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 Abstract: Stabilizing elemental mercury using elemental sulfur has been a laboratory 
standard method but the studies in gas system are still growing. This study aims to explore 
the effect of different type immobilized sulfurs toward the mercury vapor uptake in a mini 
gas reactor. Hypothetically, different type of sulfur might give different particle 
aggregation. Sulfur powder, sulfur dissolved in carbon disulfide and colloidal sulfur from 
sodium thiosulfate-hydrochloric acid were immobilized on mini rice-husk-ash pellets that 
were previously coated with chitosan film except for pellets with sulfur-CS2 treatment. The 
average thickness of chitosan film was 58 µm covered the each pellet surface with 
dimension of 3 mm Ø x 4 mm. The trends of the mercury uptake and the rate of 
absorption were described as follow; Pellet-Scolloid > Pellet-SCS2 > Pellet-Spowder. The mean 
percentages of mercury uptake after 1 h running at 70 °C were 99.36; 89.09 and 75.00, 
respectively. The reverse trends were observed for the size of S-particle aggregation and 
the amount of S found on the pellet surface. 
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■ INTRODUCTION 

Mercury and its compounds are among the most 
toxic in heavy metal groups. Most of mercury releases to 
atmosphere in the form of elemental mercury vapor as a 
flue gas from amalgam and coal burning [1]. The mercury 
backs to the earth; it is oxidized to mercury ions, 
accumulated by biomass [2] and finally enters the food 
chain. 

Several recent studies on risk reduction of mercury 
pollution have been reported in literature. Mercury vapor 
was usually trapped by using active carbon, or other 
sorbent containing noble metals or copper salt [3-5]. 
Absorption without stabilization of mercury made the 
concern on the toxicity [6]. Thereby it is preferable to 
convert mercury vapor to HgS which is much less toxic 
than other mercury species [7]. Theoretically, reaction 

between sulfur powder and elemental mercury at 60 °C 
forms metacinnabar (HgS) and it becomes a standard 
procedure in laboratory and industrial mercury waste 
treatment [8-9]. In fact, without any additional 
treatment, the reaction was very slow [10]. Studies on 
how to accelerate the reaction and reaction in a gas 
system are still growing. 

Using sulfur powder for stabilizing mercury vapor 
in a continuous gas reactor is considered ineffective 
since sulfur particles will block the vapor stream. 
Therefore, impregnation of sulfur powder on a solid 
support such as carbon was the alternative solution [11], 
but small carbon particles could also inhibit the gas flow. 
The reaction rate between elemental mercury with 
elemental sulfur immobilized on granular carbon was 
only fast at elevated temperature (140–600 °C) [12-13]. 
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With this operational condition, sulfur (the melting point: 
115.2 °C) tends to leach out from the support and it can 
induce particle aggregation, reduce the surface area, 
subsequently lessen the mercury uptake and plausibly 
block the vapor stream [13]. This study aims to introduce 
mini compatible pellets as the alternative support and 
preparation of immobilized elemental sulfur that is 
reactive for elemental mercury vapor at lower temperature 
condition. 

Elemental sulfur as sulfur colloidal nanoparticles is 
usually prepared from sodium thiosulfate-HCl by using 
either surfactant as the stabilizer or by solvent exchange 
or by using thiol compounds as the precursor [14-16] or 
other methods [17]. However immobilization of elemental 
sulfur on chitosan film tailored onto rice-husk-ash pellet 
has not much been known, although chitosan has been 
known as a stabilizer and a template in the preparation 
immobilized colloidal metal nanoparticles on titania [18-
20]. Chitosan also has been proven to form a compatible 
film for wide applications [21-23]. This study aims to 
explore the effect of various immobilized sulfur on the 
mercury vapor uptake in a mini gas reactor. 

■ EXPERIMENTAL SECTION 

Materials 

Some research materials were including rice husk 
ash that pass through 200 mesh siever, elemental mercury 
(99%, Merck); Na2S2O3·5H2O (p.a. Merck), Na2S·9H2O 
(ACS, Fischer, 98%), KMnO4 (p.a. Merck), H2SO4 (p.a. 
Merck), Chitosan medium molecular weight (Fluka), CS2 
(ACS, Merck), mercury metal (> 99.6%, Merck), purified 
sulfur powder (Merck) were purchased without further 
purification. 

Instrumentation 

Several analytical instrumentations were used for 
collecting data. Hitachi SU-3500 SEM and Horiba EDX 
equipment were used for pellet surface analysis. The 
measurement was at Vacc 20 kV and spot intensity of 50. 
This instrument was equipped with a BSE (Back-Scatter-
Electron) with 500–2500 times magnification for point 
analysis of inorganic elements. Torontech TT-EDXPRT 
XRF was used to analyze the chemical content of the 

samples. Philip CM 12 Electron Microscope was used for 
TEM micrograph to measure particle size. Atomic 
Absorption Spectrophotometry of Shimadzu AA-6300 
equipped with mercury lamps was used to determine 
mercury retained on the pellets surface. 

Procedure 

Pellet preparation 
Pellet (P) was prepared from rice husk ash (RHA) 

(< 200 mesh) and polyvinyl acetate (PVA) as the 
adhesive material. The suitable composite composition 
with weight ratio of RHA:PVA:H2O was 7:2:1. The 
composite was mixed using a blender, then inserted into 
holes of pellet dies (3 mm diameter holes, 4 mm height). 
It was pressed with a hydraulic press machine at 0.5 
tones before heating at 50 °C and dried for 24 h. Dried 
pellets were immersed for 48 h in 200 mL distilled water 
to test the decomposition resistance in water. 

Sulfur immobilization onto the pellet surfaces 
Elemental sulfurs from three types of precursors 

were immobilized onto pellet surfaces. Pellets (150 g) 
that have relatively uniform shape were divided in two 
glass Beakers; 50 g and 100 g for preparation. 
Pellet’surface covered with S from CS2 solution (P-
SCS2). Dried pellets (50 g) were dipped 2 min in a 
saturated cold solution of sulfur-CS2 (100 mL) then, the 
pellets were filtered and air dried for 2 h. 
Pellet covered with S powder (P-Spowder). Another 
100 g of dried pellets were placed in a plastic siever and 
dipped into chitosan solution (0.6 g chitosan in 100 mL 
of 1.5% acetic acid) until all were wet, filtered and air 
dried for 3 h denoted as (Pchitosan). This chitosan coating 
technique was verified by the previous methods [19]. 
Half portion of Pchitosan(50 g) w placed in a plastic sifter, 
dipped into 50% methanol-water for 2 min, filtered and 
transferred into a boiling flask containing 100 g sulfur-
powder. The flask was rotated with a rotary evaporator 
until all pellets’ surfaces were covered by sulfur powder. 
The treated pellets were placed a plastic siever, dried in 
an oven at 70 °C and flashed out the excessive sulfur 
using a blower. 
Pellet covered with S from sulfur colloid (P-Scolloid). 
Fine particle sulfur might be obtained from the colloidal  
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Fig 1. Diagram of mercury vapor stabilization experiment 

 
sulfur analog to previous studies reported on nano 
material [21]. Sulfur was prepared from the colloidal 
solution of sodium thiosulfate-HCl and subsequently 
immobilized onto the surface of the pellet as follow: 
Another half portion of Pchitosan(50 g) was placed in a 
plastic sifter and dipped in water-methanol (50:50) before 
shook gently and sprayed with 2 M of Na2S2O4.5H2O 
solution until all part of pellets were wet. The pellets were 
separated and dried in an oven at 60 °C for 1 h. Each type 
of pellets (a, b and c) was placed on each plastic strainer 
then were carefully sprayed with 4 M HCl solution until 
all were wet and air dried for 10 min then dried again in 
the oven at 70 °C until constant weight. The pellets were 
sampled and soaked in 5 ml of distilled water and 
monitored the pH. If the pH < 5 then, the pellets were 
washed carefully with distilled water by decantation 
several times and dried again in an oven until constant 
weight. The formation of sulfur colloids from sodium 
thiosulfate was verified the reported method [24]. All 
types of pellets (a, b and c) were sprayed with 1% of Na2S 
solution and air dried for 10 min and kept in an oven at 
70 °C for 24 h. 

The amount of sulfur on the surface of pellets was 
characterized by using XRF [25] and by gravimetric 
methods. The pellets containing sulfur was extracted by 
using cold CS2 to dissolve the sulfur. CS2 is the solvent 
that dissolves the high amount of elemental sulfur [26]. 
The filtrate was evaporated off and the residue was 
weighted using an analytical balance. Prior to XRF 
analysis, sample was prepared by the instrument 
procedure including heating and vacuum drying. 

Experimental set up for stabilizing mercury vapor 
The experimental set up (Fig. 1) was modified from 

previous study [27]. The sulfur-immobilized pellets were 
dried at 105 °C until constant weight, then cooled down. 
Each type of pellets was filled up into a glass cylinder 
reactor and covered the area of 10 cm length and 1 cm 
diameter. The average amount of each type of pellets 
inside the reactor was 3.144 ± 0.4 g. Elemental mercury 
was heated in a closed Erlenmeyer and placed in a water 
bath equipped with a thermostat that maintained at  
70 °C as displayed in Fig. 1. Nitrogen gas was flushed 
through the mercury surface without bubbling with flow 
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Fig 2. The pellet surface; image of immobilized sulfur; (a) P-Spowder, (b) P-S-CS2, (c) P-Scolloid. Scale bar: 10 µm 

 
rate of 350 mL/min to obtain natural vapor of hot 
elemental mercury. The temperature of reactor was 
maintained at 70 °C in a tubular oven. The nitrogen flew 
in experimental line was stopped at time interval of 20, 40, 
60 min. At every interval time, the used pellets were 
replaced with fresh ones. The experiment was repeated for 
different type of sulfur-immobilized pellets. 

The mercury waste that was not absorbed by treated 
pellets was bubbled into KMnO4-H2SO4 solution (10 g 
KMnO4 was dissolved in 250 mL of 10% H2SO4 

solution).The mercury uptake on the pellet was analyzed 
using CV-AAS methods. About 2 g of mercury absorbed 
pellets from each experiment were added 10 mL of aqua 
regia and slowly heated in a water bath until the volume 
reduced to about 2 mL. 10 mL distillated water was added 
into the residue, filtered and transferred into a volumetric 
flask and diluted with distillated water until 25 mL. This 
solution and the trapped solution were also taken for CV-
AAS (Cold Vapor-Atomic Absorption Spectrophotometry) 
analysis for each experiment. 

Mercury absorbed pellets were also analyzed using 
TEM, EDX and XRF. For TEM analysis, mercury 
absorbed pellets were suspended in 1.5% aqueous acetic 
acid to swell the chitosan coating and subsequently 
released sulfur and HgS from the surface into the solution 
and become a suspension. Then a drop of the suspension 
was placed onto a carbon grid before taking the TEM 
image verified previous method [28-29]. For SEM-EDX 
and XRF analysis, the treated pellets were previously dried 
until constant weight.  

Mercury uptake was determined from the amount 
mercury found on the pellet surface. The mercury 

retention was calculated by a comparison between 
amount of mercury uptake and the total amount of 
mercury vapor. The total amount mercury vapor was the 
sum of mercury uptake and mercury trapped in KMnO4-
H2SO4 after the mercury stream pass through the pellet. 

■ RESULTS AND DISCUSSION 

Pellet Characterization 

The right proportion of RHA, PVA and water 
affected the pellet performance. Dried pellets were a 
cylinder like shape with dimension of 3 mm diameter 
and 4 mm length and stable in water for at least 48 h. 
With this stability characteristics made the sulfur 
immobilization process achievable and the chitosan film 
thickness on surface of pellets was of 26–89 micron. Fig. 
2(a-c) were part of confirmation for the feasibility of 
immobilization process. The sulfur particles were 
anchored on the surface of chitosan film analogizing the 
previously procedure on colloidal metal nanoparticle 
immobilization [20]. The mean of water content in each 
type of pellets was 16.17 ± 0.7%. 

The microscope images for each type of pellets 
were presented in Fig. 2(a-c). At similar magnification, 
the yellowish and dense sulfur aggregation on the 
surface of mini pellets can be observed at Fig. 2(a). The 
color and the aggregation become lighter as seen in Fig. 
2(b) and almost all white with smooth surface in Fig. 
2(c). The dense aggregation was composed by large 
particle clusters (Fig. 2(a)). Smaller S particles tended to 
penetrate the pellets pore and caused less particle 
aggregation in surface of pellets. It represented as 
yellowish and white S particles (Fig. 2(b-c)). Since S was 
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dissolved in CS2 which is very volatile then S particle 
quickly aggregated and assembled a yellowish sulfur layer 
(Fig. 2(b)). Apparently this phenomenon did occur for 
sulfur colloids from aqueous inorganic salt as represented 
light yellowish or nearly white color of sulfur particles. 
Thereby, it is rational to predict that the particle size of 
sulfur followed the trend of P-Spowder > P-SCS2 > P-Scolloid. 
Bulky and aggregated sulfur particles were observed on P-
Spowder. Smaller and sulfur particles were on P-SCS2 and the 
finest and dispersed white sulfur particles were observed 
on P-Scolloid (Fig. 2(c)). The size of individual sulfur colloid 
was predicted less than one micron verified the previous 
reported at different type of support [14]. 

Surface SEM images of pellet shown in Fig. 3(a-c) 
look consistent to light microscope image that the smaller 
particle fragments were observed on P-Scolloid (Fig. 3(c)). 
The fragment size might have correlation with the particle 
cluster size and the roughness surface. The XRF data of 
sulfur was in form of SO3 which equaled to S content of 
35.36, 12, and 1.172% following the trend of P-Spowder > P-
SCS2 > P-Scolloid. The weight percentages (wt.%) were 
relatively lower than theoretically predicted probably this 
is due to sulfur sublimation during analysis [25]. From the 
EDX spectrum randomly scanned on 25 points, the 
relative sulfur content was found the lowest in P-Scolloid 
which was only 2.55 wt.% compared to P-Spowder and P-SCS2 
that were 20.75 and 25.21 wt.%, respectively. This trend 
was also consistent with gravimetric data that the lowest 
was on P-Scolloid although slightly different in terms of wt.% 
sulfur content. The EDX data showed that the smallest  
 

variance of wt.% sulfur content on pellet surface was in 
P-Scolloid (s2 = 9.5). The larger data variances was found in 
P-Spowder (s2 = 1462.7) and smaller variance was in P-SCS2 
(s2 = 738.8). This might suggest that sulfur particles were  

 
Fig 3. SEM of immobilized sulfur pellet surface (left) and 
EDX (right) of each pellets containing sulfur prepared 
from different precursor. (a) P-Spowder, (b) P-SCS2, (c) P-
Scolloid. Scale bar: 100 µm 

Table 1. Mercury vapor retention on the pellets 

No 
Type of 
Pellets 

Contact 
times (min) 

Absorbed 
Hg (ppm) 

Trapped 
Hg (ppm) 

Total Hg 
(ppm) 

Hg uptake 
(%) 

S on 
pellets* (g) 

Hg uptake per 
g S (ppm/g S) 

Hg uptake per 
ppm. g-1 min-1 

1 P-Spowder 
20 0.325 0.239 0.564 57.667 0.135 2.410 0.120 
40 0.851 0.325 1.176 72.368 0.133 6.420 0.160 
60 1.063 0.351 1.414 75.173 0.132 8.054 0.134 

2 P-SCS2 
20 0.705 0.119 0.825 85.518 0.068 10.369 0.518 
40 1.114 0.181 1.295 85.995 0.066 16.840 0.421 
60 1.251 0.153 1.404 89.095 0.070 17.869 0.298 

3 P-Scolloid 
20 0.981 0.050 1.031 95.148 0.014 70.036 3.502 
40 1.115 0.030 1.145 97.381 0.019 58.700 1.468 
60 1.551 0.010 1.561 99.36 0.016 96.963 1.616 

*data based on gravimetric methods 
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more dispersed and in uniform size on the surface of P-
Scolloid than the others. 

Fig. 3 displayed different number of trace elements 
within P-Spowder, P-SCS2 and P-Scolloid. This has correlation 
with sulfur layer thickness on the surface of pellets. P-
Spowder that has more and dense sulfur particles (as shown 
in Fig. 2) shielded the electron beam for dipper scanning. 
Less number of trace elements was detected on P-SCS2, P-
Scolloid having less sulfur but more dispersed sulfur 
particles. This let the electron beam penetrate the surface 
dipper and consequently more trace elements inside the 
pellet material were detected. The trace elements should 
not affect on the mercury uptake since the reactive site for 
mercury capture was only at the sulfur particles on the 
pellet surface as we confirmed in preliminary experiment. 

Mercury Vapor Uptake 

Before experiment of mercury stabilization was 
run in the gas reactor line, we had confirmed the 
stabilizing reaction of elemental mercury either power 
or colloidal sulfurs with and without Na2S. The existence 
of reaction indicated by the formation of a black matter 
(metacinnabar, HgS) verified the previous reported [30]. 

Mercury vapor retained on each treated 
pellets/min was recorded from the experimental gas line 
and tabulated in Table 1. The mercury uptake increased 
with time but apparently it did not much affect by the 
amount of sulfur, instead it was significantly influenced 
by type of sulfur preparation and sulfur particle size. At 
similar weight of pellets, P-S-colloid had the lowest sulfur 
content but it gave the highest mercury retention.  
 

 
Fig 4. Preventative of TEM images and histogram particle size of (a) HgS on the surface of P-S-colloid, (b) P-S-powder. Scale 
bar: 100 nm 
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At 70 °C, P-S-colloid retained up to 99.36% of mercury 
vapor while others were only 75.17% (on P-Spowder) and 
89.09% (on P-SCS2) after 1 h of mercury vapor pass 
through these treated pellets. The highest mean rate of 
mercury vapor stabilization was recorded in P-Scolloid that 
was 2.195 ± 1.1 ppm Hg per gram S per minute. There was 
significant differences of mercury uptake rate (ppm–1,  
g–1S, s–1) in pairs of pallets either P-Spowder vs. P-SCS2 or P-
SCS2 vs. P-Scolloid or P-Spowder vs P-Scolloid with tstat of 4.04, 2.94 
and 3.10 at each (P = 0.05, df = 2) respectively. Higher 
mercury uptake had correlation with the particles size of 
sulfur as described above; the smaller and dispersed 
particles gave larger surface area. P-Scolloid having finest 
and dispersed particles presented the highest mercury 
uptake. The mercury uptake in this study at 70 °C was 
comparable to previous publication in which sulfur was 
immobilized on carbon with the operating temperature 
between 90–150 °C [13]. 

The evidence of stabilizing mercury vapor in an 
experimental gas line was deduced from TEM images of 
pellets and the mercury uptake. This technique verified 
the earlier report that HgS formation could be observed 
even under an optical microscope [31-32]. TEM images 
shown Fig. 4 displayed the particles of RHA and colloidal 
sulfur were both white and large while HgS particles were 
black (Fig. 4(a)) and smaller. On the P-Scolloid, HgS 
particles had mean diameter of 2.46 nm and very small 
size distribution. The larger HgS particles were observed 
on P-Spowder (Fig. 4(b)) where the size of particle cluster 
was 466.67 nm and very large size deviation (SD = 291 
nm). This TEM data were also consistent with light 
microscope images (Fig. 2(b-c)) and SEM-EDX data (Fig. 
3(a-c)) where P-Scolloid apparently had smaller particles 
compared to P-Spowder. TEM for P-SCS2 was not available 
since the sulfur particles were not easily extracted into 
water during TEM sample preparation. 

■ CONCLUSION 

Appropriate formula for RHA cylindrical pellets 
with dimension of 3 mm Ø x 4 mm induced the durability 
in water at least for 48 h without decomposition. This 
stability characteristic made the immobilization of sulfur 
on the surface pellets practicable. Using chitosan as an 

adhesive and a stabilizer for sulfur particle onto the 
pellet surface let to anchor sulfur particles onto surface 
of pellet. The thickness of chitosan coating on pellets was 
average of 58 micron. Colloidal sulfur immobilized onto 
RHA pellets prepared from thiosulfate precursor had 
smaller particles and higher mercury uptake than those 
prepared from sulfur powder. Sulfur colloidal 
nanoparticles on RHA pellets retained mercury vapor up 
to 99.36% with rate of mercury uptake of 2.195 ± 1.1 
ppm Hg per gram S per minute. 
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