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Abstract

Mercury has been identified as a potential health and environmental hazardous material. Activated carbon adsorption
offers promising potential for the control of mercury emissions, and sulfur impregnated (sulfurized) activated carbons
has been shown to be an effective sorbent for the removal of vapor phase Hgo from sources. In this work, vapor phase
mercury adsorption by sulfur impregnated activated carbons were investigated. Sulfur impregnated activated carbons
were made by variation of impregnation temperature, and the comparison of adsorption characteristics with commercial
virgin and sulfurized carbons were made. Factors affecting the adsorption capacity of virgin and sulfurized activated
carbons such as pore characteristics, functional groups and sulfur impregnation conditions were discussed. It was found
that the sulfur allotropes plays a critical role in adsorption of mercury vapor by sulfurized activated carbons. 
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Table 1. Vapor pressure of various materials at 25oC [1]

Material Vapor Pressure (mmHg)

Water 
Lead

Mercury 

23.756
2.47×10−23

2.74×10−6

Table 2. Mercury emission limits in the world 

State Emissin Limit

EUC
USA
Japan 
Korea 

100 µg/m3

50~130 µg/m3 (differ with each state) 
100 µg/m3

5 mg/m3 (ó5,000 µg/m3)

Table 3. Saturated concentration of mercury in air with tempera-
ture

Temperature (oC) Concentration in Air 
(Saturated, mg/m3)

10
20
30
40
50

5.56
13.18
29.47
62.40

126.100
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^ö >f~ &V7 VÂ� *& B�>æ p� ®º ©�
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&V7 >ff �² Öz>f(Hg+2)" ö²>f(Hgo)b� �

Ò�
. Öz>ff bö £² Ï�>æ� V&Ê ¾ÒÏ Ê

��ªöB B�& &Ë~
. �NöB ÃVçb� �Ò~º

ö²>ff Ê��ª¾ ÷êË~¢ �&� �^¾*
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[2-4, 6-8]. �Wê�ö �Wê" æR¢�Þ¢

Ö�� æJ�� 6º b� ZV"j �Ï� O»� ��>�

®æò[9] *Òræº �Wê� &Ë FK� O»b� �;>
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�Wêf ¢>�Wê" ÎO�Wêj �ê~� jv~&
.

¢>�Wêf Calgon BPL(USA), Kuraray GW(Japan), DY

(Korea), SH(4×10, Korea)¢ ÒÏ~&b� ÎO�Wêb�º

Sutcliffe CB-II(UK), Calgon HGR(USA), �Ò� � ��öB

Kuraray GWf BPL, �Ò� SH(4×10)ö �j ÎO�B B�

� Kuraray(S400), BPL(S600), SH(4×10, S400)¢ ÒÏ~&
.

� ÎOO»ö &�Bº 
rö J«�
. 

¢>�Wê" ÎO�Wê~ ßWj Table 4ö ¾æÚî
.

¢¶ê� Kuraray GW¢ B�~� &¦ª Ïê&êº 0.4&

>� «¶�Vº 4×10 �ç�
. Kuraray GWº ¢¶ê�V

r^ö «¶�V& ç&'b� ·
. ¢>�Wêf Îv ��

'� 1,000 m2/g 6º � �ç�� ÎO�Wê� CB-IIf HGR
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Fig. 1. Process scheme for flue gas cleaning. 



Vapor Phase Mercury Removal by Sulfur Impregnated Activated Carbons and Sulfur Impregnation Protocol 39

~� Vz�Î ê �Wêö �O�Êº O»j ÒÏ~&
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Oö ÒÏ� 
þË~¢ Fig. 2ö ¾æÚî
. 1�~ �"ö

5 mm~ FÒ�Òj jÖ� �" ~�ö ö² F� 5 gj I
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�*ÿn &�~� F�j ÎO�V
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(50 cc/min). ÎOê Oï~� ÎO

�Wê~ F�Wªj ö²ªCV(Elementar, vario EL)� ªC

~&b� �~ ÎOßWj TGA(SETARAM TGDTA 92)� î

²ª*VöB çNöB 600oCræ 5oC/min� ßN~�B ª

C~&
. 

���� >f �O
þ

>f �O
þË~¢ Fig. 3ö ¾æÚî
. >f permeation

cellö ¢;ï~ >fj I� ²ï~ î²(10~25 cc/min)� Ã

B�Ê� �¢ �
 ôf ·~ î²(~500 cc/min)� �C~�

¢;ï~ >f³ê¢ <ê� B�~&
. �Oö ÒÏB �"

f ID 6 mm~ FÒ �"�� 7*ö quartz filter¢ I� 


� quartz wool� ¢; ¸�¢ �¾ ê �Vö �Wê(18×30)

50 ± 5 mgj j�
. �"j ¢;Nê� Fæ>º �VJ6ö

I� >f &Ê¢ ~^
. 

>fj �F� &Ê~ Fïf 500 cc/min& >² �ºîb

� �Wê~ bed heightº Ïê&êö V¢ £*~ N�& ®

Z ~æò &¦ª 0.5 cm�îb� &Ê~ ¯�V vª³ê

(superficial velocity)º 30 cm/sec, 7/�*f 0.015 ± 0.002

sec �î
. >f~ ³êº 1.6~2µg/L�îb� �©� � 


þöB ÒÏ� > ®º �&~ ³ê&� � �ç~ ³êöB

º >f� �Ç&~ ãö w»� �·>Ú ï; ³ê& æ~

º *ç� B�~� 
þ� 
¦~&
. >f B�V Nêº

30oC¢ Fæ~&b� �Of 100oCöB >¯~&
. >f ª

Cf cold vapor mercury analyser(Buck 40)¢ �Ï~&
. 

>f~ ³ê& "�'b� ÔV r^ö *Ò~ 
þ��ö

B �Wê~ ï; �Oïj &G~V *�Bº £ 1Bú �ç

~ 
þ�*� ²º>æ� � ��öBº ï;¶òº áæ á

~&� 50�*j �&� ~� �OWËj jv~&
. 

3. Ö" 5 �V 

���� ¢>�Wê~ >f �O

¢>�Wê~ >f �OßWj Fig. 4ö ¾æÚî
. Calgon

BPLf VçÏ �Wêb� ¾ rJê �Wê�� Fig. 4öB

�º:f ?� >f �OWËf Ö>~æ pf ©j r > ®


. BPLf 1�* ÿnö £ 300µg/g~ �OWËj �&b�

z �ç~ �Oj ��æ pj 7�~&
. DYº BPL�
 W

Ë� Ö>~� £ 7�*ræ �O� ê¯>îb� £ 800µg/

g~ >fj �O~&
. BPLö �j ÎO�B (
r.öB �

Table 4. Characteristics of activated carbons used in this study

Activated Carbons Mercury Adsorption Capacity 
(%w/w)a, S (%)b Carbon Source Packing Density 

(g/L)
Surface Area 

(m2/g) Size (mesh)

Calgon BPL
Kuraray GW

DY
SH(4×10)

−
−
−
−

Bituminous Coal
Coconut

Bituminous Coal
Bituminous Coal

0.42
0.38
0.45
0.45

0960
1150
1100
1000

04×12
16×30
04×12
04×10

CB-II
HGR

18~20, 15
16~18, 10

Bituminous Coal
Bituminous Coal

0.45
0.45

0537
0620

04×10
04×80

a,b: given data from company 

Fig. 2. Sulfur impregnation apparatus.
Fig. 3. Vapor phase mercury adsorption system.
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�Ææò 
� �Wêf 400oCöB �j ÎO�V� BPLf

400oC ÎO� Î"& �æ pj 600oCöB 2�* ÎO�Î ©

j ÒÏ~&r) B�� ÎO�Wêê WË� £* Ã&~Z

~æò �² Ã&� ©f jî
. BPL(S600)~ Ö"¢ Fig. 4

ö ¢>�Wê" ?� ¾æÞ ©f �~ WË� ÎO�Wê�


 ¢>�Wê" FÒ~V r^ö jv¢ £² ~V *�B�


. �ö j�B �Ö�Wê� SH(4×10)f BPL�¾ DY�


Ö>� WËj �� ÎO öòbî� F;F > ®rj r >

®
. 6� Kuraray GWº ÎO�Wê� jþöê ®�~�

Fig. 5ö �� :f ?� 
� ÎO�Wê" FÒ� WËj �

� £ 30�* ÿn~ �O
þöB 7,500µg/g~ �OWËj

�&b� ��� �F� Fig. 5ö ÎO�Wê" ?� jv~

&
. 

¢>�Wê~ ãÖö Kuraray GW, SH(4×10)" BPL, DY&

>f �OËK~ N�¢ �² ��º ©f ���Ú *ç�
.

Kuraray GWf BPL~ ãÖöº 
þ�* ÚöBò £ 25V

~ WË~ N�¢ ��º ©j r > ®îº� 
B� Kuraray

GWº �Oj ê³ æ³� > ®j ;ê� �OËK~ �F

¢ <� ®îrb� � N�º z× 
î ©b� �j¢ � ©

�
. 

��� N�¢ �«~V *~� �Wê~ bÒ' ßW~ &

�' Wî� V��V ª�¢ ªC~� Fig. 6ö, �Ò� z�

' ßW~ &�' Wî� VËW ��~ N�¢ �V *~�

FTIR� ªC~� Fig. 7ö '' ¾æÚî
. 

Fig. 6öB �º :f ?� DYf Kuraray GWº V��V

& � N�& ìb� BPL� £* �² ¾æ¾� ®�

SH(4×10)f 100 Å �ç~ V�ê ô� <� ®º ©j r >

®
. V¢B V��Vf >f �OËKf ç&W� ìº ©

b� ¾æ¾� ®
. SH(4×10)� BPL�¾ DY�
 ôf·~

>fj �O~º ©f V��V& 
B ª¶�V& ç&'b

� � >fj �O~V& Ï�~
º ©f J«� > ®b¾

Kuraray GW& V��V& ·f�ê ®�~� SH(4×10)�


Ö>�(3�* jv 1800 : 1300µg/g) WËj ��º ©f V

��V�º J«� nB
. ÎO�Wê� CB-IIº �^V�ã

� 'f ©j r > ®b� �º :� �^V�ö �� ÎO

>Ú ®
º ©j ~��
. 

Kuraray GWº Fig. 7öB �º :f ?� 
� ¢>�Wê

"º �Ò oxygen functional groupj ô� <� ®º ©j r

> ®
. Fig. 7öB Ö²VËVö ~� vibration bend& ¾æ

¾º '�f 1600 cm−1 '��� Kuraray GW& DY¾ BPL

Fig. 4. Mercury adsorption characteristics of virgin activated
carbons.

Fig. 5. Mercury adsorption characteristics of sulfur impregnated
activated carbons. 

Fig. 6. Pore size distribution of the activated carbons (+ ; CB-II,
ç : Kuraray, 5 ; SH(4×10), , ; DY, × ; BPL).
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�
 £ 10~25% ;ê � peakj <º ©j r > ®
. ��

� Ö²VËVº >f �Oö � 'Ëj �~� ®rf ��

Otani[2] �� C² : ®
. 

V¢B ¢>�Wêj >f~ �Oö wÏ~V *�Bº

SH(4×10)?� V��V& ��¾ Kuraray GWf ?� Ö²V

ËV¢ <� ®º ©j F;~�¢ ~º ©j {�� > ®

î
. 

���� ÎO�Wê~ >f �O

3.2.1. F� ÎO 

¢>�WêöB Ö>� WËj �� SH(4×10)" Kuraray

GW¢ &çb� F�j ÎO�V
. çÏ�Wêj V&b�

" r ÎO�B¢� �f £ 10~15% ;ê�� Fig. 8öB �

º :f ?� 150oCf 250oCöBº 1�*j ÎO �Vröê

�j 3% �ç ÎO�ÊV ÚJ��(
B� 3% � ÎO� ©

f �OWËê ¢>�Wê" FÒ~&r) F�~ j6 "¾�

400oC& >Ú¢ j�² 1�* ÿnö £ 15%~ F�� ÎO

>º ©j r > ®
. V¢B Î� ÎOf 400oCöB 1�*

ÿn >¯>î
. 

3.2.2. >f �O 

F�j ÎO� ÎO�Wê~ >f �OWËj Fig. 9ö ¾

æÚî
. SH(4×10, S400)~ ãÖ Kuraray GW(S400)�
 �

. Ö>� WËj ��Z ~æò �~ FÒ~
� �Ú¢ ~

� �öB jv� çÏ ÎO�Wê CB-II�
º ô� Ö>~

� HGR" FÒ� WËj <º
º ©j r > ®
. 

F� ÎO�Wê~ >f �OWËf ÎOB F�~ ·b�

Ö;>º ©� jî
. �f monatomic sulfur(S)öB¦V

polyatomic sulfur(&Ë ¢>'� ©� S8) ræ £ 8&æ~ ÿ

²Ú(allotropes)¢ <º
. Table 5ö Nêö V¢ ÃV{b�

êÖB Vç7~ � allotropes~ ªNj ¾æÚî
[3]. Table

5öB �º :f ?� Ôf NêöBº S6~S8ræ~ ÿ²Ú&

" �W�� Nê& 400oC �ç� >Ú¢ S5 �~& �Ò~º

Fig. 7. FTIR spectrum of virgin activated carbons. 

Fig. 8. Sulfur impregnation with temperature and time. 

Table 5. Fraction of sulfur allotropes at different temperature [3]

Temperature
(oC)

S8 

(%)
S7 

(%)
S6 

(%)
S5 

(%)
S2 

(%)

Vapor 
Pressure

(atm)

180
250
400
600

65
49
22

15
27
36

15
21
28
59

5 2
16.4

0.0027
0.0170
0.4960

> 3.8170

Fig. 9. Vapor phase mercury adsorption characteristics of
Kuraray(S400) and SH4×10(S400). 
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©j r > ®
. S6 �çf ring ;��� � V�ö "� Î

O>� ª¶�j ;W~� n;z>J� ~º ãË� ;~æ

� >f~ �Oö V�~º ;ê& ·
. >f �Oj *�B

º S5 �~~ �� ôj¢ ~º ©�
. 

Fig. 10" Fig. 11ö F� ÎO�Wê~ TGA thermogramj

jv~&
. Thermogramj �� �² 3�ê� Z²æz& ¢

Ú¾º ©j r > ®º� Ñ ®�º >ª~ ÃB�� ÎOB

F�f �² v&æ� ¾~Ú æº ©j r > ®
. 250oC ;

êöB ·f ·�, �Ò� 400oC �çöB ôf ·~ �� B

�>º� 400oC �çöB~ ÃBf �~ j6" ?f Nê º

*�æ� ¢>'� �, ¯ n;'� ÿ²Ú� S8~& B�>

º ©�� 250oC ;êöB~ ²ï~ �~ ÃB(3~5%)f >f

~ B�ö ��j ~º S5 �~~ ��¢� 6�B
.

Fig. 10" Fig. 11j jv� �� CB-IIº 250oCöB B�>

º �� £ 3%, HGR� £ 2.7%, SH(4×10, S400)f £ 3.7%,

�Ò� Kuraray(S400)� 4.2%¢ <� ®º ©j r > ®
.

250oCöB B�>º �~ �ïb�ò �� Kuraray(S400)�

&Ë Ö>~� HGR� &Ë ÔÆb¾ 
B� �-æ pf ©

f, >f �OWËf �~ z��O �ö V�ö ~� bÒ'

�O� 6� V�¢ ~æ� ª¶�V& �� n;� S6 �ç

~ �f ôj>� J®J >&~ 'Ëj ��
. ¯ Fig. 10ö

B �~ �ªN" Ê~ �ªN~ j¢ jv��� SH(4×10,

S400)� 0.82� &Ë ¸� HGR" Kuraray(S400)� 0.28� F

Ò~� CB-II& &Ë Ôf 0.24¢ <º ©j r > ®
. ��

� N�& :� >f �OË~ N�, ¯ SH(4×10, S400)

HGR > Kuraray > CB-II~ BB� 6�B
. � ��öB B�

� SH(4×10, S400)� *Ú ��ïf 8.2%� 
� �Wê
~

��ï(12.3~19.1%)ö j� Ôb�Bê >f �OWË� &Ë

Ö>~æ� 
Ö Î"'b� ÎO�Wêj B�� ©j r >

®
. 

 

4. Ö � 

ÃVç >f B�¢ *� F� ÎO�Wê²~ B�f B�

B ÎO�Wê²~ >f �OWËj �V~&
. >f~ B�

ËKj Ã&�Êº O»b� >wW F�j ÎO~º ��j

�«~&� �~ 'Ëj �V~&
.

¢>�Wêb� >fj B�~V *�Bº V�� ��¾

VËW ��ö Ö²VËV& ®º �Wêj F�~�¢ ~º

©j r > ®îb� ÎO�Wê²~ öòbî� ÒÏ>V *

� ¢>�Wê~ ��f V�� � ©� ±f ©j r > ®

î
. 

>wW F�~ ÎOï� Ã&�>� >f~ �OB� WË

� Ã&~º ©j r > ®îb� >&� n;� F� ÿ²Ú

& æV'� ãÖ(S6 �ç)öº �
� V�j ïj J®J �

OWË� Ôjæº ©j r > ®î
. V¢B F� ÎO�ö

>wW F�òj F�'b� ÎO�Êº O»j BB� jº

& ®
. 

 

6 Ò

� ��º ÖëV>VFBBÒëb� >¯>îb� ��j

¢ æö�& ÖëVFï&öö 6Ò�ãî
. 
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