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ABSTRACT 
In this work, a well-developed surface area amorphous magnesium silicate was synthesized and seriously optimized 
the preparation process by Box-Wilson Design Model. Therein, the amorphous nature of magnesium silicate after 
being synthesized was confirmed by the X-ray diffraction method, the presence of functional groups was determined 
by Fourier-transform infrared spectroscopy and the surface area was analyzed by Brunauer–Emmett–Teller method. 
The synthesized material was then applied to simultaneously adsorb Pb, Cd and As from three water types: the 
simulated polluted water, the real wastewater and real polluted well water. According to the obtained results, 
magnesium silicate was synthesized at optimum conditions that have a special surface area of 454 m2/g, a pore 
volume of 0.325 mL/g and an average particle size of 116 μm. The synthesized magnesium silicate is excellently 
capable of simultaneous Pb, Cd, As adsorption in three types of water samples. The total content of these heavy 
metals was adsorbed in a simulated polluted water sample, wastewater sample and well water sample is 4.76 mg/g, 
3.34 mg/g and 3.72 mg/g in sequence. Besides, the synthesized magnesium silicate can also adsorb other heavy 
metal ions such as Cr, Cu, Fe, Zn, Mn. 
Keywords: Competitive adsorption, heavy metal removal, well-developed surface area material, amorphous 
magnesium silicate, the Box-Wilson Design Model. 
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INTRODUCTION 
Heavy metals contamination in water, especially because of lead, cadmium and arsenic is currently one of 
the concerning issues that have seriously negative influences on the living environment of organisms and 
humans.1  
Lead (Pb) is the most noticeable heavy metal element in terms of environmental pollution because of its 
particularly toxic nature. Lead accumulated in the brain and bone marrow, which blocks calcium 
metabolism, poisoning both the central nervous system and peripheral nerves. In particular, Lead causes 
chronic effects on intellectual development, especially encephalitis in children.2 Compering to Pb, 
cadmium (Cd) expresses higher toxicity for human beings. Cd competes with Ca in calmodulin, causing 
abnormal activities in the cell. Cd can also cause osteoporosis, bone damage and pain in the pelvic area 
and legs.3 Arsenic in drinking water is an important environmental cause of cancers. Prolonged exposure 
to arsenic can also cause skin cancer, bladder and lung cancer, affecting the development of the body, the 
nervous system, diabetes, lung disease and cardiovascular.4 
Recently, various methods for heavy metal removal from water have been extensively studied, including 
chemical precipitation, ion-exchange, adsorption, membrane filtration, coagulation-flocculation, flotation, 
electrochemical methods.5,6 Among these, adsorption technology has widely applied because of the 
simplicity, maintenance costs and low energy.7,8 Magnesium silicate, which is one of the applied 
adsorbents, has attracted increasing attention due to its stability, low-cost and high-performance 
adsorption due to the most reactive groups on the surface - free hydroxyl groups (silanol groups).9-11 

Magnesium silicate can exist in the crystalline form of sepiolite (Mg4[Si2O5]3(OH)2.4H2O), talc 
(Mg3[Si2O5]2(OH)2), serpentine (3[Si2O5](OH)4), or amorphous form of florisil, magnesol, ...).12 Existing 
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under the amorphous structure, magnesium silicate has a peculiar surface area and an optimizing pore 
size, which can be used as an efficient adsorbent.13,14 

Therefore, the aim of this work is devoted to the synthesis of well-developed surface area amorphous 
magnesium silicate and study capability of competitive adsorption of Pb, Cd and As in aqueous solution. 
 

EXPERIMENTAL 
Adsorbent Preparation and Characterization  
Magnesium chloride solution, prepared from magnesium chloride 99% supplied by Merck chemical 
company (code 1.05832.500) was slowly added to a sodium silicate solution, purchased from Bienhoa 
Chemical Company (Vietnam) in a 500 mL glass beaker, by a peristaltic pump at a given concentration 
ratio. The mixture is continuously stirred on a heating magnetic stirrer. The reaction was taken place at 
room temperature and atmospheric pressure. The obtained white precipitate was washed several times by 
warm distilled water until the filtrated water has neutral pH. Then, the precipitate was filtered and dried at 
a determined temperature until its mass was almost unchanged.  
After that, the amorphous nature of samples was confirmed by powder X-ray diffraction method (XRD) 
using a X’PERT PRO diffractometer (PANatical, United Kingdom) at accelerating voltage of 40kV, an 
electric current of 30mA and scanning speed of 0.02o/min. The presence of characterized functional 
groups was recorded by Fourier-transform infrared spectroscopy (FTIR) on a Bruker Tensor 27 
(Germany) with a scan wavenumber ranging from 500 to 400 cm-1. The surface area, the pore volume of 
the studied sample were analyzed by nitrogen adsorption and desorption isotherms at the boiling 
temperature (77K) on a Quantachrome Instrument Quadrasorb SI model (USA) and calculated using 
Brunauer–Emmett–Teller method. 
 

Optimal Conditions for the Preparation of Materials 
To achieve high simultaneous adsorption Pb, Cd, As ions from aqueous solution, preparation conditions 
were optimized by the experimental method according to the Box-Wilson Design Model.15 Therein, 
affecting factors including molar ratio of reactants, speed of magnesium chloride to sodium silicate flow, 
stirring speed and drying temperature were determined. Selecting the survey area and the variables in 
Table-1. 

Table-1: The Survey Area of Four Factors 

Value 

Drying 
Temperature  
(100 -150) oC 

(Z1) 

Speed of Stirring 
(1 - 2)x150 rpm 

(Z2) 

Flow Rate 
(10 - 20) mL/min

(Z3) 

Molar Ratio 
(1 – 3) mol/mol 

(Z4) 

Zmax 150 2 20 3 
Zmin 100 1 10 1 
Zo 125 1.5 15 2 

Deviation ∆Z 25 0.5 5 1 
 
In this method, there are 25 experiments and the order of experiments was performed randomly. Therein, 
one specific experiment was repeated four times to determine the randomized difference of method. Thus, 
there are 28 experiments in total. Actual values are encoded by axes through formulas as below: 
 

𝑋 =
𝑍 − 𝑍

∆𝑍
                                                                                                 (1) 

 

The minimum, maximum, and medium values are -1, +1, 0 in sequence after encoded. In addition, the 
Box-Wilson Design Model was applied for this study so that the chosen value is ± 1.41.  
 

Optimal Conditions for Adsorption 
The affecting factors on the competitive heavy metal adsorption capacity were also investigated by the 
Box-Wilson Design Model and determined the optimized values for variables. 
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Experiments were conducted based on the 25 sets of experiments, then using 25 experiment results to 
study the competitive adsorption of Pb, Cd, As ions. The data of these experiment results were processed 
by the Minitab 18 software, then using the "Response Optimizer" function to calculate the optimal 
conditions for the surveyed factors. 
 
Experiment on Simulated Polluted Water  
Pb, Cd, As simultaneously coexisted solutions with the desired concentrations of each ion was prepared 
from the following original solutions: Pb2+ 1000 ppm (Merck, code 1.19776.0500), Cd2+ 1000 ppm 
(Merck, code 1.19777.0100) and As 1000 ppm (Merck, code 1.19773.0500), named Sa solution. Four 
adsorption experiments were performed as follows:  
For each experiment, taking m (g) magnesium silicate (with m = 0.3279 g; 0.3605 g; 0.3598 g and 0.3136 
g) to put into a glass tube (25 mL, 0.5 cm in diameter) and then add a few glass fibers in the tube bottom 
to prevent material from coming out of the tube. After that, 20 mL of Sa solution was added slowly to the 
tube by a peristaltic pump. The exit water discharged from the tube was collected and put into another 
tube, named Sb solution. Then, the heavy metal ions contained in the solution before adsorption (Sa) and 
after adsorption (Sb) were analyzed by Perkin Elmer Optima 5300 ICP-OES with an appropriate 
calibration curve (refer to EPA method 200.7) with the measuring conditions in Table-2. 
Preparation of analyzing blank sample: the experiment was conducted as same as mentioned above but 
replacing 20 mL of the Sa solution sample with 40 mL of distilled water.  
The adsorption capacities were calculated by the following equation (Eq.):  
 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 
𝑚𝑔

𝑔
=

𝑚 − 𝑚

𝑚
                                                                                   (2) 

Therein: m1 - a mass of metal in the sample before adsorption (mg); m2 - mass of metal in the solution 
after adsorption (mg); mg - mass of material used for adsorption (g). 

 

Table-2: Settled Data to Analyst the Heavy Metal Content by Perkin Elmer Optima 5300 ICP- OES 
Item Description Data Item Description Data 

1 RF Power 1300 -1500 (W) 
10 Gas flow 

Plasma 13 (L/min) 
2 Delay time 12 (s) Auxiliary 0.3 (L/min) 
3 Replicate 3 Nebulizer 0.65 (L/min) 
4 Plasma View Axial 

11 Define elements 

As 188.979 (nm) 
5 Flow Rate 1.5 (mL/min) Cd 228.802 (nm) 

6 Peak Algrothm Peak area 
Pb 220.353 (nm) 
Mg 285.213 (nm) 

7 
Max 
Dec Places 

4 
Fe 238.204 (nm) 
Cu 327.393 (nm) 

8 
Max 
Signif.Figs 

5 
Cr 267.716 (nm) 
Ni 231.604 (nm) 

9 Flush time 15 (s) 
Na 589.592 (nm) 
Co 228.616 (nm) 

 
Experiment on Real Wastewater and Well Water Samples  
Heavy metal content in real wastewater and well water samples was determined as follows: 50 mL water 
sample was taken by pipette and put into the 100 mL glass beaker after accurately shaking, then added 5 
mL mixture of HCl and HNO3 at a ratio of 1:1. The glass beaker was covered by a clockwise glass, heated 
until the solution in the glass beaker was about 5 mL, then cooled down to room temperature and put this 
content into a 10 mL volumetric flask (solution S1). 
Adsorption experiments: six experiments were conducted including three repeated experiments for the 
wastewater samples and three repeated experiments for well water samples. m (g) magnesium silicate 
prepared at optimal conditions (with m = 0.2267 g; 0.2204 g; 0.2617 g; 0.2169 g and 0.2306 g, 0.2247 g) 
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was poured into a glass tube (25 mL, 0.5 cm diameter) and add a few glass fibers in tube bottom to 
prevent material from coming out of the tube. 40 mL of the above water samples were slowly added 
referring to EPA method 200.7 to the tube by a peristaltic pump. The exit water discharged from the tube 
was collected and put into a 50 mL volumetric flask (solution S2). Content of heavy metal ions in solution 
S1 and S2 was analyzed by the Perkin Elmer Optima 5300 ICP-OES with appropriate calibration curve 
referring to EPA method 200.7 and the obtained data were presented in Table-2. Preparation of analyzing 
blank sample: the experiment was conducted as same as mentioned above but replacing 20 mL of the S1,2 
solution samples with 40 mL of distilled water. The adsorption capacities were calculated by Eq.-2. 
 

RESULTS AND DISCUSSION 
Optimal Conditions for the Preparation of Materials 
The optimal affecting factors of the synthesis process obtained from the Box-Wilson Design Model was 
as bellows: 

 Molar ratio (Z4) = 0.6 mole/mole 
 Stirring speed (Z2 x150) = 90 rpm 
 Flow rate (Z3) = 8 mL/min 
 Drying temperature (Z1) = 146 oC  

The magnesium silicate material at optimum conditions was characterized by the FTIR method (Fig.-1), 
X-ray diffraction (Fig.-2), and the BET surface area (Fig.-3).  
 

 
Fig.-1: FTIR Spectrum of Magnesium Silicate Sample Synthesized at Optimum Conditions 

 
In Fig.-1, it’s obvious that a specific vibration band of Si – O – S covalent bond is observed from 1100 to 
900 cm-1 and stretching vibration of this bond is indicated at 1007.09 cm-1. The peak at 600 cm-1 is 
assigned to the bending vibration of Si – O – S bond. Also, the presence of O-H bending vibration modes 
is characterized by the peaks at 3379.20 cm-1 and 1628.01 cm-1. 
 
 
 
 
 
 

 
 
 
 
 
 

Fig.-2: XRD Pattern of Magnesium Silicate Sample Synthesized at Optimum Conditions 
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The XRD pattern in Fig.-2 confirmed the amorphous structure of the synthesized material. Indeed, the 2θ 
scanning angle from 20 to 30o appears a high-pitched area, similar to the research result of Sevil Özgül-
Yücel.12  The BET surface area of the synthesized magnesium silicate is 454.637 m2/g, which is five 
times greater than the surface area of those obtained by Pinar Terzioglua and Sevil Yucel’s (79 – 91 
m2/g).12 and 1.5 times larger than those obtained by Yufang Zhu’s (298.4 m2/g).14 

The results of Fig.-4 show that the pore volume is 0.325 mL/g at optimal conditions. The average particle 
size of the magnesium silicate sample synthesized at optimum conditions is 116 μm according to Fig.-5. 
Although the particle size does not reach the nanoscale, the particle size is quite the same stimulus, 
comparing to previous studies. 

 
Fig.-2:The BET Surface Area of Magnesium Silicate Sample Synthesized at Optimum Conditions 

 

Adsorption Study on Simulated Polluted Water 
Four adsorption experiments were conducted on the water sample which was named M-TU1, M-TU2, M-
TU3, M-TU4. The results are shown in Table-3. 
 

Table-3: The Result of Pb, Cd, As Adsorption in Simulated Polluted Water 
MSM M-TU1 M-TU2 M-TU3 M-TU4 Average 

Material (g) 0.3279 0.3605 0.3598 0.3126  
Vadsorbent (mL) 20 20 20 20  

Before 
adsorption 

As (mg) 0.671 0.663 0.686 0.691 0.6800 
Cd (mg) 0.692 0.700 0.717 0.717 0.7113 
Pb (mg) 0.653 0.660 0.688 0.688 0.6787 

After 
adsorption 

As (mg) 0.485 0.391 0.355 0.465 0.4037 
Cd (mg) 0.033 0.009 0.009 0.011 0.0097 
Pb (mg) 0.0021 0.0006 0.0004 0.0004 0.0005 

Adsorbed 
content 

As (mg/g) 0.57 0.76 0.92 0.72 0.743 
Cd (mg/g) 2.01 1.92 1.97 2.26 2.039 
Pb (mg/g) 1.99 1.83 1.91 2.20 1.982 

Total (mg/g) 4.57 4.51 4.80 5.18 4.764 
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From the above results, magnesium silicate is capable of simultaneous adsorption for three metal ions 
from simulated polluted water samples. The Cd ions were mostly adsorbed (2.039 mg/g), Pb ions (1.982 
mg/g), and then As ions (0.743 mg/g). 
 
Heavy Metal Adsorption on Wastewater Samples 
The real wastewater sample was collected in a pre-treatment wastewater tank of a factory from Hoc Mon 
district, Ho Chi Minh City, Vietnam. The collection and preservation samples procedures were followed 
Vietnamese standards: TCVN6663-6:2018. 
 

Fig.-3: Pore Volume of Magnesium Silicate Sample 
Synthesized at Optimum Conditions 

Fig.-5: Particle Size Distribution of Magnesium Silicate 
sample Synthesized at Optimum Conditions 

 

Table-4: Content of Metal Ion in Wastewater Samples 
Metal 
Ion 

 

Content of Metal Ion (mg) 
Before 

Adsorption 
After Adsorption 

Ex.1 Ex.2 Ex.3 
As 0.4997 0.2433 0.2535 0.2372 
Cd 0.4434 0.2230 0.2273 0.0817 
Pb 0.3578 0.0075 0.0084 0.0055 
Cr 0.2236 0.0910 0.0906 0.0213 
Cu 0.2581 0.0136 0.0115 0.0033 
Fe 0.2179 0.0073 0.0089 0.0075 
Mn 0.2674 0.1755 0.1811 0.1112 
Zn 0.2617 0.0902 0.0840 0.0098 

Table-4 shows the heavy metal content in the real wastewater sample was analyzed, then evaluating the 
adsorption capacity of the synthesized material 
It’s obvious in Table-5 that Cd, Pb, As ions were highly adsorbed. In addition, amorphous magnesium 
silicate adsorbed other metal ions: Cr (0.65 mg/g), Cu (1.05 mg/g), Fe (0.89 mg/g), Mn (0.46 mg/g), Zn 
(0.83 mg/g). The total ionic absorption was 7.24 mg per gram of material. 
 
Heavy Metal Adsorption From Well Water Samples  
Experiment on well water samples taken from a household in Hoc Mon District, Ho Chi Minh City, 
Vietnam. The sample collection and storage process was done following Vietnamese standard TCVN 
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6663-11:2011. Analysis of metal ions was carried out and followed by the steps of evaluating the 
adsorption capacity on the wastewater samples as shown in Table-6 and Table-7. 
 

Table-5: The Result of Heavy Metal Adsorption From Real Wastewater Samples 

Metal Ion 
Adsorption Capacity (mg/g) Average 

(mg/g) Ex.1 Ex.2 Ex.3 
As 0.6896 0.6632 0.6209 0.6579 
Cd 0.9723 0.9809 1.3822 1.1118 
Pb 1.6249 1.6674 1.4152 1.5692 
Cr 0.5849 0.6036 0.7731 0.6539 
Cu 1.0786 1.1187 0.9737 1.0570 
Fe 0.9292 0.9485 0.8042 0.8940 
Mn 0.4050 0.3914 0.5969 0.4644 
Zn 0.7566 0.7860 0.9624 0.8350 

∑(all metal 
ions) 

7.0412 7.1596 7.5285 7.2431 

∑(As, Cd, Pb) 3.2868 3.3115 3.4183 3.3389 
  

Table-6: Content of Metal Ion in Well Water Samples 

Metal Ion 
Content of Metal Ion (mg) 

Before 
Adsorption 

After Adsorption 
Ex.1 Ex.2 Ex.3 

As 0.2939 0.2451 0.2243 0.2041 
Cd 0.4357 0.0310 0.0645 0.0595 
Pb 0.3849 0.0538 0.1506 0.1157 
Fe 1.3302 0.5274 0.4774 0.4939 
Mn 1.4361 1.3989 1.3793 1.3855 

 

Table-7: The Result of Heavy Metal Adsorption From Well Water Samples 

Metal Ion 
Adsorption Capacity (mg/g) Average 

(mg/g) Ex.1 Ex.2 Ex.3 
As 0.6886 0.7375 0.8449 0.757 
Cd 1.8658 1.6097 1.6742 1.717 
Pb 1.5265 1.0160 1.1980 1.245 
Fe 3.7012 3.6978 3.7216 3.707 
Mn 0.1722 0.2463 0.2250 0.215 

∑(all metal ions) 7.9543 7.3073 7.6637 7.6418 
∑(As, Cd, Pb) 4.0809 3.3632 3.7171 3.7204 

 

From the well water samples, the simultaneous adsorption capacity of Pb, Cd, As metal ions reached 3.72 
mg/g. Besides, Fe and Mn ions are also highly adsorbed: Fe (3.70 mg/g), Mn (0.21 mg/g). The total 
content of adsorbed metal ions by one gram of adsorbent was 7.64 mg/g. 
 

CONCLUSION 
In this study, amorphous magnesium silicate was synthesized successfully and characterized by XRD, 
FTIR and BET method. The synthesized magnesium silicate is excellently capable of simultaneous Pb, 
Cd, As adsorption in three types of water samples.  
The total content of Pb, Cd, As is highly adsorbed with 4.76 mg/g in the simulated polluted water sample, 
in wastewater sample is 3.34 mg/g and 3.72 mg/g in the well water sample. Also, the synthesized 
magnesium silicate can adsorb other heavy metal ions such as Cr (0.65 mg/g), Cu (1.05 mg/g), Fe (0.89 
mg/g), Zn (0.83 mg/g) in the waste water sample and Fe (3.70 mg/g), Mn (0.21 mg/g) in well water 
sample.  
Thus, amorphous magnesium silicate not only well adsorbs Cd, Pb, As ions, but also Fe, Mn, Cu, Zn, Cr 
ions. Therefore, it would be useful for the treatment of heavy metal contamination in water. 
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