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Abstract. The issue of mercury (Hg2+) existing in water supplies has been brought up since it 

has an impact on both people and the environment. The ideal method for removing Hg2+ is 

adsorption since it is easy to use, highly effective, and economical. Alumina composite and 

thiols are two probable substances that have been used to remove Hg2+ from wastewater, but 

it is still unclear how these substances work when it comes to adsorbing the metal. In order to 

observe the present method of removing Hg2+ from wastewater, this review has been 

undertaken. This study examined the characteristics, processes, and qualities of two different 

types of adsorbents: alumina and thiol. There are numerous phases of alumina, and each has 

distinct properties. The characteristics of alumina at various temperatures, levels of porosity, 

and surface area, as well as its primary identification as a Hg2+ adsorbent by the bonding of 

Al-Hg in XPS, XRD, and TEM, are described. Additionally, through imaging and bonding 

confirmation of S-Hg utilising FE-SEM, FTIR, and XPS, the function of thiol as a soft base 

and the major characterization as a Hg2+ adsorbent is demonstrated. This study shows that 

alumina's gamma phase is widely employed as a composite material while thiol, with its 

functional group, -SH, is the most efficient substance for capturing Hg2+. Due to the 

characteristics of each, alumina and thiol have the ability to bond with Hg2+. For future 

reference, this review paper emphasises the importance of alumina and thiol as adsorbents for 

Hg2+ removal. 
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Introduction  
 

Apart from solid waste pollution, mercury contamination in water resources has 

recently become a significant problem due to the widespread of mining, electroplating, 

smelting and other industries [1]. Mercury can be found in air and soil, aside from water [2]. 

The common mercury species that can be found accumulated in water is Hg2+ [3]. Global 

attention has been drawn to mercury issues because they pose concerns to human health and 

other living things through bioaccumulation in the food chain, such as when people eat 

seafood that contains mercury. The mercury exposure can lead to chronic poisoning after it 

being accumulated in certain organs of our body through ingestion. We can infer from 

bioaccumulation that aquatic life is also at risk from Hg2+ exposure in addition to humans. 

Before it gets out of our hands, we as intelligent humans should take care of this issue. 

 

To remove Hg2+ as fully as feasible, researchers have developed a variety of 

techniques, including reverse osmosis, nanofiltration, ion exchange, coagulation, membrane 

filtration, co-precipitation, and adsorption. Due to its straightforward methodology, high 

efficiency and low-cost technologies, adsorption is one of the most widely used methods to 

address the problem. In order to establish more effective, environmentally friendly, and 

affordable production and operational costs, researchers have produced novel adsorbents over 

a long period of time using previous studies as references. According to numerous studies, a 

good adsorbent should have a large surface area with active binding sites, a high 

hydrothermal stability, a great affinity for the target, and the capacity to endure severe 

environments [4]. To develop a good adsorbent, such qualities should be taken into account.  

 

According to earlier studies, the optimal pH for mercury adsorption is 5.5. The study 

suggests that Hg(II) exists in aqueous solution in three possible states: Hg2+, Hg(OH)+, and 

Hg(OH)2. Hg(OH)+ will be at its highest concentration around pH 4, whereas Hg(OH)2 will 

be dominating at pH levels more than 6. Both species will be adsorbed by thiol equally 

without electrostatic repulsion (which occurs when Hg2+ adsorption peaks during thiol group 

formation and Hg2+ forms a complex) [3]. Mercury adsorbents can be created from a number 

of different sources. Table 1 lists the adsorbents that have been synthesised and applied in 

prior investigations. Adsorption effectiveness might be impacted by contact time as well. 

Equations 1 and 2 were used to calculate the adsorption efficiency (AE) (%) and amount (mg) 

of mercury ions (Hg2+) adsorbed onto the composite adsorbent (g): 

 

AE% =
(Ci−Ce)

Ci
x100                                (1)

      

q = 
(Ci−Ce)

m
xV                                (2)

      

where  Ci  = initial mercury concentration, mg L-1 

Ce = equilibrium concentration of mercury in solution, mg L-1 

Q = amount of mercury adsorbed per unit mas of adsorbent, mg g-1 

V = volume of mercury solution, L 

m = mass of composite adsorbent, g 
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Table 1: Summary of adsorbents of mercury 

Adsorbent Adsorption Efficiencies (%) References 

Polymer modified activated carbon 

(AC/DETA-TMC) 

95% after 40 minutes. [2] 

Cysteamine modified partially 

reduced graphene oxide (Cyst-prGO) 

96 % removal of mercury in 10 

minutes with 10 mg L-1 dose of 

Cyst-prGO. 

[5] 

[SnS4]4-/MgFe-LDH composites 

*layered double hydroxide (LDH) 

99.9% with lower than 25 mg/L of 

Ci after 1 hour. 

[6] 

two-dimensional MXene 99.9% with 100 mg/L of Ci after 

24 hours. 

[7] 

 

Adsorption affinity is often higher than 94 % for the majority of the reported 

adsorbents. Polymer modified with activated carbon exhibits the lowest adsorption affinity of 

95 %. The adsorbents differ in terms of contact time as well, with AC/DETA-TMC having 

the shortest contact time (40 minutes). 

 

In earlier studies, the removal of heavy metal ions including Hg2+ from wastewater 

was frequently discussed using the adsorption approach. One of the study is how it mentioned 

various conventional methods (electro dialysis, chemical precipitation, 

coagulation/flocculation, ultrafiltration, adsorption and reverse osmosis) available to remove 

heavy metal. According to the article, adsorption is more frequently utilised than other 

techniques because of its simple operation and low cost. Although other adsorbents, such as 

alkalized alumina, were addressed, the attention was mainly on natural or modified bentonite 

[8]. 

 

According to the second review, the removal of pollutants from groundwater 

necessitates the use of adsorption as one of the tertiary, or last, water treatment methods, 

along with reverse osmosis, precipitation, ion exchange, and oxidation. The ability of 

adsorption to remove both soluble and insoluble contaminants from wastewater makes it the 

most effective universal approach, claims the study. The study also included a brief 

description of physisorption and chemisorption as well as a broad overview of the adsorption 

process. Along with other adsorbents (such as chitosan, activated carbon, zeolites, silica gel, 

and clay), activated alumina was listed as being used to treat wastewater. In the paper's 

discussion of nano adsorbents, alumina was also used to remove biological and organic 

contaminants as well as inorganic pollutants like lead (Pb), cadmium (Cd), chromium (Cr), 

and mercury (Hg2+) [9]. 

 

The most well-liked and effective method to remove contaminants, particularly heavy 

metals in wastewater (mainly Hg2+) has been emphasised in various review publications [8,9]. 

Although alumina was frequently cited in those studies, neither an explanation of which 

phase it was in nor an example of Hg2+ adsorption onto alumina were provided. Thiol is also 

frequently cited in studies due to its functional group -SH, which is so compatible with Hg2+. 

Despite this, there has been limited progress in characterising the interaction between thiol 

and Hg2+. Just XPS was used to characterise the interaction between thiol and Hg2+; FTIR, 

TEM, and FE-SEM were not thoroughly discussed. This review is therefore done to close the 

gap left by the other reviews. 
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Alumina as Adsorbent 

 

When treated with sufficient thermal treatment, alumina, whose main source is 

bauxite ore, has multiple phases that are classified as α (most stable phase), γ, η, θ, χ, δ and κ 

[10]. The γ-alumina had been a particularly important topic among researchers since it has 

potential in adsorption and as catalyst support [11] as it has high thermal stability, specific 

surface area, has porous technology for better dispersion catalyst species, high chemical 

stability and has low toxicity and also can be used for water treatment. Many processes, 

including sol-gel synthesis, precipitation, laser ablation, spray pyrolysis, 

hydrothermal/solvothermal, biomimetic and a plasma jet mixed with a vapor phase precursor 

[10], can be used to create γ-alumina. The terms α and γ are frequently used and discussed in 

mercury adsorption. As shown in Table 2, both phases have unique characteristics that 

influence their responsibilities in piquing researchers' interest in water treatment research. 

 

Table 2: Phase of γ and α alumina and their characteristics 

 

Phase of alumina Characteristics Reference 

γ - has high specific surface area. 

- high purity (low toxicity). 

- has excellent dispersion. 

- resist to high temperature. 

- high catalytic activity. 

[10] 

[10] 

[10] 

[10] 

[10] 

α  - has low specific surface area. 

- resist to high temperature. 

- almost has no catalytic activity. 

[11] 

[11] 

[11] 

 

The features of the phase emphasised by the γ phase in Table 2 have demonstrated 

that the phase is preferred as a catalyst support and adsorbent, particularly its characteristic 

that has catalytic activity exhibited more obviously than the α phase. Hence, it has been 

established that the γ-phase is the best phase for aiding in the treatment of water. 

 

Figure 1 depicts the mechanisms of Hg2+ ion adsorption over γ-alumina surface sites. 

On γ-alumina, HgCl2 forms chemical bonds. Lewis Aln+-Bronsted On− pairs, hydroxyl (Al-

OH) and the coordinatively unsaturated oxygen (O2− ions) provide effective basic sites for 

the chemisorption of HgCl2 on γ-alumina [12]. 

 

 

Figure 1: Schematic diagram of alumina adsorbing HgCl2 

 

Examples of alumina and alumina composites used in mercury adsorption are shown 

in Table 3. Aluminum cans can be used to make alumina. Energy can be saved by using those 

materials in place of commercial alumina. Magnesium, iron, and manganese are impurities in 

aluminium cans, which contain almost entirely aluminium as its main component [13]. 
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Table 3: Alumina and alumina composite for Hg2+ adsorption 

Product Outcome Reference 

Biomimetic self-curled 

nanoplates assembled coral-

like nanoporous γ-Al2O3. 

 

49.15 mg/g of Hg(II) removal capacities [14] 

Pd/Ce/γ-Al2O3 98% of AE within 480 min at 250 ℃ and 

91% of AE within 200 min at 300 ℃ 

 

[15] 

Iron oxide-alumina mixed 

nanocomposite fiber. 

63.69 mg/g of Hg2+ maximum sorption 

capacities.  

 

[16] 

 

When pore volume and specific surface area of γ-alumina rise, so does the percentage 

of Hg2+ adsorption efficiency. Time spent soaking and calcination temperature have an 

impact on the volume of pores and the specific surface area of γ-alumina. Phase composition, 

diameter, and surface area can all be impacted by temperature during calcination [17]. Hand 

grinding can produce fine γ -alumina powder. Although material characteristics may alter if 

lowered to the nanoscale, this is done to generate fine-powdered nanoparticles [18]. High 

surface area with high pore volume, in addition to mesopores with a size range of 2 to 50 nm, 

are required to produce mesoporous alumina of good quality [19].  

 

Characterisation of Alumina and Alumina Composites for Hg2+ Adsorption 

 

This section described three primary methods, namely X-ray Photoelectron 

Spectroscopy (XPS), X-ray Diffraction (XRD), and Transmission Electron Microscopy 

(TEM), for characterising alumina and alumina composites for Hg2+ adsorption. 

 

X-ray Photoelectron Spectroscopy (XPS) 

 

The elemental composition and electronic state of the atoms in the adsorbent are 

compared before and after the procedure using XPS. Coral-like γ-alumina was utilised as the 

Hg2+ adsorption medium in one of the earlier investigations that employed XPS. In contrast 

to the spectra taken before adsorption, the peak Hg4f at 102 eV was present in the spectra, 

showing that Hg2+ was present in the sorbent after the adsorption process. Once adsorption 

demonstrated the existence of the Hg-O component, detailed spectra for O1 s at 529.9 eV 

were discovered. After the adsorption, signals with binding energies of 531.5 eV (assigned 

for Al-O groups) and 532.6 eV (assigned for -OH groups) shifted marginally to higher 

binding energy positions [14]. Research [20] further demonstrated that the removal of 

mercury was possible using molybdenum disulfide-enabled alumina (MoS2@Al2O3), which 

was produced at 180 ℃. According to the study, redox reactions are the active removal 

processes, and when the removal procedure was carried out, new peaks appeared. The peaks 

appeared to be the byproducts of redox reactions, such as the oxidation of S-2 to SO4
-2 (S+6) 

and MoO2 (Mo+4) to MoO3 (Mo+6). In contrast, MoS2@Al2O3 synthesised at 210 ℃ exhibits 

no appreciable peak alterations following the removal procedure. When MoS2@Al2O3 is 

synthesised at 210 ℃, MoS2 oxidation is not the predominant route of removal. The 

explanation of research [20] is according to Figure 2. 
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Figure 2: XPS spectra of MoS2@Al2O3 synthesised at 180 ℃.  Before mercury removal (A,C) 

is on the left, and mercury removal is on the right (B,D). The spectra for various 

molybdenum oxidation states are shown in (A,B), and those for various sulphur oxidation 

states are shown in (C,D) [20] 

 

X-ray Diffraction (XRD) 

 

A material's crystalline phases can be determined using XRD analysis, which also 

reveals chemical composition details via XRD peaks and planes at 2θ in the XRD 

diffractogram. For instance, supported alumina was subjected to XRD investigation both 

before and after Hg was introduced to the gold nanoparticle [21]. The product's XRD prior to 

Hg treatment showed peaks for 2θ at 38.17o, 44.38o, 64.57o, 77.56o and 81.72o, as well as 

(111), (200), (220), (311) and (222) planes, respectively. This design showed nanoparticles of 

gold. Following Hg treatment, the XRD analysis showed peaks for 2θ at 35.62o, 37.47o, 

40.44o, 52.59o, 63.74o, 69.64o, 76.51o, 78.37o and 79.94o, as well as 2θ planes at (100), (002), 

(101), (102), (110), (103), (112), (201), and (004). Au3Hg was the source of the pattern. It 

was clear from the pattern of gold nanoparticles before and after they had been exposed to 

mercury that the gold nanoparticle on supported alumina had been successful in capturing Hg 

and creating an amalgamation between mercury and gold. Another study [22] treated its 

samples of 1:3 and 1:6 Ag@MSA with Hg2+ solution and then produced an XRD 

diffractogram. There were also two peaks for the Ag-Hg alloy in sample 1:3 Ag@MSA (b). 

Samples 1:3 and 1:6 Ag@MSA were also successful at capturing Hg, according to the XRD 

analyses (refer Figure 3). 
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Figure 3: XRD diffractogram after treating the samples (a) 1:6 Ag@MSA and (b)1:3 

with Hg2+ solution [22] 

 

 

Transmission Electron Microscopy (TEM) 

 

TEM is a type of microscopy that can produce images with extremely high resolution 

down to a level of few Angstroms (or around 0.19 nm). In order to compare the results before 

and after Hg2+ was introduced to the nanoparticles, TEM was used in the study on the 

removal of mercury ions from water by silver nanoparticles protected by mercaptosuccinic 

acid (MSA) and supported on activated alumina. The 1:6 Ag@MSA nanoparticles did not 

exhibit any aggregated mass during the image capture (Figure 4) compared to after the Hg2+ 

was added [22]. Another work that removed Hg from drinking water by using gold 

nanoparticles based on alumina similarly employed TEM to observe changes before and after 

Hg adsorption [21]. The research demonstrated that the nanoparticles were uniformly 

dispersed and spherical in shape prior to adsorption. Many bigger particles were surrounded 

by smaller ones after adsorption. The investigation came to the conclusion that when Hg 

adsorption occurred, the protective group that formed the ionic shell was damaged. 

 

 
 

Figure 4: TEM image of gold nanoparticles (a) before and (b) after mercury adsorption [21] 

 

Thiol as Adsorbent 

 

Thiol is a group that contains -SH functional group [23]. Heavy metals and sulphur (S) 

bind to one other very well. To give the surface of the catalyst, thiol compounds are typically 
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combined with materials such alumina, Au, organic polymers, and silica [24]. Thiol-

containing adsorbents can absorb mercury through covalent bonds. As illustrated in Figure 5, 

thanks to the link created by the sharing of electron pairs between Hg (soft acid) and S (soft 

base), thiol group and Hg2+ can form a stable complex. In order to effectively remove the 

soluble Hg2+ in water, the complex that is generated must be poorly soluble. Several of the 

thiols utilised in earlier investigations as mercury adsorbents are displayed in Table 4 below. 

These features are crucial for exhibiting strong Hg2+ adsorption: a large concentration of S 

binding sites, evenly distributed and accessible S groups, and a high porous volume [25]. 

 

 

Figure 5: Schematic diagram of how thiol (soft base) adsorbs Hg2+ (soft acid) in wastewater. 

 

Table 4: Thiols for Hg2+ adsorption. 

 

Thiol Product Outcome Reference 

MPTMS 

 

Thiol-functionalised silica 

(SiO2-SH) 

377.36 mg g-1 maximum 

adsorption capacity at 293 K. 

[3] 

Cysteamine PVDF-PAA membrane  94.1 ± 1.1 % for IE method 

and 99.1 ± 0.1 % for 

EDC/NHS coupling method. 

[23] 

Ethanethiol 

(EDT) 

Porous organic polymer 

(POP)-based adsorbent 

synthesised from melamine, 

4-allyloxybenzaldehyde and 

EDT, 4AS-MBP adsorbent  

98.4% of AE. [26] 

1,2- 

ethanedithiol 

COF-S-SH adsorbent  >99% of AE. [27] 

3-

mercaptoprop

yltrimetoxysil

ane 

(MPTMS) 

Thiol-functionalised 

mesoporous silica 

nanoparticles. 

Highest adsorption capacity: 

479 mg g-1. 

[28] 

 

 

Characterizations of Thiol for Hg2+ Adsorption 

 

The three primary methods described in this section - Field Emission Scanning 

Electron Microscopy (FESEM), Fourier Transform Infrared Spectroscopy (FTIR), and X-ray 

Photoelectron Spectroscopy—are used to characterise thiol for Hg2+ adsorption (XPS). 
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Field Emission Scanning Electron Microscopy (FESEM) 

 

The surface morphology of the adsorbents has changed both before and after the 

adsorption procedure, according to FE-SEM examination. The EDX spectra's confirmation of 

the adsorbed components lends credence to the photos. FE-SEM was utilised to examine the 

differences between the composite PPy/MAA (thiol-functionalized conducting polypyrrole) 

before and after Hg2+ adsorption (Figure 6). In comparison to following Hg2+ adsorption, the 

composite appeared smoother and with more uniform granular size. Due to the potential for 

Hg2+ to collect on the surface of the composite following Hg2+ adsorption, the composite 

seemed rougher as can be seen in Figure 6. Another mercury peak was visible in the treated 

composite's EDX spectrum, showing that the mercury had been successfully adsorbed onto 

the material [29]. In a prior research, Hg2+ adsorption on the SBA-15-SH was further 

explained using SEM and elemental mapping. 

 

 
 

Figure 6: FESEM images of PPy/MAA (a) before and (b) after Hg2+ adsorption [29] 

 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

 

In order to determine whether Hg2+ successfully interacted with S-H or not, FTIR is 

used to detect the presence of thiol groups in the adsorbent. Before evaluating the adsorbent 

for mercury removal, the data demonstrates the evidence of the typical stretching mode for S-

H at 2552 cm-1 (COF-S-SH). Following the adsorbent's successful removal of mercury, the 

FTIR revealed the lack of the S-H characteristic stretching mode (COF-V), indicating that the 

Hg2+ and S-H group successfully interacted between them [27]. According to several research, 

the distinctive S-H stretching mode can be observed at 2564 cm-1 [24] and 2560 cm-1 [28]. 

 

X-ray Photoelectron Spectroscopy (XPS) 

 

XPS is utilised to study the changes of the element composition and electronic state of 

the atoms within the adsorbent before and after the adsorption process (Figure 7). It can be 

seen from Figure 7 that an adsorbent called SiO2-SH microspheres was created and the 

presence or absence of the aforementioned interactions in the SiO2-SH was determined using 

XPS. Given the signal of the XPS at 102.04 and 105.07 eV, which were attributed to the Hg 

4f, the investigation concluded that Hg2+ presence was present in the SiO2-SH. The S 2p XPS 

spectra revealed a shift in the S binding energy from 163.42 to 163.47 eV upon adsorption. 

The shift shows that after Hg2+ intrusion, significant binding interactions between Hg2+ and S 

in SiO2-SH were seen. Binding energy of Si 2p in the SiO2-SH are almost the same for both 
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before and after Hg2+ adsorption, which suggested that Hg2+ species are not complexed with 

Si species [3].  Study [23] also said that at peaks Hg 4f7/2 and Hg 4f5/2, the binding energies 

can be read at between 100 and 105 eV (ion exchange) and 102 and 106 eV (EDC/NHS). The 

signals are also almost same as in [27]. Hence, Hg2+ was found successfully bonded to 

sulphur. 

 

 

 
 

Figure 7: XPS spectra of SiO2-SH microspheres for (a) before and after Hg2+ adsorption 

(adsorption condition: 10 mg of SiO2-SH, C0 =200 mg/L, pH = 5.5, T = 293 K, t = 24 h) (b) 

before and after Hg2+ adsorption for S 2p (c) before and after Hg2+ adsorption for Si 2p and (d) 

after Hg2+ adsorption for Si 2p/Hg. [3]. 

 

 

Conclusions 

 

A reusable adsorbent is good as it can reduce energy used in making it all over again. 

This review shows that alumina has potential to boost the adsorbent by itself or by composite 

and γ-alumina has the best potential as adsorbent compared to other alumina phases. Thiols 

are very important for heavy metals remover especially mercury from water systems. The 

analysis shown in this review suggests that XPS, XRD, TEM, SEM, and FTIR are the 

important tools to research element compositions, material morphology, components, surface 

area and confirmation of bonding molecules. Through the analysis, we found their potentials 

in the field of study, providing guidelines for future research.  
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