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ADSORPTIVE PERFORMANCE OF MCM-41 TOWARDS Hg(II) 

IN WATER. ADSORPTION AND DESORPTION STUDIES 

MCM-41 mesoporous material was prepared under a standard conditions by using cetyltrime-

thylammonium bromide as a structure-directing agent and tetraethyl orthosilicate as silica source from 

the liquid phase at 80 °C. Powder X-ray diffraction and scanning electron microscopy used to charac-

terize the product, showed that the MCM-41material had an average particle size of 110 nm. The syn-

thesized material was used to investigate the effects of acidity, adsorption time, the concentration of 

Hg2+, adsorbent dosage and temperature on the adsorption of Hg2+. The results showed that the optimal 

adsorptive conditions were: pH 5.0, m(MCM-41):mHg2+ 6.67, temperature 20 °C and contact adsorption 

time 60 min, for the initial Hg2+concentration of 1.0 mg/cm3. The maximum adsorptive amount of 

Hg2+ was 56.48 mg Hg2+/g MCM-41. The results of the desorptive effect of three desorption agents 

such as HCl, HNO3 and HAc showed that the best desorbent was HCl at the concentration of 

0.10 mol/dm3. The highest desorption efficiency was 77.21% for the desorption time 2 h. 

1. INTRODUCTION 

Mercury and its compounds belong to highly toxic substances, whose accumulating 

in the body can cause systemic poisoning. Severe cases can lead to death and endanger 

the health of the offspring. Its toxicity showed damage of intracellular enzyme system 

protein thiol. Capacity of mercury enrichment is high through food chain up to tens 

thousand times, and once water body is polluted then it is very difficult to recover [1]. 

In recent years, heavy metal pollution in drinking water, mainly with mercury,  is in-

creasing. Water processing methods can be divided into physical, chemical, physico-

chemical and biochemical ones [2–4]. For a long time, the adsorption method has been 

one of the most important water treatment methods, widely used in various water supply 

and wastewater treatment. The process is generally very quick, adding other agents is 

 _________________________  

1Research Center for Nanotechnology, South Campus, Changchun University of Science and Technology, 

7186 Weixing Road, Changchun 130022, Jilin Province, P.R. China, corresponding author Q.-Z. Zhai, e-mail:  

zhaiqingzhou@163.com 



6 Q.-Z. ZHAI et al. 

not needed and adsorbents used at present have large specific surface areas and high 

adsorption capacities. Therefore, using the adsorption method to remove pollutants from 

water has the advantages of high efficiency, high speed, strong adaptability and easy 

operation etc. Activated carbon can remove some heavy metal ions from wastewater, 

but the cost of activated carbon is expensive and the regeneration is complex. It is not 

suitable for processing the wastewater with the pollutants of high concentration, which 

limits its application [5]. 

In 1992, MCM-41 mesoporous molecular sieve was first synthesized by the Amer-

ican Mobil Company [6, 7]. This material, characterizing by regular hexagonal one- 

-dimensional pore structure with large specific surface area (higher than 700 m2/g), ad-

justable pore size and high adsorption capacities expected to be used in the field of chem-

ical industry, medicine, catalysis, separation, environment technology etc., MCM-41 mo-

lecular sieve is one of members of a new family of mesoporous molecular sieves and 

opened up a new era of mesoporous materials. In 2001 Cai et al. [8] for the first time 

synthesized nanometer MCM-41. Mesoporous materials have been used for adsorption 

of biological molecules such as proteins [9–13]. Nanomaterials, due to the small particle 

size, often exhibit special properties of small size effect, surface effect. Nano MCM-41 

has an open pore structure, narrow pore size distribution and very high specific surface 

area and pore volume, with potential as heavy metal purification materials.  

In this paper, nano MCM-41 was prepared by the hydrothermal method, powder X-ray 

diffraction (XRD) and scanning electron microscopy (SEM) were used to characterize 

the prepared powders. By using its superiority in the adsorption performance, nano 

MCM-41 was used for adsorption of Hg2+ in water. The optimum conditions for the 

adsorption of Hg2+ have been established and desorption of the material was studied. 

2. EXPERIMENTAL 

Reagents. Unless specially stated, all the reagents used in the experiments were of 

analytical grade. Deionised water was used. Reagents for the synthesis of MCM-41 were 

tetraethyl orthosilicate (TEOS, Sinopharm Chemical Reagent Co., Ltd, China), cetyltri-

methylammonium bromide (CTMAB, Changzhou Xinhua Research Institute for Rea-

gents, China) and sodium hydroxide (Beijing Chemical Reagent Plant, China). 

Mercury nitrate was obtained from the Chemical Reagent Works of Taixing City, 

China. Mercury stock standard solution (3 g/dm3), prepared from a readymade mercury 

nitrate (Taixing Chemical Reagent Factory, China), was used to prepare experimental 

mercury solutions of concentrations ranging from 0.5 to 3 g/dm3. Mercury working so-

lutions were prepared just before use by appropriate dilutions of the stock solution. 

0.1 mol/dm3 nitric acid and 0.1 mol/dm3 sodium hydroxide solutions were used for ad-

justing the initial pH of solutions. 
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Apparatus. Powder X-ray diffraction (XRD) analysis experiments were made on 

a D5005 X-ray diffractometer (Siemens, Germany) using CuKα radiation (λ = 1.5418 Å), 

an operating voltage (tube voltage) of 30 kV and an operating current (tube current) of  

20 mA. The scans were taken from 2θ = 0.4° to 10°. Environmental scanning electron 

microscopic (ESEM) images were taken on a PHILIPS XL30 field-emission environ-

mental scanning electron microscope (Netherlands) instrument. A 722S spectrophotom-

eter (Shanghai Lingguang Technique Co., Ltd., China) equipped with 1-cm cells was 

employed in the determination of mercury [14]. A HJ-6A digital display constant tem-

perature water-bath boiler (Jiangsu Jintan Ronghua Apparetus Manufacture Co., Ltd, 

China) was applied to the control of experimental temperature. 

Procedures. MCM-41 was prepared according to the procedure described by Cai 

et al. [8]. A 1.0 g of CTMAB was dissolved in 480 cm3 of deionized water at 80 °C 

under vigorous stirring until the solution became homogeneous. To this solution were 

added 3.5 cm3 of NaOH solution (2 mol·dm–3) with stirring. After the solution became 

homogeneous, 5.0 cm3 of TEOS was slowly dropped, giving rise to a white slurry. Then 

the reaction mixture was kept at 80 °C for 2 h with stirring. The resulting solid product 

was filtered, extensively washed with deionized water for three times and dried in air at 

room temperature to obtain the as-synthesized materials. The CTMAB surfactant mol-

ecules were then removed by calcination of the as-synthesized material at 550 °C in air 

for 4 h to obtain a white parent powder of MCM-41. 

The concentration of mercury in the sample was analyzed using a spectrophotome-

ter by forming a complex with 2-(5-bromo-2-pyridineazo)-5-diethylaminophenol 5-Br 

(PADAP) in the presence of dodecyl sodium sulfate at a wavelength of 562 nm [14]. 

A linear range of working curve for the determination of mercury using the present 

method was 0–1.4 µg·cm–3 and the sensitivity of the method, i.e., apparent molar ab-

sorption coefficient at 562 nm was 8.26×104 dm3·mol–1·cm–1. 

Effect of the initial pH of solution on the adsorption process: Six portions of 30 cm3 

of 1 mg Hg2+/cm3 standard solution were placed into 100 cm3 beakers. pH was adjusted 

to 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, respectively, using 0.1 mol/dm3 HNO3 and 0.1 mol/dm3 

NaOH. Then 0.20 g of MCM-41 was added to each beaker and under magnetic stirring, 

adsorption was occurred  for 60 min. Then each sample was centrifuged at 8000 rpm 

for 10 min and the concentration of Hg2+ in the supernatant was determined. Its adsorp-

tion efficiency was calculated and the optimum pH of adsorption was determined. 

The adsorption efficiency and adsorption capacity may be calculated from the fol-

lowing equations: 
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where E is the adsorption efficiency, Qe is the adsorption capacity [mg/g], V is the volume 

of the solution [cm3], C0 and Ce are the Hg2+ concentrations [mg/cm3] at the beginning and 

after reaching equilibrium, respectively, W is the weight of adsorbent [g]. 

Effect of initial Hg2+ concentration on the adsorption process: Seven portions of 

30  cm3 of 0, 0.50, 1.0, 1.5, 2.0, 2.5, 3.0 mg Hg2+/cm3 standard solution were placed into  

100 cm3 beakers. pH was adjusted to 5.0. 0.20 g of MCM-41 was added  to each sample. 

After adsorption of Hg2+, its concentration was determined by the procedure described 

above, and adsorption efficiency of Hg2+ was calculated. 

Effect of MCM-41 adsorbent dosage. Six portions of 30 cm3 of 1.0 mg Hg2+/cm3 

standard solution were placed into 100 cm3 beakers. Their pHs were adjusted to 5.0. 

Samples of 0.050, 0.10, 0.15, 0.20, 0.25, 0.30 g of MCM-41 were weighed and added 

to the above stated samples, respectively. Then Hg2+ ions were adsorbed and adsorption 

efficiencies were determined as above, to obtain the optimum adsorbent MCM-41 

dosage. 

Effect of adsorption contact time on the adsorption process: At room temperature 

(20±1 °C), six portions of 30 cm3 of 1.0 mg Hg2+/cm3 standard solution were placed in 

six 100 cm3 beakers and adjusted to pH 5.0. 0.20 g of MCM-41 was added to each 

sample. After adsorption at room temperature for 30, 45, 60, 90, 120, 150 min, respec-

tively, concentration of Hg2+ was determined and the efficiency of Hg2+ adsorption was 

calculated in order to obtain the equilibrium time. 

Effect of temperature: Five portions of 30 cm3 of 1.0 mg Hg2+/cm3 standard solution 

were placed into 100 cm3 beakers. pH of each solution was adjusted to 5.0 and 0.20 g 

of MCM-41 was added. After adsorption of Hg2+for 60 min under magnetic stirring at 

20, 25, 30, 35, 40 °C, the adsorption efficiency was calculated in order to determine the 

optimum temperature of adsorption. 

Desorption study of Hg2+. 0.20 g of MCM-41 was weighed and placed in a 30 cm3 

of 1.0 Hg2+mg/cm3 standard solution. pH was adjusted to 5.0. After 60 min adsorption 

under magnetic stirring at room temperature (20±1 °C), the sample was centrifuged for 

10 min at 8000 rpm. Then the supernatant was discarded and (MCM-41)-Hg composite 

material A was obtained.  

In order to study effects of HCl, HNO3, acetic (HAc) acids on Hg desorption in the 

(MCM-41)-Hg composite material, six portions (50 cm3) of 0.10 mol/dm3 solutions of every 

acid under examination were placed in a 100 cm3 beaker and 0.20 g of A was added to each 
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beaker to be soaked for 1, 2, 3, 4, 5, 6 h at room temperature (20±1 °C) and then filtered. 

The supernatant samples were taken and the concentrations of Hg2+ were determined. De-

sorption efficiency was calculated and the optimum desorption time was obtained. 

 Desorption efficiency 100%
A

B
    (3) 

where A, B are the amounts of mercury desorbed  and loaded on the adsorbent, respectively. 

Effect of hydrogen chloride concentration on desorption efficiency: Samples of 

50 cm3 of 0.01, 0.1, and 1.0 mol HCl/dm3, were taken and placed in 100 cm3 beakers, 

and 0.2 g of A was added to each beaker. The solutions were soaked for 2 h, filtered and 

the filtrates were retained. Then the Hg2+ concentrations were determined, desorption 

efficiencies calculated and the optimum desorption acid concentration was obtained. 

3. RESULTS AND DISCUSSION 

3.1. CHARACTERIZATION OF MCM-41 ADSORBENT 

Scanning electron microscopy (SEM) can well reflect the sample morphology, sur-

face structure, size, degree of order, etc. Figure 1 shows the SEM image of MCM-41. It 

can be seen that the sample showed spherical particles, regular shape and the average 

particle diameter was 110 nm. MCM-41 is a mesoporous material, whose pore morphol-

ogy and size can be observed from the transmission electron microscopy (TEM). Fig-

ure 2 shows the MCM-41 adsorbent TEM image. The sample presents a hole honey-

comb structure and the average pore diameter is 3.5 nm. The small-angle X-ray 

diffraction (XRD) pattern for MCM-41 is shown in Fig. 3. The hexagonally arranged 

pore channels of mesoporous material MCM-41 represented by (100), (110), (200) and 

(210) diffractions existed in the sample, which is in accordance with the results reported 

by Cai et al. [8]. This shows that the adsorbent preparation was successful.  

  

Fig. 1. SEM image of the sample Fig. 2. TEM image of the sample 
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 Fig. 3. XRD pattern of the sample 

3.2. EFFECT OF THE INITIAL pH ON Hg2+ ADSORPTION 

Figure 4 shows the effect of solution initial pH value on mercury (II) adsorption on 

MCM-41. As can be seen, the rate of Hg2+ adsorption by MCM-41 increased with the 

increase of pH value (pH = 1.0–5.0). The reason lies in that the adsorption of mercury 

ion by the material is always accompanied by the release of H+. After pH is increased, 

hydrogen ion can be neutralized and the competitive effect of hydrogen ion can be re-

duced, being advantageous to the adsorption of Hg2+ by the material.  

 

Fig. 4. Effect of pH on the adsorption efficiency 

of Hg2+, temperature 20 °C, [Hg2+] = 1.0 mg/cm3, 

0.20 g MCM-41, contact time 60 min 

MCM-41 displayed maximum adsorption efficiency of Hg2+ for pH ranging from 

4.0 to 6.0. Thus, pH = 5.0 was selected as the optimum value. For a variety of SiO2 

materials, the isoelectric points are 0.5–3.7 [15, 16]. The isoelectric point of MCM-41 

is 3.42–3.77 [17]. For pH = 5.0, MCM-41 surface is negatively charged, which is ad-

vantageous to the adsorption with positively charged Hg2+. 

3.3. EFFECT OF MCM-41 DOSAGE AND Hg(II) INITIAL CONCENTRATION ON ADSORPTION 

The increase of the amount of MCM-41 could increase the removal rate of Hg2+ 

(Fig. 5) due to increase of the number of adsorption sites of Hg2+. Upon increase of the 
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MCM-41 amount (0–0.20 g), the adsorption capacity of MCM-41 for Hg2+ increased. 

When 0.20 g of MCM-41 was used, the adsorption capacity was maximum, reaching 

56.48 mg/g. When MCM-41 amount was further increased (0.20–0.50 g), the adsorption 

capacity presented a decreasing trend and reduced to 36.08 mg/g. In this experiment, 

the optimum value of 0.20 g MCM-41 was selected. 

  

Fig. 5. Effect of the amount of MCM-41 used 

on the adsorption of Hg2+;  

pH 5.0, [Hg2+] 1.0 mg/cm3,  

contact time 60 min, temperature 20 °C 

Fig. 6. Effect of initial Hg2+ concentration  

on the adsorption efficiency; pH 5.0,  

0.20 g MCM-41, contact time 60 min,  

temperature 20 °C 

The experimental results indicated that percentage of mercury removal as a function 

of initial concentration (0–1.0 mg/cm3) with 0.20 g of sorbent (pH 5.0 and adsorption 

time 60 min) increased with the increase of mercury(II) concentration and the adsorp-

tion capacity also increased (Fig. 6). MCM-41 has good ability to remove Hg2+ from 

aqueous solutions. 

3.4. EFFECT OF CONTACT TIME ON THE ADSORPTION OF Hg2+ 

Effect of contact time is an important factor affecting the adsorption efficiency. The 

experiments showed (Fig. 7) that within the initial 60 min rapid adsorption of mercury(II) 

 

Fig. 7. Effect of contact time on Hg(II) adsorption 

efficiency;  [Hg2+] 1.0 mg/cm3, 0.20 g MCM-41,  

pH 5.0, temperature 20 °C  
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was observed and then the adsorption slowed down until the equilibrium was reached. 

At the beginning of the process, a large amount of available vacant surface sites on the 

surface of MCM-41 were present which gradually decreased. Mercury(II) was not 

strongly adsorbed due to the repulsive forces between solute molecules on the ad-

sorbemt surface and inside the aqueous phase. In the following experiments, it was as-

sumed that after 60 min the, equilibrium could be achieved. 

3.5. EFFECT OF TEMPERAUTRE ON THE ADSORPTION OF Hg2+ 

The effect of temperature on the adsorption of mercury(II) onto MCM-41 is shown 

in Fig. 8. The effect of temperature on the adsorption of mercury(II) by MCM-41 is not 

great, probably due to opposite factors influencing the process.  

 

Fig. 8. Effect of temperature on the adsorption 

of Hg2+; [Hg2+] 1.0 mg/cm3, 0.20 g MCM-41,  

pH 5.0, contact time 60 min 

Firstly, when temperature is increased, the thermal motions of Hg2+ ions become 

faster and they more easily diffuse into the channels of the adsorbent. The adsorption 

efficiency increases. However, as exchange reaction of silanol on MCM-41 with Hg2+ 

is the exothermal one, thereby the increase in temperature decreases its rate and adsorp-

tion efficiency. These two opposite effects cause weak dependence of the reaction effi-

ciency on temperature. Considering that high temperature adsorption needs a large 

amount of energy, the optimum temperature seems to be room temperature 20±1 °C.  

The adsorption studies showed that the optimum conditions for the adsorption of Hg2+ 

by MCM-41 are determined as follows: pH 5.0, m(MCM-41):mHg2+ = 6.67, temperature 20 °C 

and contact adsorption time 60 min, for the initial Hg2+concentration of 1.0 mg/cm3. At this 

time, the maximum adsorptive amount of Hg2+ is 56.48 mg (Hg2+)/g  of MCM-41. 

3.6. DESORPTION STUDY 

Desorption of Hg(II) from MCM-41 Hg(II) loaded was performed by three various 

acids such as hydrochloric acid, nitric acid and acetic acid (Fig. 9). For the desorption 

with hydrochloric acid, a maximum desorption efficiency was reached after 2 h and it 

was 77.21%; for the desorption with nitric acid, a maximum desorption rate was reached 
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at 6 h and it was 49.55%; for the desorption with acetic acid, a maximum desorption 

rate was reached at 3 h and it was 45.03%.  

Fig. 9. Effect of desorbing agent a) HCl,  

b) HNO3, c) HAc on time dependence 

of the desorption efficiency  

The desorbing effect of HCl is the strongest one. In the process of desorption, after the 

acid was added, numerous hydrogen ions were immediately introduced. They would cause 

a competition for the metal cations. As the concentration of hydrogen ions became drasti-

cally higher than that of the heavy metal ions, the surface groups of the adsorbent were 

occupied by hydrogen ions or hydronium ions and accordingly desorption of the Hg2+ ions 

occurred. In addition, as the addition of acid destroyed some adsorbent’s surface which 

made it more smooth, metal ions might desorb from the surface of adsorbent.  

T a b l e  1 

Effect of the concentration of HCl 

on the desorption rate 

[HCl] 

[mol/dm3] 

Desorption rate 

[%] 

0.01 50.13 

0.05 61.09 

0.10 77.21 

0.50 59.93 

1.0 48.52 
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The effect of hydrogen chloride concentration on desorption has been presented in 

Table 1. The optimum desorption acidity was 0.10 mol HCl/dm3. Too high or too low 

acidity is not advantageous to desorption progress. When the acid concentration is low, 

the concentration of H+ is small and the replacement ability for Hg2+ is low, so the de-

sorption efficiency is lower. Too high acid concentration also can result in the changes 

of mechanical intensity, physical and chemical properties of adsorbent leading to de-

crease in desorption efficiency. 

4. CONCLUSIONS 

Mesoporous MCM-41 with average particle diameter of 110 nm was successfully 

prepared by the liquid phase method. The optimal conditions of adsorption of Hg2+ by 

MCM-41 were determined. The adsorption capacity of MCM-41 towards Hg2+ can 

reach 56.48 mg Hg2+/g (MCM-41). The agent with best desorptive effect was HCl with 

the concentration of 0.1 mol/dm3. The highest desorption efficiency reached 77.21% 

after the process lasting 2 h. 
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