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High ef fi ciency ac ti vated car bons have been pre pared for re mov ing mer -
cury from gas streams. Start ing ma te ri als used were pe tro leum coke, lig -
nite, char coal and ol ive seed waste, and were chem i cally ac ti vated with
KOH. Pro duced adsorbents were pri mar ily char ac ter ized for their po ros ity
by N2 ad sorp tion at 77 K. Their mer cury re ten tion ca pac ity was char ac ter -
ized based on the break through curves. Com pared with typ i cal com mer cial
car bons, they have ex hib ited con sid er ably en hanced mer cury ad sorp tion
ca pac ity. An at tempt has been made to cor re late mer cury en trap ment and
pore struc ture. It has been shown that phys i cal sur face area is in creased
dur ing ac ti va tion in con trast to the mer cury ad sorp tion ca pac ity that ini -
tially in creases and tends to de crease at lat ter stages. Desorption of ac tive
sites may be re spon si ble for this be hav iour.

Key words: activated carbons, KOH activation, surface area, pore
volumes, mercury adsorption

Introduction

Coal is an abun dant fos sil fuel that can be used for en ergy pro duc tion as sub sti -
tute of pe tro leum prod ucts. Di rect com bus tion is the con ven tional route but gasi fi ca tion
and even liq ue fac tion are im por tant pos si bil i ties to con sider. Coal com po si tion is com -
plex and in cludes be tween other el e ments mer cury, a sub stance with known ad verse ef -
fects in the en vi ron ment. A po ten tial source of mer cury emis sions to the at mo sphere is
coal fired power plants.  Eu ro pean Un ion and United States im pose reg u la tions for plant
emis sions that re quire the adop tion of mer cury abate ment tech nol o gies. The most widely
used and well proven is the one based on ac ti vated car bon. Flue gases are con tacted with
car bon ma te ri als, which ad sorb mer cury. Con tact can be ac com plished in car bon col -
umns but more fre quently ac ti vated car bon can be di rectly in jected in the flue gas line and 
re cov ered in a par ti cle-col lect ing de vice, usu ally an elec tro static precipitator, for dis -
posal. Ac cord ing to lit er a ture, mer cury is re tained ei ther by phys i cal and chem i cal ad -
sorp tion mech a nisms. Stud ies have shown that equi lib rium ad sorp tive ca pac ity of ac ti -
vated car bons is high in sam ples with large per cent of micropores and BET sur face area
[1-3]. Micropores en hance phys i cal ad sorp tion due to the in creased po ten tial of small
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sized pores and sur face area en hances the avail abil ity of ac tive sites for chemisorption. In 
this pa per at tempts are made to pre pare ac ti vated car bons with un usu ally high ad sorp tion
po ten tial (some times called “superactive” car bons, with BET sur face ar eas up to
2500-3000 m2/g). The mer cury ad sorp tion ca pac ity of the prod ucts is cal cu lated and cor -
re lated with pore struc ture. In or der to min i mize pro duc tion costs, low cost raw ma te ri als
have been used for the prep a ra tion of the car bons, not ex ten sively in ves ti gated for mer -
cury en trap ment.

Experimental

Mer cury ad sorp tion ex per i ments were per formed in ac tive car bons pre pared
from dif fer ent start ing ma te ri als se lected for their wide avail abil ity and low cost of ac qui -
si tion in the lo cal mar ket. Lig nite, char coal, pet coke, and ol ive seed waste was ac ti vated
with KOH in N2 flow (chem i cal ac ti va tion). Sam ples were crashed and sieved and the
par ti cle size frac tion less than 180 mm was used in the ex per i ments. A tu bu lar fixed bed
re ac tor was used, loaded with one gram of sam ple main tain ing a car bon to KOH ra tio of
1:4. De tails on ex per i men tal set-up and pro ce dure can be found else where [4]. The ef fect
of ac ti va tion time was in ves ti gated by vary ing re ac tion times at a con stant tem per a ture,
800 °C. Prod ucts were char ac ter ized for their pore struc ture based on the N2 ad sorp tion at 
77 K iso therms and ap pli ca tion of BET equa tion for the pore sur face area. BET the ory [5] 
is based on a multiplayer ad sorp tion for mal ism lead ing to the equa tion:
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A plot of p/Vads(p0 - p) against p/p0 gives a straight line (BET plot). Monolayer
vol ume is Vm =  1/(a + b), where a and b are the slop and the in ter cept of the line, re spec -
tively.

The spe cific sur face area S can be ob tained from:

S
V S

w
= m 0 (3)

where S0 is the nitrogen cross-sectional area (16.3 Å2/molecule).
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The Dubinin-Radushkevich equa tion [5]:
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was applied for the micropore volume calculation. A plot of logW vs. log(p/p0)2 should
give a straight line with an intercept of log(V0r) from which V0, the micropore volume
can be calculated. r is the liquid nitrogen density (= 0.808 g/cm3).

Mer cury ad sorp tion tests were con ducted in a col umn con tain ing 20 mg of car -
bon sam ple fed with a N2 gas stream of 0.35 ng/cm3 mer cury con cen tra tions at 50 °C. A
mer cury per me ation de vice was used as a source of el e men tal mer cury Hg° (VICI
Metronics Inc, Santa Clara, CA, USA). The de vice, de signed to pro duce con stant re lease
of mer cury vapour per unit time at spec i fied tem per a tures, is se cured in a tem per a -
ture-con trolled stain less steel U-tube holder, and ni tro gen at pre-ad justed con stant flow
passes through it (200 cm3/min.). A Mer cury In stru ments An a lyzer GmbH (model: Va -
por Mon i tor 3000-LabAnalyzer 254) was used for the con tin u ous mea sure ment of the
out let el e men tal mer cury con cen tra tion. Break through curves show ing the re ten tion of
mer cury as a func tion of time were con structed based on the in let-out let mer cury con cen -
tra tion dif fer ences. The re tained mass of mer cury at any time t was cal cu lated from the
ex pres sion:
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in which Q is the volumetric flow rate, W – the mass of adsorbent, C0 – the mercury
vapour concentration at the inlet, and C – the mercury concentration at the outlet. The
time t required for the integration was arbitrary chosen to be 6 hours for comparison and
there fore equi lib rium up takes of mer cury were not nec es sar ily achieved.

Results and discussion

N2 ad sorp tion iso therms are a sim ple though po ten tial tool for pore struc ture
char ac ter iza tion of sol ids. A steep in crease of ad sorbed vol umes at low pres sures is due to 
the en hanced po ten tial of micropores (type I iso therms ac cord ing to IUPAC clas si fi ca -
tion [6]) and a monotonic or sud den in crease at high pres sures is shown if mesopores are
pres ent in the sam ple (type IV iso therms). Ma te ri als con tain ing both types of pore di men -
sions ex hibit mixed type iso therms (type H3).

As can be seen in fig. 1, iso therms of ac ti vated car bons pre pared by KOH ac ti va -
tion are of mixed type H3 pre sent ing a sud den in crease in ad sorbed vol umes at low rel a -
tive pres sures that con tin ues up to pres sures near unity. There fore the pres ence of the en -
tire spec trum of pore sizes, both mi cro- and meso-, can be con cluded from the N2

ad sorp tion iso therms.
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Ad sorbed amounts gen er ally in crease
with ac ti va tion time t, and seem to dif fer for
the ma te ri als tested. BET sur face ar eas,
SBET, are pro por tional to the ad sorbed vol -
umes and they vary ac cord ingly al though
ar eas vari a tion is better cor re lated with con -
ver sion de gree X, of the car bon prod uct: 

X =
-initial weight final weight

initial weight

Ta ble 1 shows an in crease in ar eas with
con ver sion that ap par ently de pends on the
car bon par ent ma te rial.

Sur face ar eas of sam ples are shown to
be con sid er ably higher than those of some
com mon, com mer cially avail able sorbents.

For in stance, they have been pro duced car bons ac quir ing BET sur face ar eas two- or even
three fold higher than F-400 (Calgon Co), tab. 1.

For the last a pore sur face area of 881 m2/g was cal cu lated mean while char coal
based car bon 14 pos ses a BET sur face area of 1837 m2/g and ol ive ker nel based car bon 31 
pres ents a BET sur face area of 2580 m2/g. Dif fer ences are even grater if Rheinbraun
RWE car bon is used as a ba sis for com par i son.
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Fig ure 1. N2 ad sorp tion iso therms of
car bons

Table 1. Textural properties of activated carbons

Sam ple
num ber

Start ing
ma te rial

Time
[h]

X
[wt. %]

SBET

[m2/g]
Vm

[cm3/g]
Vm

[cm3/g]
WHg

[ng/mg]

2 Charcoal 1 45 1843 0.588 0.402 883

14 Charcoal 2 48 1837 0.585 0.400 559

6 Pet coke 1.5 46 1337 0.476 0.138 909

26 Pet coke 3.5 59 1984 0.634 0.494 647

16 Lignite 1 50 920 0.376 0.236 591

18 Lignite 2 80 1300 0.526 0.190 946

30 Olive kernels 1 40 1340 0.523 0.143 795

31 Olive kernels 3 51 2580 0.845 0.193 833

F-400 – – – 881 – – 505

RWE – – – 343 – – 363



Those highly ac tive prod ucts were con sid ered as can di date ma te ri als for en -
hanced mer cury ad sorp tion ca pac ity. In fig. 2 the sam ples break through curves are shown 
reporting the car bon bed out let-in let con cen tra tion ra tio as a func tion of con tact time.

At early stages when car bon is
fresh and clean, ra tio is quickly de -
creased due to the strong ad sorp tion
po ten tial. At some lat ter stages when
car bon is partly sat u rated the trend is
re versed and the Cout/in be gins to in -
crease tend ing for high con tact times to 
unity when car bon ac tive sur face area
is com pletely ex hausted. The ex ten -
sion of ev ery step is re lated to the col -
umn de sign pa ram e ters but also to the
physicochemical char ac ter is tics of the
sam ples [7]. The more ac tive the sam -
ple, the more pro nounced the time for
the re ver sion to take place and the time
re quired for con cen tra tion ra tio to reach unity. Sam ples break through curves show that
the more ac tive sam ples are 6 and 18. Break through curves are used to cal cu late the re ten -
tion ca pac i ties of the sam ples. Pre pared car bons have mer cury re ten tion ca pac i ties WHg,
higher com pared with the F-400 and RWE prod ucts (tab. 1). Lig nite based sam ple 18
pres ents the high est ad sorb ing ca pac ity, 946 ng/mg, the low est been 559 ng/mg for the
char coal sam ple 14, com pared to the F-400 car bon hav ing a ca pac ity of 505 ng/mg and
RWE with only 363 ng/mg. The mer cury re tain ing ca pac ity was cor re lated with the sam -
ples BET sur face ar eas (fig. 3) in or der to re veal if po ros ity cor re lates with mer cury re ten -
tion.  It can be seen that mer cury ad sorp tion ca pac ity is in creased pro por tion ally to the ar -
eas up to some value but af ter wards re mains con stant with a tend to decre- ase. Sam ples
with high sur face ar eas do not ad sorb
pro por tion ally high amounts of mer -
cury. BET sur face area is a mea sure of
to tal geo met ric (phys i cal) area of a
solid where ac tive sites for chemi-
sorp tion re side. Car bons with high sur -
face ar eas are pro duced at high ac ti va -
tion times (tab. 1) and have high con -
ver sions. An in crease in BET sur face
ar eas not ac com pa nied by a pro por -
tional in crease in mer cury ad sorp tion
ca pac ity may in di cate that ac tive sites
are cre ated early and fur ther ac ti va tion
af fects only the phys i cal struc ture but
not the chem i cal. Ex per i men tal points
of fig. 3 an tic i pate a de crease in mer -
cury ad sorp tion ca pac ity of sam ples
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Figure 2. Mercury breakthrough curves

Fig ure 3. Vari a tion of mer cury ad sorp tion ca -
pac ity with sur face area



with high sur face ar eas. One can spec u late on the ex is tence of a ac tive site loss mech a -
nism that most prob a bly is due to ther mal desorption of ox y gen functionalities that con -
sti tute large part of ac tive sites for chemisorption in car bon ma te ri als. Pre vi ous stud ies in -
di cated pos si bly lacton and car bonyl sur face groups to be the ac tive cen tres [8].

Re tained amounts of mer cury are in creas ing in sam ples with in creased
micropore and mesopore vol umes reach ing a pla teau with a de creas ing trend at late
stages of ac ti va tion (tab. 1) in a sim i lar way with sur face area. So far, sam ples with low
con ver sion ad sorb large quan ti ties of mer cury ei ther in mi cro- and mesopores.  These re -
sults do not con firm the re sults re ported in lit er a ture that mer cury ad sorp tion takes place
pref er a bly in micropores. On the con trary they show ad sorp tion ac tiv ity in all pore sizes.
It is gen er ally ac cepted that micropores are ma jor ac tive sites for most ad sor bates while
mesopores act as ad sorp tion sites es pe cially for larger mol e cules and also as trans por ta -
tion paths for small mol e cules. One can not ex clude a pri ori the ex is tence of ac tive cen -
tres for mer cury ad sorp tion in mesopores while physisorption in micropores is greatly en -
hanced by the low pore sizes to gether with chemisorption. There fore ex cept po ros ity,
ac tive car bon sur face chem is try is also im por tant in de ter min ing the mer cury ad sorp tion
ca pac ity in ac cor dance with the re sults of other works [9, 10].

In or der to elu ci date the ad sorp tion to pol ogy i. e. con firm the sorp tion of mer -
cury in the to tal sur face area, the mer cury ad sorp tion iso therms need to be con structed,
(work in prog ress). The shape of the curves will give in for ma tion on whether mer cury ad -
sorbs in mi cro- and/or mesopores and will serve as a guide for the se lec tion of ac tive car -
bons with the ap pro pri ate pore struc ture. Any how, po ros ity re sults con firm the pre vi ous
con clu sions that “young” car bons with rel a tively low de gree of con ver sion are more ac -
tive in mer cury ad sorp tion and that the high N2 ad sorp tion ca pac ity does not nec es sar ily
re flects high mer cury ad sorp tion ca pac ity. Thus, car bons ac ti vated with KOH for low
times are best suited in mer cury ad sorp tion ap pli ca tions.

Conclusions

Ac tive car bons with sub stan tially higher mer cury ad sorp tion ca pac i ties than
com mer cial prod ucts have been pre pared from cheap raw ma te ri als. The high sur face
area and po ros ity of sam ples does not as cribe a cor re spond ingly high mer cury ad sorp tion
ca pac ity. Ad sorp tion takes place on the to tal po ros ity pre sum ably by both phys i cal and
chem i cal ad sorp tion mech a nisms.

Low ac ti va tion times are re quired for the prep a ra tion of ac tive car bons in mer -
cury ad sorp tion ap pli ca tions. Ex ten sion of the ac ti va tion times seem to not con trib ute in
the gen er a tion of ac tive sur face area for mer cury ad sorp tion de spite the cre ation of phys i -
cal sur face area. On the con trary there are in di ca tions of an ac tive site loss mech a nism.

Nomeclature

C –  column outlet concentration, [ng/cm3]
C0 –  column inlet concentration, [ng/cm3]
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c –  BET constant, [–]
k –  parameter depending on structure and temperature, [–]
p –  pressure, [atm]
p0 –  N2 saturation vapor pressure, [atm]
Q –  volumetric flow rate, [cm3/min.]
qt –  mercury retention, [ng/mg]
SBET –  BET surface area, [m2/g]
t –  time, [min.]
Vm –  micropore volume, [cm3/g]
Vm –  mesopore volume, [cm3/g]
W –  mass of adsorbent, [mg]
WHg –  mercury retention, [ng/mg]
w –  sample weight, [g]
X –  conversion, [wt. %]

References

[1] Serre, D. S., Silcox, D. G., Ad sorp tion of El e men tal Mer cury on the Re sid ual Car bon in Coal
Fly Ash, Ind. Eng. Chem. Res., 39 (2000), 6, pp. 1723-1730

[2] Krishnan, S. V., Gullett, K. B., Jozewicz, W., Sorp tion of El e men tal Mer cury by Ac ti vated
Car bons, En vi ron. Sci. Technol., 28 (1994), 8, pp. 1506-1512

[3] Hsing-Cheng, H., Rood, J. M., Rostam-Abadi, M., Shiaoguo, C., Ramsay, C., Ef fects of Sul -
fur Im preg na tion Tem per a ture on the Prop er ties and Mer cury Ad sorp tion Ca pac i ties of Ac ti -
vated Car bon Fi bers (ACFs), En vi ron. Sci. Technol., 35 (2001), 13, pp. 2785-2791

[4] Stavropoulos, G. G., Pre cur sor Ma te ri als Suit abil ity for Super Ac ti vated Car bons Pro duc tion, 
Fuel Pro cess ing Tech nol ogy, 86 (2005), 11, pp. 1151-1240

[5] Rouquerol, F., Rouquerol, J., Sing, K., Ad sorp tion by Pow ders and Po rous Sol ids, Ac a demic
Press, Lon don, 1999, pp. 110-111

[6] Rouquerol, F., Rouquerol, J., Sing, K., Ad sorp tion by Pow ders and Po rous Sol ids, Ac a demic
Press, Lon don, 1999, pp. 19-20

[7] Mendioroz, S., Guijarro, M. I., Bermejo, P. J., Munoz, V., Mer cury Re trieval from Flue Gas
by Mono lithic Adsorbents Based on Sulfurized Sepio lite, En vi ron. Sci. Technol., 33 (1999),
10, pp. 1697-1702

[8] Mercedes Maroto-Valer, M., Zhang, Y., Gran ite, E. J., Tang, Z., Pennline, H. W., Ef fect of
Po rous Struc ture and Sur face Func tion al ity on the Mer cury Ca pac ity of a Fly Ash Car bon and 
Its Ac ti vated Sam ple, Fuel, 84 (2005) 1, pp. 105-108

[9] Guijarro, M. I., Mendioroz, S., Munoz, V., Ef fect of Mor phol ogy of Sulfurized Ma te ri als in
the Re ten tion of Mer cury from Gas Streams, Ind. Eng. Chem. Res., 37 (1998), 3, pp.
1088-1094

[10] Hancai, Z., Feng, J., Jia, G., Re moval of El e men tal Mer cury from Coal Com bus tion Flue Gas
by Chlo ride-Im preg nated Ac ti vated Car bon, Fuel, 83 (2004), 1, pp. 143-146

25

Stavropoulos, G. G., et al.: High Activity Carbon Sorbents for Mercury Capture



Authors' adresses:

G. G. Stavropoulos(1), I. S. Diamantopoulou(1),
G. E. Skodras(1,2), G. P. Sakellaropoulos(1,2)

(1) Chemical Process Engineering Laboratory,
Department of Chemical Engineering,
Aristotle University of Thessaloniki,
P. O. Box 1520, 54006, Thessaloniki, Greece

(2) Laboratory of Solid Fuels and Environment,
Chemical Process Engineering Research Institute,
4th km Nat. Rd Ptolemais-Kozani (AEVAL),
P. O. Box 95, 50200, Ptolemais, Greece

Corresponding author (G. G. Stavropoulos):
e-mail: gstaurop@cheng.auth.gr

Paper submitted: July 22, 2005
Paper revised: January 19, 2006
Paper accepted: March 14, 2006

26

THERMAL  SCIENCE: Vol. 10 (2006), No. 3, pp. 19-26


