 
correspond to the known peak positions for MgO (El-Nahhal et al., 
2016b; Yuan et al., 2013) and Mg(OH)2 (see Fig. S2a, supplementary 
information). The MgO-mSiO2 composite has shown a more complex 
pattern, with multiple peaks across the 17-40◦ range. Comparison of 

Fig. 1. UV–vis spectra of MgO-mSiO2 and MgO-NP.  

Fig. 2. FTIR spectra of MgO-NP (1), mSiO2 (2) and MgO-mSiO2 (3).  
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Fig. 3. XRD patterns of MgO-mSiO2, MgO-NP and mSiO2.  

Fig. 4. Scanning electron microscopy (SEM) images for A) synthesised mSiO2 (500 nm), B) MgO-mSiO2 (3000 nm) and C) MgO-mSiO2 (1000 nm). A 500 nm scale bar 
has been overlain to aid comparison. The contrast in morphology is clear, with synthesised mSiO2, showing amorphous non-crystalline characteristics and the 
generated MgO-mSiO2 composite having a highly crystalline form. 
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XRD analysis with the crystallographic databases matched the MgO- 
mSiO2 pattern to a combination of magnesium silicate hydroxide, 
magnesium chloride carbonate hydroxide hydrate, and magnesium hy-
droxide (see Fig. S2b). 

3.1.4. Field emission scanning electron microscopy (SEM) analysis 
SEM was used to examine surface morphology of the mSiO2, MgO-NP 

and MgO-mSiO2 (Fig. 4, and Supplementary Fig. S3). The image analysis 
revealed that the MgO-NP had a shape approaching spherical and a 
tendency to clump, while the mSiO2, at the resolution examined, shows 
an amorphous appearance, that is no crystals can be discerned in the 
images, which is consistent with our XRD data. In contrast, the MgO- 
mSiO2 had a morphology resembling highly ordered crystal flakes or 
shards, which is in agreement with the XRD results obtained for this 
material. The SEM-EDX analysis (Supplementary Fig. S3b) gives an 
average Mg to Si atomic ratio of 4 for this sample. In addition, the 
presence of chlorine has been detected, which is consistent with the XRD 

analysis confirming the formation of magnesium chloride carbonate 
hydroxide hydrate during the synthesis of MgO-mSiO2. 

3.1.5. Thermogravimetric analysis (TGA) 
The TGA-DTA curve for mSiO2 (Fig. 5a) has a key feature at 90 ◦C 

associated with the loss of physically adsorbed water (24% weight loss) 
and then a gradual continuous weight loss from that temperature up to 
800 ◦C due to the removal of the surface OH-groups. The data for MgO- 
NP (Fig. 5b) show an ~5% weight loss around 120 ◦C, followed by an 
~15% mass loss at 330–380 ◦C. Both processes are endothermic, which 
is consistent with the desorption of weakly bound water followed by the 
decomposition of magnesium hydroxide. Based on our data for MgO and 
Mg(OH)2 presented in Fig. S4, it can be concluded that ~50% of the 
MgO-NP sample has been hydrated with the formation of magnesium 
hydroxide and hydrated magnesium oxide. The thermogram of the MgO- 
mSiO2 (Fig. 5c) indicates a substantial mass loss across a wide temper-
ature range, between 20 and 500 ◦C. Based on comparison with TGA 

Fig. 5. TGA data for (a) mSiO2, (b) MgO-NP and (c) MgO-mSiO2.  
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data for magnesium carbonates reported in Fig. S4 and the literature 
data, this can be attributed to the removal of adsorbed water and OH- 
groups and the decomposition of hydrated MgCO3 and Mg(OH)2 in 
MgO-mSiO2 (Kitagawa et al., Jul. 2020; Khan et al., 2001). Our data are 
consistent with the composite MgO-mSiO2 sample containing ~25% of 
weakly adsorbed water and water of hydration, ~15% of MgCO3, ~40% 
of Mg(OH)2 and MgO as well as ~20% of mesoporous silica and possibly 
magnesium silicate. 

3.1.6. Nitrogen adsorption-desorption 
The N2 sorption isotherms (Fig. 6) show a noticeable nitrogen uptake 

at a low relative pressure (P/Po < 0.1), which is indicative of a high 
surface area for this sample, and which is followed by the second step in 
the N2 uptake with the relative pressure of ~0.3, which is due to the 
nitrogen multi-layer adsorption in the mesopores of the MCM-41 type 

material. The data analysis for mSiO2 shows a narrow pore size distri-
bution peaking at 3.2 nm, with the pore volume of 0.503 cm3/g and the 
surface area of 601 m2/g (Table 1 and supplementary information), 
which is typical of mesoporous silicas, such as MCM-41 and SBA-15 
(Zholobenko et al., 2003). The data analysis for MgO-NP yields the 
pore volume of 0.115 cm3/g and surface area of 138 m2/g. The MgO-NP 

Fig. 5. (continued). 

Fig. 6. Nitrogen adsorption-desorption isotherm of mSiO2, and pore size distribution (insert).  

Table 1 
The pore volume and surface area data obtained for MgO-NP, mSiO2 and MgO- 
mSiO2.  

Material Surface area (m2/g) Pore volume (cm3/g) 

mSiO2 601  0.503 
MgO-NP 138  0.115 
MgO-mSiO2 78  0.144  
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sample demonstrates a broad pore size distribution centred around 3 nm 
(Table 1 and Fig. S5). The MgO-mSiO2 displays the pore volume of 
0.144 cm3/g and a more modest surface area of 78 m2/g. The pore size 
distribution for this sample is also broad, with a maximum around 5 nm 
(Table 1 and Fig. S6). The surface area value for MgO-mSiO2 is much 
lower than that reported previously (Mohammadi and Naeimi, 2022) for 
MgO-mSiO2 (619 m2/g), but still larger than that of the majority of the 
nanostructured MgO microtubes reported elsewhere (Janet et al., 2007). 
The lower surface area of the MgO-mSiO2 in the present study may be 
attributed to the restricted formation of mesoporous silicate in the ob-
tained composite material and the presence of a significant amount of 
magnesium oxide and carbonate. Future research should investigate this 
to aid refinement and optimisation of the MgO-mSiO2 synthesis 
procedure. 

3.2. Lead and cadmium adsorption study 

3.2.1. Effect of pH 
It is widely acknowledged that pH is one of the main factors which 

controls the adsorption of heavy metal ions, and the results of this study 
are in line with that premise in that the removal efficiency of Cd and Pb 
generally decreased as pH decreased, particularly below pH 6 (Fig. 7). 
Of the three materials tested, the MgO-mSiO2 composite was the only 
material to effectively maintain 100% removal of Cd across the pH range 
investigated (i.e. pH range 3–9, with initial metal concentrations of 100 
mg/L; Fig. 7). The MgO-mSiO2 composite greatly outperformed the 
MgO-NP at Cd removal at all pH values below 7, while both consistently 
removed more Cd than the mSiO2 alone. For Pb, the MgO-mSiO2 com-
posites and the MgO-NP performed equally well at pH 5 and above, 
removing almost 100% of lead. At pH values of 4 and below the MgO- 
mSiO2 maintained a slightly higher level of Pb removal than MgO-NP, 
but at pH 3 achieved approximately the same removal as mSiO2. One 
important question for future research, from the perspective of material 
recovery and re-use for multiple rounds of contaminant removal, is 
whether the MgO remains intact at pH as low as 3 or whether dissolution 
or other damage occurs. Nevertheless the results show that in keeping 
with well-established effects of pH on metal sorption, i.e. that at lower 
pH levels protons compete for sorption sites and cause decreased sorp-
tion and increased electrostatic repulsion but that at higher pH values 
the effects are reversed (Jung et al., Jul. 2018; Fadhel Ali et al., Jan. 

2022), the maximum adsorption of 100% removal of both metals was 
observed for MgO-mSiO2 and MgO-NP at pH 7 to 9, however, for mSiO2 
the maximum sorption for Pb was only attained at pH 8 and for Cd at pH 
9. 

3.2.2. Effect of contact time 
In the case of MgO-mSiO2 and MgO-NP, for both Cd and Pb, >99% 

removal has been achieved across all time periods investigated (15–180 
min; Fig. S7). For the mSiO2 alone, the removal efficiency of 55–60% for 
Pb has been reached after 40 min of equilibration. For Cd, the mSiO2 
alone has shown a maximum removal efficiency of ~40% achieved at 
15 min of equilibration. The contact time test enables optimal equili-
bration times to be identified and applied to different water pollution 
scenarios (i.e. those having different key pollutants or sets of pollutants). 
Knowing the optimal equilibration time maximises adsorption efficiency 
(Mudzielwana et al., 2019). As reported elsewhere, optimal removal can 
sometimes occur within a short equilibration time because at the 
beginning of the adsorption process the active sites for adsorption on the 
surface of MgO-mSiO2, MgO and mSiO2 are most vacant (Khan et al., 
2020). A decreased efficiency of removal beyond the optimum equili-
bration can arise due to a decrease in the number of active sites for 
adsorption on the mesoporous silica, which could be related to the 
partial degradation of this material. 

3.2.3. Effect of adsorbent to solution ratio 
The effect of the dose of adsorbent material (i.e. ratio of solid to 

solution) has been studied with MgO-mSiO2, MgO-NP and mSiO2 (10, 
25, 40, 60, and 80 mg per 25 mL) at pH 6–7 and a temperature of 25 ◦C, 
with Pb and Cd concentration fixed at 100 mg/L. As shown in Fig. 8, 
even at the lowest doses of MgO-mSiO2 and MgO-NP (10 mg/25 mL), 
removal efficiency for both Pb and Cd is >99% (compared with <55% 
removal of Pb by mSiO2 alone). For mSiO2, in the case of Cd, the highest 
doses of 60 and 80 mg removed ~85%, while for Pb these doses of 
mSiO2 removed <65%. It is clear that very high removal rates of Cd and 
Pb are achieved by MgO-mSiO2 and MgO NPs even at low dose, and 
while increases from >99% up to 100% removal can be achieved with 
increasing amounts, the practical significance of the increased removal 
is minimal to negligible. Such removal capacities are in line with evi-
dence reported and discussed elsewhere (Faisal et al., 2021; Yang et al., 
2009; Sherlala et al., 2018). 

Fig. 7. Effect of pH on Pb and Cd removal, with initial solution concentration 100 mg/L, 25 mg sorbent and 3 h equilibration time (note ~100% removal by MgO- 
mSiO2 and MgO-NP at pH 5–9; a slight off-set of data points is shown to enable all points to remain visible). 
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3.2.4. Effect of initial solution concentration 
At all Cd and Pb concentrations tested (10, 30, 50, 70, and 100) mg/ 

L, the MgO-mSiO2 and MgO-NP removed >99% (Fig. S8). In contrast, 
the mSiO2 alone had a much more varied removal efficiency, with as low 
as 10% removal of Cd at 100 mg/L (Fig. S8). The low and variable 

removal by the mSiO2 is in contrast with what may be expected 
considering the high surface area and pore space of the material 
(Table 1), and with results reported elsewhere in which silica nano-
spheres achieved high removal of Pb (Manyangadze et al., 2020). The 
results of the present study indicate that, under the conditions tested, the 

Fig. 8. Effect of adsorbent dose (mass per 25 mL volume) on Pb and Cd removal by the adsorbents, with conditions set at pH 6–7, temperature 25 ◦C, and Pb and Cd 
concentration at 100 mg/L (note ~100% removal by both MgO-mSiO2 and MgO-NP at ≥20 mg; a slight off-set of data points is shown to enable all points to 
remain visible). 

Fig. 9. Freundlich isotherm plots (log10 qe vs log10 Ce) for the removal of lead and cadmium ions by MgO-mSiO2, MgO and mSiO2.  
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MgO-mSiO2 and MgO-NP have a stronger affinity for Pb and Cd species 
than mSiO2. 

3.3. Sorption isotherm studies 

The linearised Freundlich, Langmuir, and Temkin adsorption iso-
therms for Pb and Cd conducted at pH 6.0–7.0 are shown in Fig. 9, 
Figs. S9 and S10, respectively. The individual adsorption isotherm 
constants and model parameters are presented in the supplementary 
information (Table S1), and the underlying raw data are presented in 
Table S2 in the supplementary information. It can be observed that for 
both Pb and Cd all three models have provided a good fit for the 
adsorption data on MgO-mSiO2, MgO-NP and mSiO2 across the con-
centration range investigated. 

The Freundlich model isotherm parameters KF and 1/n indicate the 
distribution coefficient and deviation from linearity, respectively 
(Sparks, 2003), with the latter sometimes also interpreted as an indi-
cator of adsorption intensity. The lower the value of 1/n, the higher is 
the affinity and heterogeneity of the adsorbent sites. The linearised 
Freundlich isotherm plots (Fig. 9) and parameter values (Table S1) show 
that the Freundlich isotherm constant 1/n for Pb and Cd is less than 
unity for each metal ion, possibly reflecting heterogeneity of surface 
binding sites. The KF value for Pb and Cd calculated for MgO-mSiO2 and 
MgO-NP are much greater than that for mSiO2, further indicating the 
greater affinity of MgO-mSiO2 and MgO-NP for these pollutants. 

The Langmuir isotherm model has been chosen for the estimation of 
maximum adsorption capacity corresponding to complete monolayer 
coverage on the adsorption surface (Sparks, 2003). The qm (or qmax) 
parameter is the monolayer coverage at equilibrium in mg/g, whereas 
KL is the adsorption equilibrium constant. The Langmuir isotherm plots 
(Fig. S9) and parameters (Table S1) show that the sorption capacity by 
the sorbents (qm) is higher for Pb compared with Cd. The data indicate 
the high affinity of the ions to bind with MgO-mSiO2 and MgO-NP, 
despite MgO-mSiO2 having lower parameter values revealed by BET 
analysis. For instance, the qm value for the adsorption of lead and cad-
mium on MgO-mSiO2 are 130 and 82 mg of the metal per 1 g of the 
composite, whereas for mSiO2, these values are only ~18 and 16 mg/g, 
respectively. The qm values for MgO-NP are 96 mg/g in the case of lead 
and 44 mg/g for cadmium. 

The Temkin adsorption isotherms (Fig. S10, Supplementary infor-
mation) and model parameters (Table S1, Supplementary information) 
can provide an indication of binding strengths and mechanisms of 
binding. The Temkin isotherm constant, BT, related to the heat of 
sorption, is 21.6, 18.9 and 2.3 kJ/mol for Pb for MgO-mSiO2, MgO-NP, 
and mSiO2, respectively. For Cd the values are 11.2, 8.6 and 2.2 kJ/mol, 
respectively. The results indicate that ion-exchange adsorption mecha-
nisms dominate the sorption processes for MgO-mSiO2 and MgO-NP, but 
that rather weak van der Waals interactions take place in the case of Pb 
and Cd sorption onto mSiO2. Among the three sorbents, in the case of 
both Cd2+ and Pb2+, the Temkin BT values are highest for MgO-mSiO2. 
The Temkin model results also concur with the other models in indi-
cating that Pb2+ is subject to a higher affinity sorption than Cd2+ onto 
each of the three sorbents. 

4. Conclusions 

The synthesised MgO-mSiO2 has been found to have high sorption 
capacity for the pollutant metals Cd and Pb across a wide range of pH, 
solid:solution ratio and contact time. Removal efficiencies have been 
typically >99% across water pH conditions routinely encountered. Our 
data demonstrate that the MgO-mSiO2 material had higher sorption 
capacity for removing Pb and Cd from water than standard MgO-NP 
(indicated by higher Langmuir isotherm constants). Both MgO-mSiO2 
and MgO-NP are vastly superior to mSiO2 for Cd and Pb removal at 
typical pH ranges encountered. Characterisation by UV–vis spectral 
analysis, FTIR, XRD, nitrogen adsorption-desorption, TGA and SEM 

analyses have provided a clear understanding of the MgO-mSiO2 ma-
terial generated. The MgO-mSiO2 produced, which can be readily syn-
thesized, presents a promising option for water treatment. Further 
research into optimisation of the synthesis procedures and post sorption 
analysis of retained solids should enable additional refinement of the 
material and elucidation of adsorption mechanisms. 
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