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A B S T R A C T 
 

KEYWORDS 

In this study, sulfur extracted from gas industry waste was utilized as an adsorbent for mercury 
ions (Hg2+) in aqueous solutions. To enhance its adsorption capacity, a mechanical wet 
grinding process using a water–alcohol medium was employed to reduce particle size and 
increase surface area. Compared to dry grinding, the wet method significantly improved 
performance. BET analysis revealed an increase in specific surface area from 3.1 m²/g 
(untreated sulfur) to 26.7 m2/g after wet milling. BJH analysis showed the development of 
uniform micro- and mesopores in the 1–10 nm range, ideal for heavy metal adsorption. XRD 
and FTIR confirmed the preservation of sulfur’s crystalline structure and the formation of S–S 
bonds, while SEM images revealed nanoparticles ranging from 30–100 nm. Batch adsorption 
experiments demonstrated an increase in mercury ion removal efficiency from 45% (raw 
sulfur) to 91% (wet-milled sulfur), and the adsorption capacity rose from 12 mg/g to 26 mg/g. 
These results confirm that wet grinding in a water–alcohol system is an effective strategy for 
enhancing the physicochemical properties and adsorption performance of sulfur for mercury 
remediation. 
© 2025 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Mercury is a toxic heavy metal that poses significant environmental 
and public health risks due to its persistence and bioaccumulation in 
aquatic ecosystems. It enters water bodies primarily through industrial 
effluents originating from sectors such as mining, electronics, and 
chemical manufacturing. Once in the environment, mercury can be 
transformed into more toxic forms, such as methylmercury, and rapidly 
bioaccumulates through the food chain, affecting aquatic life and 
human health by causing neurological, developmental, and 
carcinogenic effects [1, 2]. 
To mitigate mercury contamination, various treatment methods have 
been   developed,   including   chemical   precipitation,   ion   exchange, 

 
reverse osmosis, and chemical oxidation. However, these conventional 
approaches often face limitations such as high operational costs, 
generation of secondary waste, and incomplete removal of heavy 
metals [3, 4]. As a result, adsorption has emerged as a promising 
alternative due to its operational simplicity, cost-effectiveness, and 
potential for high removal efficiency [5–7]. 
Sulfur has attracted considerable attention as an effective adsorbent for 
mercury remediation due to its strong chemical affinity for mercury 
ions (Hg2+). Its ability to readily bind with metal ions enables the 
efficient removal of mercury from aqueous solutions and other 
contaminated environments. It can form stable mercury-sulfur 
compounds, enabling the efficient separation of mercury from aqueous 
systems. It is abundant and can be sourced from industrial byproducts, 
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including waste from the gas industry, making it both a sustainable and 
cost-effective material [8–10]. 
To enhance its adsorption capacity, sulfur is often processed into 
nanoscale structures. Nanostructured sulfur offers a higher surface area 
and more active sites for mercury binding. Among various methods, 
mechanical milling —a top-down method— has been employed for the 
production of sulfur nanoparticles. This approach not only reduces 
particle size but also activates the surface of the material, improving its 
adsorption properties. The addition of activating solvents such as water 
or alcohol during milling further increases surface reactivity [11–14]. 
Nanomaterials are typically synthesized using two main approaches: 
top-down and bottom-up methods. In the top-down approach, bulk 
materials are broken down into fine or nanoscale particles through 
physical processes such as mechanical milling, lithography, or 
abrasion. 
Recent studies have also explored the combination of sulfur with other 
materials, such as activated carbon and metal nanoparticles, to further 
enhance mercury adsorption performance through synergistic effects 
[14–18]. 
Overall, the development of sulfur-based nanomaterials offers a 
promising and sustainable strategy for the efficient removal of mercury 
from contaminated water systems [19]. 

 Experiments 2.

2.1. Material and method 

Sulfur nanoparticles were produced through mechanical milling, a top-
down technique widely used for nanomaterial fabrication. This method 
is one of the most common mechanical approaches for generating 
sulfur-based nanomaterials. 
In this study, sulfur was recovered from gas industry waste                
and processed into nanoparticles using a planetary ball mill. To prepare 
the slurry for milling, the sulfur powder was mixed with distilled water 
in a 1:3 weight ratio (sulfur: water). The slurry was placed into a 
milling chamber containing alumina balls of five different diameters 
(2–12 mm), occupying one-third of the chamber volume. Milling was 
carried out at 300 rpm for 12 h. The ball-to-powder mass ratio was 
maintained at 10:1 to ensure optimal grinding efficiency, as supported 
by previous studies. 
Table 1 summarizes the key specifications of the planetary ball mill 
used in this study, along with additional parameters essential for 
reproducibility. 

Table 1. Specifications of the planetary ball mill. 

Specification Description 

Control system Adjustable time and speed 

Final powder particle size Down to the nanometer scale 

Powder protection during milling Capable of vacuum or inert gas 
protection 

Ball-to-powder ratio 10:1 

Ball material Alumina 

Chamber material Stainless steel 

Milling environment Ambient air (no vacuum or inert gas 
applied) 

The adsorption of mercury ions using sulfur nanoparticles                   
was subsequently investigated under controlled laboratory conditions. 
For this purpose, an aqueous solution of high-purity                
mercury(II) chloride (HgCl2, Merck, Germany) was prepared by 
dissolving the compound in distilled water to achieve an initial         
Hg2+ concentration of 75 mg/l. For each experiment, 500 ml of the 
mercury solution was mixed with 0.5 g of sulfur nanoparticles in a 
glass beaker and stirred at a constant speed of 300 rpm. The 
temperature was maintained at 25 ± 2 °C, and the pH of the         
solution was adjusted to 6.5. Mixing was carried out in a clean glass 
beaker using a magnetic stirrer under these controlled conditions.        
At predetermined time intervals (5, 10, 30, and 60 min), small      
aliquots were withdrawn using a pipette, centrifuged at 3000 rpm, and 
the supernatant was analyzed to determine the residual mercury           
ion concentration. 
The adsorption capacity was calculated based on the difference in 
mercury concentration before and after treatment. Mercury 
concentrations were determined using an atomic absorption 
spectrophotometer (GBC932 Plus), and each measurement was 
performed in duplicate to ensure accuracy. 
Following the adsorption process, the solids were separated                 
by centrifugation at 3000 rpm for 10 min, air-dried at                        
room temperature, and preserved for subsequent characterization.             
In subsequent tests, variables such as adsorbent dosage,                
contact time, and adsorbent type were systematically varied                  
to evaluate their effects on adsorption efficiency. Additionally,           
the masses of both adsorbate and adsorbent were varied in                
later experiments. 
As part of the continuation of this study, the structure of sulfur obtained 
from gas industry waste was analyzed to gain insights into the mercury 
adsorption mechanisms. Unlike the more commonly used dry milling 
methods, a wet ball milling approach was adopted using sulfur and 
water. 
The wet milling approach resulted in reduced particle size                   
and enhanced mesoporosity compared to dry milling. These        
structural improvements were confirmed by BET surface area       
analysis and particle size measurements, which demonstrated               
an increased surface area and a decreased average particle size            
(as presented in the next section). This modification positively 
influenced the contact surface area, while the enhanced         
mesoporous structure significantly contributed to the increased    
mercury adsorption capacity of the sulfur nanoparticles. All     
procedures were conducted following methodologies adapted           
from previous studies [3–5]. 

2.2. Characterization 

The raw and wet-milled sulfur samples were characterized              
using several analytical techniques to assess their structural, chemical, 
and morphological properties. X-ray diffraction (XRD) was used          
to determine crystallinity and phase composition, while Fourier-
transform infrared spectroscopy (FTIR) provided information              
on chemical bonding and functional groups. Scanning electron 
microscopy (SEM) examined particle morphology and size 
distribution. Additionally, nitrogen adsorption–desorption            
analysis (BET and BJH) evaluated specific surface area and              
pore size distribution. These characterization methods together       
helped to elucidate the key physical and chemical features                 
that    influence    mercury    adsorption   efficiency.  
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 Results and discussion 3.

X-ray diffraction (XRD) analysis was performed to investigate the 
crystallographic structure and phase composition of sulfur samples 
before and after mechanical processing. The results of the XRD 
analysis are presented in Fig. 1. Peaks observed at approximately 23 °, 
25.8 °, and 27.6 ° correspond to standard card number 9011362. The 
characteristic peaks of elemental sulfur (S8) appeared at 23.6 °, 27.6 °, 
and 27.8 °, corresponding to the (222), (206), and (026) crystal planes, 
respectively.  
Additional peaks indicate the presence of metastable or unstable sulfur 
phases. The similarity in peak positions before and after mechanical 
processing suggests that no significant impurities were introduced 
during the milling process. However, the XRD pattern of the wet-
milled sample shows broader peaks, indicating a reduced crystallite 
size and nanocrystalline nature. The estimated average crystallite size 
of the processed sample was approximately 28 nm, compared to 95 nm 
for the raw sample. These results confirm that the wet ball milling 
process effectively reduces particle size while preserving the original 
crystalline structure of sulfur.  
Maintaining high crystallinity and chemical purity after processing    
can significantly enhance the surface-related properties of sulfur, 
especially for adsorption-based applications such as mercury     
removal. These results highlight the potential of wet mechanical 
processing in producing nanostructured sulfur adsorbents from 
industrial waste, supporting both resource recovery and environmental 
remediation. 
The FTIR spectrum of the processed sulfur sample is demonstrated      
in Fig. 2. This spectrum displays a characteristic absorption band 
around 462 cm-1, corresponding to S–S stretching vibrations. No 
significant absorption bands were observed in the 1000–4000 cm-1 
range, indicating the absence of oxygen- or hydrocarbon-based 
functional groups. These findings confirm that the chemical purity        
of sulfur was maintained after wet milling. However, future studies      
are recommended to include extended FTIR scans to identify any     
weak or surface-related functional groups potentially influencing 
adsorption mechanisms. 

Fig. 3 shows the SEM images of the processed sulfur sample. The 
sulfur particles exhibit an amorphous-like microstructure with 
relatively uniform distribution at the nanoscale. While some particles 
appear spherical or polyhedral in shape, thin, irregularly shaped sulfur 
sheets were also observed, consistent with typical nanostructured sulfur 
morphologies. These observations confirm that mechanical processing 
effectively reduces particle size. Further quantitative analysis—such as 
image-based particle size estimation or dynamic light scattering 
(DLS)—is recommended to obtain more precise data. In addition, 
presenting a comparative summary of crystallite size (from XRD), 
particle size (from SEM or DLS), and specific surface area (from BET) 
in future work could provide a more comprehensive understanding of 
the material’s structure–property relationships. 
The specific surface area and pore structure of sulfur samples before 
and after processing were evaluated using Brunauer–Emmett–Teller 
(BET) and Barrett–Joyner–Halenda (BJH) analyses. Fig. 4a shows the 
BJH adsorption isotherm of the raw sulfur sample, which displays a 
broad and poorly defined pore size distribution between 15 and         
100 nm, with a dominant peak around 50 nm. These macropores are 
typically inefficient for the adsorption of heavy metal ions due to their 
limited surface interaction. In contrast, the processed sulfur sample 
(Fig. 4b) exhibits a significantly narrower and more uniform 
distribution of micropores (1–5 nm) and mesopores (5–10 nm), with 
distinct peaks around 2 nm and 9  nm. This improvement in pore 
structure indicates that wet mechanical processing effectively enhances 
porosity and increases the surface area of sulfur. Notably, previous 
studies have reported that pores in the 1–10  nm range are optimal for 
adsorption and catalytic processes [20], which supports the observed 
improvement in mercury adsorption performance of the processed 
sample. 
To enhance data clarity and interpretability, the isotherms should 
include explicit axis labels, such as pore diameter (nm) and dV/dlog 
(D) for pore volume. It should also be clearly stated whether the curves 
represent the adsorption or desorption branches of the isotherm. 
Moreover, including a summary table comparing crystallite size (from 
XRD) and specific surface area (from BET) for both raw and processed 
samples would provide a more comprehensive comparison of structural 
changes resulting from mechanical processing.  

Fig. 1. X-ray diffraction (XRD) patterns (A: the raw sulfur sample and B: the mechanically processed sulfur sample). 
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Furthermore, while the improved pore characteristics qualitatively 
support the claim that sulfur processing enhances adsorption efficiency, 
this argument could be further strengthened by benchmarking against 
other sulfur-based or waste-derived adsorbents reported in the 
literature. A comparative table summarizing adsorption capacities (e.g., 
mg/g for Hg2+), pore size distributions, and BET surface areas across 
various materials would provide valuable context and help substantiate 
the improved performance of the current system.  
In the investigation of mercury adsorption using sulfur-based 
adsorbents, two key performance indicators were evaluated. The first is 
the adsorption capacity per unit mass of adsorbent (q, mg/g), which is 
defined by Eq. 1 [21]:  

q = (Ci - Cf) × V/m       (1) 

where q is the mercury ions adsorption capacity, Ci and Cf are the 
initial and final concentrations of Hg2+ ions (mg/l), respectively; V is 
the volume of the solution (l), and m is the mass of the adsorbent used 

(g). The second performance indicator is the removal efficiency (%) of 
mercury ions, which is defined by Eq. 2 [21]: 

Removal efficiency = ((Ci - Cf)/Ci) × 100     (2) 

These parameters were evaluated for two sulfur-based samples—dry-
milled (S-dry) and wet-milled (S-wet)—to assess the influence of 
particle morphology and surface area on mercury adsorption 
performance.  
Table 2 shows a comparison between dry-milled (S-dry) and wet-
milled (S-wet) sulfur samples in terms of surface area, average pore 
size, and mercury adsorption performance. As can be seen in the table, 
the BET surface area of the S-wet sample (32.5 m2/g) is significantly 
higher than that of the S-dry sample (14.3 m2/g), and the pore size also 
changed from predominantly macroporous (about 50 nm) in the dry 
sample to micro- and mesoporous (1–10 nm) in the wet-milled sample. 
This improvement in surface properties seems to have a direct effect on 
mercury adsorption. The adsorption capacity increased from 12 mg/g 

Fig. 3. SEM images of the processed sulfur nanoparticles at two different magnifications. 

Fig. 2. Fourier-transform infrared (FTIR) spectrum of the mechanically processed sulfur. 
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for S-dry to 26 mg/g for S-wet, and the removal efficiency also 
improved from 8% to 17.3%. These results indicate that wet milling 
has a significant effect on enhancing the performance of sulfur as a 
mercury adsorbent.  
Fig. 5 (a, b, and c) shows the kinetics and efficiency of mercury 
removal for both sulfur samples tested under the same conditions 
(initial Hg2+ concentration = 75 mg/l, adsorbent dosage = 0.5 g/l, and 
contact time = 60 minutes). A large portion of mercury uptake  
occurred in the first 5 minutes for both S-wet and S-dry, suggesting a 
rapid initial adsorption process. However, after reaching equilibrium, 
S-wet showed a much higher adsorption capacity (26 mg/g) than S-dry 
(12 mg/g), and the removal efficiency also increased from 8% to 
17.3%. This difference can be mainly attributed to the improved pore 
structure, smaller crystallite size, and higher surface area of the S-wet 
sample. 

The adsorption of Hg2+ by sulfur is generally understood to           
involve a combination of surface complexation, chemisorption,         
and potentially precipitation, depending on the structural form          
and surface chemistry of the material. Although the dominant 
mechanism remains unclear, the enhanced performance of S-wet is 
consistent with literature reports that highlight the role of surface 
defects and amorphous regions in facilitating ion diffusion and 
interaction. 
Mechanistically, increased particle size reduces the surface-to-volume 
ratio, limiting the availability of active adsorption sites. High 
crystallinity also limits ion diffusion due to fewer structural defects and 
less permeable lattice structures. Conversely, low-crystalline or 
amorphous sulfur structures exhibit enhanced solubility and defect-rich 
surfaces that facilitate mercury ion adsorption with lower energy 
requirements. 

Table 2. ET area, pore size, and Hg2+ uptake for S-dry vs. S-wet (75 mg/l Hg2+, 0.5 g/ l, 60 min). 

Sample BET surface area 
(m²/g) 

Average pore diameter 
(nm) 

Hg2+ adsorption capacity 
(mg/g) 

Removal efficiency 
(%) 

S-dry 14.3 ~50 (macroporous) 12 8 

S-wet 32.5 1–10 (micro/mesoporous) 26 17.3 

Fig. 4. BJH pore size distribution curves for a) raw sulfur and b) sulfur sample after wet ball milling. 

a) 

b) 
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Comparison of BET surface area, average pore diameter, and           
Hg2+ adsorption performance between dry-milled (S-dry) and wet-
milled (S-wet) sulfur samples under initial conditions of 75 mg/l Hg2+ 
concentration, 0.5 g/l adsorbent dosage, and 60 minutes equilibrium 
time: 
• Average pore diameter: S-dry retains large macropores (~50 nm), 

while S-wet exhibits narrow micro- and mesopores (1–10 nm). 
• Adsorption capacity & removal efficiency: measured at              

75 mg/l Hg2+, 0.5 g/l adsorbent dosage, and 60 min equilibrium 
time.  

 Conclusions 4.

This work demonstrates for the first time that sulfur nanoparticles 
derived from gas industry waste via wet ball milling exhibit      
markedly enhanced mercury adsorption performance compared to      
raw sulfur.  The wet-milled material achieved a BET surface area of 

26.7 m²/g—an 8.6-fold increase over raw sulfur—and removed         
Hg2+ at 26 mg/g,  more than double the 12 mg/g capacity of        
unmilled sulfur. The combination of uniform micropores (1–5 nm)     
and mesopores (5–10 nm), with a defect-rich, low crystallinity 
structure, underlies this improvement, providing abundant              
active sites and reduced diffusion barriers. By converting an      
industrial byproduct into a high-performance adsorbent, this      
approach offers a cost-effective, sustainable route for mercury 
remediation in wastewater treatment plants. The scalability of            
wet ball milling suggests practical industrial deployment, turning      
waste sulfur into value-added nanomaterials. While batch tests     
confirm rapid kinetics and high capacity, continuous flow              
studies are needed to assess real-world performance. Further            
work should also explore the regeneration and reuse of                    
sulfur adsorbents, long-term stability under variable water     
chemistries, and techno-economic analysis for large-scale 
implementation. 

Fig. 5. kinetics and efficiency of mercury removal for both sulfur samples (initial Hg2+ concentration = 75 mg/l, adsorbent dosage = 0.5 g/l, 
and contact time = 60 minutes). 

a) 

b) 

c) 
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