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Abstrac~The hllluence of pretreabne~lt and activation conditions on antbzadte activation was mvestigated. Separa- 
tion of low ash coals by using dense media was conducted to obtain appropriate raw materials for activation. Activated 
carbons were produced from crushed and granule coals by physical activation (steam or CO2) mad physical activation 
with che~nical pretreatment in mild and strong conditions. Microporous activated carbons having a surface area of 900 
m2/g were produced by steam activation fi-om gr, mules with 60% ball-off for 3 bz~ of activation. Chemical pretreatment 
at the strong condition increased the surface area by 30% as compared with non-treated activated carbons. Chemical 
pretreatment, in general, affected activation degree, so pore volume increased by 20% and burn-off increased 
remarkably at the identical activation conditions. CO2 activation was proven to be an effective method for producing 
microporous activated carbons havmg an average pore diameter of 20 A. 
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I N T R O D U C T I O N  

Anthracite, which is the highest rank coal among the four coal 
ranks from peat to anthracite, is fi~ler divided into three sub-ranks: 
semi-anthiacite, anthracite, and meta-anthtacite. Most of the Korean 
anthracite usually belongs to the antt~acite and meta-antt~acite ratA:, 
mad has characteristics of low calorific value (<5,000 kcal/kg), low 
reactivity, high ash contei~ (> 30% ), and high ignition temperature 
(>550 ~ [Lee et al., 1994]. 

There are large amounts of anthracite deposits in many sites in 
the world, so anthracite accumulation is a worldwide problem at 
present because of its limited applicability as a fuel. Mmay researdl- 
ers have worked on the combustion of blended coal with low rmik 
coals such as bituminous coal and combustion in a fluidized bed 
[Choi et al., 1985; Jung mad Park, 1988]. 

Recently, there has been increased interest in non-fuel uses of 
anthracites as sumnafized in Table 1, in which four main fields of 
anttnacite uses are inboduced Cwaphite, carbon riser and carbon 
black may be possible uses of anttnacites, but adsc~ber~ such as 
activated carbons, as indicated in Table 1, are the most promismg 
among the other possible uses for anthracite. Althongh the use of 
high-rank coals like anthracites as raw material to produce acti- 
vated carbons is not very common because of their low reactivity, 
their fine pore slructure and molecular sieve properties can be used 
for production of micro-porous activated carbor~s [Patel et al., 1972]. 

Many papers have been published for producing activated car- 
bons by using ~ c i t e s  as raw material and for developing mole- 
cular sieve properties. Gergova et al. [1993, 1995] have studied one 
step pyrolysis-activation of anthracites with steam to produce high 
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Table 1. Non-fuel uses possible for anthracites 

Raw materials for electrodes, anodes & specialty graphites 
Carbon riser for steel making in electric fimlaces and BOF furnaces 
Filler material for black polymers 
Development of advanced filters 
Activated carbons 
Molecular sieve carbons 
l~mfication of water, organic chemicals, etc. 
Pollution control 

26 

surface area activated carbons with well developed porous stmc- 
tt~-e, lZI-eoxidation of antt~acites with air oi- HNO3 was im-oduced 
by Serrano-Talavera et al. [1997 ] who concluded that the more in- 
tense the preoxidation treatment ks, the higher ks the porosity of the 
resulting chars. Microporosity development by C Q  activation was 
studied by Mittehneijer-Hazeleger and Marfine-Martinez [1992], 
and the mechanism of CO2 adsorption in the micro-pores of acti- 
vated mNnacite was studied by Martine-Martinez et al. [1995]. To 
obtain activated carbons with good adsorptive properties by CO 2 
activation of anthracites, very long activation time was required due 
to their low reactivity [Mittelmeijer-Hazeleger and Martlne-Mar- 
tinez, 1992]. 

Chemical prelreatment with alkali hydroxides and chlorknated 
compounds was studied to increase the reactivity of anthracites 
[Daulan et al., 1998; Illfin-Gomez et al., 1996; Walker and Alma- 
gro, 1995; Lyubehik et al., 1997]. The effect of perchloric acid pre- 
ti-ealrnent was introduced by Daulan et al. [1998] who concluded 
that the main effect of chemical prelreatinent is to reduce the ac- 
tivation time. Illfin-Gomez et al. [1996] studied the effects of alkali 
hydroxides on the activation of Spanish anthi-acite and found that 
the surface area increased to 1,700 m2/g with alkali to coal ratio of 
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2 at 700 ~ This process used molten alkali to activate and cmbon- 
ize coals with evolution oflm'ge amounts of  hydrogen. Chemical 
activation with molten alkali and changes in properties of row ma- 
terials have been itm~oduced in the activation of  coal aid petvolenm 
cokes [Otowa et al., 1993; Lee and Choi, 2000]. 

In this research work, Korean antlu'acite was activated The ef- 
fect ofwetreatment conditions, such as air oxidation and alkali pre- 
trealment and vm'ious activation conditions on lhe pore chmacteris- 
tics, were investigated. 

E XPE RIME N T AL  

1. Raw Mateqals  mad Ash ConO'ol 
Coal samples from Jangmng coal mine were used as tawmate- 

rial mid their analyses are listed in Table 2. High ash contents (35%), 
low calorific value (about 5,000 kcal&g), mid low volatile mattet~ 
(5%) ate major chm'actefistics oflhe coal samples. Cagoon content 
and volatile matter in dry mineral matter flee basis indicate that the 
coal samples are classified in an antlracite rank, on arelatively low- 
er pag oflhe rmlk among the Korean anthradte. Low sulfur and 
nitrogen contents in ultimate analysis are noticed. 

Inorganic matters me knowll to have anegative effect on activa- 
tion due to lheir inert woperty, allhough the minerals in coal itself 
do not have any effect on the pore development [Mufioz-Guiilena, 
1992]. A~hough major components of  ash in coal samples are sil- 
ica and alumina as sho~n in Table 2, iron and potassium contents 
are also comparatively large. To obtain suitable taw materials for 
activation, ash must be conWolled as low as possible. Dense media 
sept'orion by using ZnCl2 as a medium was conducted. Specific 
gravity of solution ~ s  changed by v~ying ZnCI2 concentration in 

Table 2. Chemical analysis of J~mgslmg coal 

Proximate (air &% wt%) 
Moisture 
Volatile matter 
Fixed carbon 
ASh 

Ultimate (diy ash free, wt%) 
C 
H 
O 
N 
S 

ASh analysis (wt%) 
SiO2 
A1203 
TiO2 

Fe203 
CaO 
MgO 
Na20 
K~O 
BaO 
SrO 

Calorific value (kcal/g) 

2.5 
5.0 

57.5 
35.0 

90.2 
1.7 
5.5 
0.16 
0.78 

52.1 
31.5 

1.46 
0.23 
4.41 
1.0 
0.89 
0.17 
3.61 
0.09 
0.03 

4,800-5,200 

Fig, 1. Experimental apparatus with activation cell. 

the solution, and the float/sink fi'action at each specific gravity was 
separated and analyzed 

Granule coals were made by mixing pulverized coal (under 200 
mesh) and coal tm" pitches at a coal to pitch ratio of  4. Resultant 
granule size is about (~0.3 • mm. Granule coals wne  cabonized 
before activation so cadoonized tar pitches should be coated on the 
pulverized coal surfaces to bridge the coal parities and to harden 
the granules, and the remaining tar pitches could be volatilized. 
2. P re t r ea tmmt  

For air oxidation, low a,sh coal samples were oxidized ~x~la air 
at 500~ for 2hrs ha an air flow of 300 cc/min. In alkali ptetreat- 
ment, coal samples were mixed with 2.5 M alkali solution to make 
a coal to alkali ratio of 1. After the mixttwes had been maintained 
at 25 ~ for 24 hrs stirring at 250 rpm dm'ing pretmatment process 
(denoted as mild condition) or lreated ha an antodave at 250 ~ and 
6 MPa for 2 ties (denoted as strong condition), the mixtures were 
fdtered and w~tshed w~h distilled water several times and &ied in 
an oven for 24hrs. The strong condition was very similar to the 
condition used in the BHC (Battel Hydrotheirnal Coal cleaning 
[Khoury, 1981]) process by which most of the coal ashes and 80% 
of organic sul:t-ut~ could be removed. 
3. Actix~alion 

Activation was conducted wilh an activation cell (inner volume 
75 cm 3, SUS 310S) specially designed to rotate dm'ing the experi- 
ment. The experimental appm~tus with the activation cell is illus- 
trated in Fig. 1. The activation cell containing coal samples (10-20 g) 
was placed in a tubulm" eleclrical furnace and heated by tempera- 
ture controller to the activation temperature at afixed heating t~e 
of  50 ~ in nh'ogen flow of  50 cc/min. Then the activation gas 
(steam or CO2) w~s inlroduced through an induction tube, The tem- 
perature of the induction tube w ~  maintained at 250~ by heating 
tape, aid steam was produced in a horizontal glass column main- 
rained at 250 ~ by introducing wzter through aperMaltic pump at 
arate of  0.15-1.0 cc/min. The flow rate of C Q  was 250 cc/min in 
C Q  activation. 

Activation tempevattwe was varied from 850 ~ to 950 ~ and 
the activation time was from 0.5 to 10 hrs. After activation w~ts com- 
pleted, the products were cooled, weighed and stored in a desicca- 
tor: Surface area and pore characteristics were determined by N2 
adsorption at 77~ 0Viicromeritics ASAP 2400 analyser). Mor- 
phological changes were observed by a Scanning Eleclron Micro- 
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Table 3. Results of heavy media separation with particle size 
ranges of 0.42-3.36 m m  

Float fraction (%)/Ash(%) Specific Si~tk fraction 

gravity Differential Ctmmlative (%) 

1.8 29.72/5.8 29.72/5.8 70.28 
1.85 17.97/12.6 47.69/8.4 52.31 
1.9 8.06/20.7 55.75/10.2 44.25 
2.0 39.08/75.8 94.83/37.2 5.17 

Table 4. Ultimate analysis of heavy media separated coal 

Specific gravity C H N S O 

1.8 85.43 1.31 0.46 0.078 6.9 
1.85 79.7 1.28 0.43 0.021 5.97 
1.90 73.3 1.28 0.46 0.022 4.2 
2.0 18.1 0.88 0.65 0.97 3.6 

Fig. 2. Float fraction vs. particle size with variations of media s~pe - 
cific gl~vity together with size distribution of raw coal (4~; 
raw coal, specific gravity � 9  1.8, � 9  1.9, �9 ; 2.0). 

scope (Philips XL-30). 

R E S U L T S  A N D  D I S C U S S I O N  

1. Ash  Control  
Results of dense media sepa-ation are illnstrated in Figs. 2 and 

3. Fig. 2 shows the relationship between the float fractional yields 
and particle size ranges at each specific gravity, and also the p~r- 
ticle size distlibution of raw coals. Fig. 3 shows ash contents of float 
ffactior~s at each COlTesponding point in Fig. 2. It was found from 
Fig. 2 and Fig. 3 that the fiactional yields mid ash contents increased 
with specific glavity, and that the fi-actional yields mcreased with 
particle size decrease, wtfile the ash contents had a minimum at the 
particle size range of 0.84-1.68 into. 

The fi-actions of 0.42-3.36nml size langes that tlave relatively 
higher fractional yields and lower ash contei~ were selected as raw 
material for die activation study. Float and sink fiactional yields 
and ash contents with specific gravity at these size r ages  are shovm 
in Table 3. The cumulative float fraction was about 50% and its ash 

content was abont 8% at the specific gravity of 1.85. At  a specific 
gravity of 2.0, the differential ash content of float fi-acticn was very 
high as 76%. 

Fig. 3. Ash in float fraction vs. particle size with variations of me- 
dia spech'ic gl~vity (specific gravity O; 1.8, � 9  1.9, � 9  2.0). 

January, 2001 

Ultimate analyses of differential float fi-actic~l at each specific 
gravity are presented in Table 4. Carbon content of float fraction at 
the specifc gravity 1.85 was about 80%. Differential float fractions 
at the specific gravity 2.0 had sulfur content of 0.97% that was clear- 
ly discriminated from the other specific gravity. 
2. Activation 

Activation iesults are listed in Table 5. Series of activated anttwa- 
cites were classified as four different groups as shown in the first 
column of Table 5. Activated carbons denoted as A-P were made 
from crnshed coal by physical activation (steam or CO2), and de- 
noted as A-CP were made from cashed  coals by physical activa- 
tion with chemical pre~-e~nent. AG-P and AG-CP were activated 
carbons from gratmle coals with sane  activation conditior~s with 
A-P and A-CP. Chemical pretreatment indicates the mild condi- 
tions if no special mention is given. 

Table 5 shows activation results with vahous conditions such as 
activation temperatt~e, activation time, activation meditml and pre- 
treatment conditions. It was found that the activated carbons from 
cashed coals (A-P, A-CP) had lower surface areas than those from 
the granule coals (AG-P, AG-CP) at the sable activation conditions 
and bum-orE This difference might come from the differences of 
particle size. Granules were made from powdered coal sized under 
200 mesh, so activation with granules had increased contact effi- 
ciency resulting in higher activation degree. 

Air oxidation proved to be an effective method for increasing 
the surface area by 25% accompanied with an increase in bum-off 
as shown in the second row of Table 5. C Q  activation with crushed 
coal showed line effect on the development of stat'ace area within 
the expenmental krnes of 5 hrs. However, it was so effective for 
granule coals that the surface area increased to 470 m2/g for 5 hrs 
and further increased to 800 m2/g for 10 his of  activation. 

The relationship between surface area and bum-off with differ- 
ent activation temperature is illustrated in Fig. 4. It was found that 
the surface area increased with bt~'n-off due to enlargement of pores 

and that the surface area and bum-off rataeased with temperature, 
but marginal differences were observed above 900 ~ Surface area 
mcreased 2 to about 900m/g at the 60% burn-off, beyond which no 
further increase could be observed. Because of the relative increase 
in ash contei~ of activated cart-,oils due to unexpected blow-off of 
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Table 5. Results of anthracite activation with various activation conditions 
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Series activated anthracite Temp. (~ Activation time (lu ~) Steam (cc/tn) Buaal-off (%) Surface area (m2/g) Remarks 

A-P 850 5 60 46.7 553.2 
5 52 59.4 600.2 

900 3 15.2 43 634.3 

3.5 40.6 719.7 
5 12.6 168.4 

950 3 33 45.3 706.9 

Air oxidation 

CO2 activation 

A-CP 850 5 51.9 42.5 650.7 

5 39 47.0 688.1 

900 3 30 48.7 840.5 

950 3 30 79.3 585.0 

NaOH 

KOH 

NaOH 
Strong Condition 

NaOH 

AG-P 850 3 26 21.3 430.0 
5 38 44.6 534.0 

5 46 56.3 863.2 

900 1.3 15 47 776.4 

2 42 51 813.0 
2.5 28 49 810.0 
3 45.7 56 891.0 
3 8.8 35.8 768.8 

950 1 46 44 737.9 
1.5 33.3 52.5 840.4 

5 26 469.62 
10 51.4 799.27 

CO2 activation 

CO2 activation 

AG-CP 850 

900 

3.5 62.8 45 813.2 NaOH 
4 52.5 50 800.7 KOH 
5 41 59 864 KOH 

2 51 54 709.4 NaOH 
2.75 67.3 92 NaOH 

3 36 73.4 812.6 KOH 

Fig. 4. Surface area vs. bm'n-off [O; 850, ~;  850 (chemical pre- 
treatmen 0,  (2); 900, ~ ;  900 (chemical pretreatmen0, +; 
9501. 

carbons by excessive gasification at high bt~al-off, activation to the 
high bum-off above 60% could not produce high surface area ac- 
tivated carbons. 

It was found flora Table 5 that tile chenfical pretreatment with 
alkali hydroxides at the mild condition increased bum-off at high 
telnperattu-es above 900 ~ This means that the activation time de- 

creased with chemical pre-trealment at the identical activation coo- 
dition as mentioned by Danlan et al. [1998]. Dualan et al. [1998] 
studied the chemical modification of antl~acite by HC104 and coo- 
cluded that the main effect of chemical pretreamlent was to reduce 
the thne of activation, and this reduction could be a~ibuted to the 

creation of numerous channels in the ar~nacite macrotexture dur- 
ing chemical pretrea~anent_ 

KOH was proven to be more effective for coal activation than 

NaOH. Effectiveness of KOH was already introduced by Ehrburger 
et al. [1986] who showed that much more gas was evolved fi-om 

coal pretreated with KOH than with NaOH during carbooi7~tion 
accompanied by more development of active site. 

Chemical pretrealment at the slroog coodition had much strong- 

er effect on the surface area development of crushed coals, so sur- 
face area increased about 30~ as compared with physical activa- 
tion. This is mainly due to the surface mc~tificatioo by alkali at the 
strong treatment condition as already mentioned by Senkan and 

Fuller [1979] and Lee mad Shoo [1997]. Senkan and Fuller [1 979] 
studied NaOH effect on the surface properties of coal and showed 
that the water sorption and hmneizioo heat into liquid water m- 
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Fig .  5. S E M  v i e w s  o f  r a w  coa l  a n d  ac t iva ted  a n t l w a c i t e  [A c o l u m n ;  r a w  coal ,  B c o l u m n ;  p h y s i c a l  a c t i v a t i o n ,  C c o l u m n ;  p h y s i c a l  a c t i v a t i o n  

w i t h  c h e m i c a l  p r e t r e a t m e n t  ( s t r o n g  c o n d i t i o n ) ] .  

creased considerably after treatment with NaOH. Changes in the 
sUl~ctt~e of coal were also introduced by Lee and Shon [1997 ] who 
worked with anthracite refining by alkali, and concluded that the 
physical changes such as the formation of defects were dominant 
factors for the increase of reactivity. 

SEM views of the typical activated carbons are shown in Fig. 5. 
The surface of activated carbons by physical activation with steam 
shows little change compared with raw coals and is cleaner (• 
than that of law coals due to the blow-off of reactive materials by 
gasification. Exfoliation of particle surface after activation is clue to 
the themlal shock. Activated carbons with chemical prel~eabnent 
at the strong condition, however, show remarkable change as shown 
in Fig. 5. While no porous sb-ucture could be detected at the sur- 
face of activated cartxaas produced by physical activation, the sur- 
faces of activated carbons by chemical pretrealment had many pits 
on the surface and had cleaner surfaces. The pits on the surface 
might come fi-om the activation of initial defects fom~ed by the al- 
kali prelrealment and acted as an initial active site for activation. 
3 .  P o n e  C h a m ' a ~ e r i s t i c s  

N2 adsoi-ption and desoi-ption isothenns of five representative 
activated carboias are illustrated in Fig. 6. Five different types of 
activated carbons are the granule type activated c~-bons produced 
by steam activation (AG-P) and same ones with chemical pretreat- 
ment (AG-CP, mild conditions), granule type activated carbons by 
C Q  activation (AG-P, CQ),  and crushed type activated carbons 

J a n u a r y ,  2001 
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Fig. 6. N2 adsor l ) t i on -deSor l ) t i on  i s o t h e r m s  (77 K) for Free repre- 
sentative a d i v a t e d  c a r b o n s  ( c r u s h e d ,  +;  s t e a m  ac t iva t ion ,  
/x ;  c h e m i c a l  p r e f l ' e a l m e n t ,  g r a n u l e  � 9  s~eam a c t i v a t i o n ,  x;  

c h e m i c a l  p r e t r e a t m e n t ,  [3 ;  CO2 a c t i v a t i o n ) .  

by steam activation (A-P) and same ones with chemical pretreat- 
ment (A-CP, strong conditioias). 
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Granule type activated carbons by steam activation and with 
chemical pretrealment (mild condition) have isotherms close to the 
BDT type 1I isotherms, and have hysteresis ata relative pressta'e of 
0.5. Hysteresis is a typical chai~ctelistic of a wide lange of l~'OUS 
adsorbents that usually have a broad distribution of pore sizes and 
shapes, and which introduces capillary condensation [Adamsoi~, 
1982]. Slopes to the relative pressure of 0A were comparatively 
high for these activated carbons, which means that the large por- 
tions of mesopores are involved. 

Granule type activated carbons by CO2 activation have different 
type of isotherm, closer to the type I isotherm, compared with ac- 
tivated carbons by steam, and its shape is rather close to that of the 
ca~shed activated carbons, that is, low volume increasing with re- 
lative pressure and small hysteresis. CO2 activation of anttwacite has 
been known to produce activated carbons with well developed mi- 
croporosity, whereas meso- and macroporosity are poorly devel- 
opel [Mittehneijer-Hazeleger and Martine-Martinez, 1992]. 

Crashed type activated carbons by steam activation show a very 

Fig. 7. Pore size distribution of activated carbons (upper part, 
crushed, +; steam activation, A; chemical pretreatment, 
lower part, granule C); steam activation, x; chemical pre- 
treatment, R; CO2 activation). 

on Anthracite Activation 

Table 6. Pore characteristics of activated carbons 

AC Type Sm'face area (mVg) Average pore diameter (A) 

AG-P 768 24.88 
AG-CP (mild) 800 27.94 
AG-P (CO2) 799 20.04 
A-P 634 20.14 
A-CP (strong) 840 22.56 

sharp knee at low relative pressure and no marked increase further 
with increased pressure, which rneans that highly microporous char- 
actelJstics are developed. These types of isothenns are referred to 
as type I, and zeolite-like adsorbents ustkally have these types of 
isothenus. Although it was fousld that the crushed type activated 
carbons by steam activation have a little lower adsorbed volume 
than the granule type activated carbons as shown in Fig. 6, their 
lnicropore characteristics may have selectivity for the special ad- 
sorption applicatiort Chemical pretrealnaent of crushed coals at the 
strong condition increased the pore volume by 50% as can be seen 
in Fig. 6, and included larger portions of mesopore as inferred from 
the increased slope to the relative pressure 0.5. This means that the 
chemical prelreaUnent eiflalges the pore. 

Pore size clistributior~s of the activated carbor~s are illustrated in 
Fig. 7, and the surface area and average pore diameter of these ac- 
tivated carbons are listed in Table 6. As implied in Fig. 6, granule 
type activated carl-~r~s by CO2 activation show larger adsorbed vol- 
umes at the small pore diameter than the other glanule type ac- 
tivated carbor~s as can be seen ha the lower part of Fig. 7. Activated 
carbons by CZ)2 activation had average tx~-e di~neter of about 20 ~;  
that is the smallest among the produced activated carbons. Acti- 
vated carbor~s from granule coals have larger pore diameter than 
those fi-om the Clushed coals and the chemical pretreatment increases 
pore diameter for both of the coals (c~ltshed and granules) as shown 
in Table 6. 

CONCLUSIONS 

We investigated the iiffluence of pretrea~uent and activation con- 
ditiorLs on the activation of Korean anthi-acite. Low ash coal sam- 
ples were prepared by dense media separation of raw coals with 
ZnC12 as a dense medium. Float fraction of particle size rmges of 
0.42-3.36 mm at the specific gravity 1.85 was selected as raw ma- 
telJal. Activated carbons were produced from crashed and granule 
type coals by physical activation (steam or CO2) and physical acti- 
vation with chemical pretreatment with mild and sUong conditions. 
It was found that the activated carbons from crushed coals had a 
little lower surface area than the activated carbons from granular 
coal at the same activation conditions and burn-oil, but had well 
developed mica-oporous charactei-istics. Air oxidation was proven 
to have the effect of increasing the st~face area by 25%. Micro- 
porous activated carbons having a surface area of 900 m2/g were 
produced by steam activation from granule type coals with 60% 
bun-off at 900 ~ for 3 hiz of activation. Chemical prelrealment at 
the strong conditions incaeased surface area by 30% compared with 
non-treated activated carbons. Chemical prelreatment, in general, 
affected the activation degree so that the pore volume and bum-off 
increased at the identical activation conditions. CO2 activation was 
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proven to be an effective method for producing microporous acti- 
vated carbons having a pore diameter of 20 t3,. 
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