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INTRODUCTION 

There are a nnmber of research gronps cnrrently involved in the development of novel carbon-based 
processes and materials for removal of SO, ftom coal combnstion floe gas [l-161. The type of carbon 
wed more often than not dictates the economic viability of a given process. A high qMuty carbon 
adsorbent for SO, removal shonld have a high adsorption capacity, rapid adsorption kinetics, low 
reactivity with oxygen, minimal loss of activity after regeneration, low pressure drop, high mechanical 
strength, and low cost. The objective of this study [17-231 has been to produce activated char from 
Ulinois coal with optimal SO, removal properties, and to gain a better understanding of SO, removal 
by carbon. 

The reaction of SO2 wiih carbon in the presence of Oz and H,O at relatively low temperatures (80- 
150°C) involves a series of reactions that leads to the formation of sulfuric acid as the final prodnct. 
The overall reaction is SO, + u2 0, + H,O + C --> C-H,SO,. Most studies that have sought to 
m a g i m i  the SO, removal capabilities of a carbon only assume a certain mechanism for SO, 
adsorption and conversion to H,SO, is operable. In the literature [l-5,8,10,24], the following reaction 
sequence has nsnaUy been presented before beginning any discnssion on SO, removal by carbon. 

c + so, -> c-so, 
c + u2 0, -> c-0 
C + H,O -> C-H,O 
C-SO, + C-0 + C-HZ0 ---> C-HZSOI 

It implies that SO, 0, and H,O are all adsorbed on the surface of the carbon in close enough 
proximity and in the proper steric configuration to react and form E,SO,. A clearer understanding 
of this sequence of reactions wi l l  no doubt lead to the development of activated carbons better suited 
for adsorption of SO, and its conversion to H2S04. In this paper, we examine the effect of snrface 
area and chemisorbed oxygen on the SO, adsorption capabilities of chars prepared from a bituminous 
coal. Using temperature programmed desorption, we titrate the carbon sites responsible for 
adsorption of SO, and its conversion to H,SO,, and based on the experimental results, we propose 
a more detailed mechanism for SO, removal by carbon. 

EXPERIMENTAL 

Activated chars were prepared from a sample of Illinois Colchester (No. 2) hvC bituminous coal 
(IBC-102) obtained from the Illinois Basin Coal Sample Program. A 2 in. ID batch, flnidized-bed 
reactor was nsed to pyrolyze 200 g of 48x100 mesh coal (Na 900T, 0.5 h) and activate the resnltant 
char (H,O, 8 6 W ,  30% conversion). The steam activated char was treated with nitric acid (10 M 
HNO, 8- 2 h) to modify its pore strncture and surface chemistry. The €iN03-treated char was 
heated in nitrogen to varions temperatures (200-925°C) and held there for 1 h to desorb carbon- 
oxygen (C-0) complexes formed dnring the HNO, treatment. A commercial activated carbon (Calgon 
F400) was also studied. SO, adsorption capacities of prepared carbons were determined by 
thermogravimetric analysis nsing a simnlated flue gas containing 2500 ppm SO, 5% 0, and 7% H,O. 
Temperature programmed desorption (TPD) experiments (N, 25-10OO0C, 5"C/min, 1 h at 1000°C) 
were performed to determine the amount of oxygen adsorbed on the char snrface. Further details of 
the experimental equipment and procedures nsed in this study are provided elsewhere 119-211. 

RESULTS AND DISCUSSION 

Table 1 shows how poor the correlation is when SO, adsorption capacities of chars are normalized 
with respect to their snrhce areas or oxygen contents. It is interesting to note that the steam 
activated IBC-102 char (H,O, 860°C) and untreated Calgon F400 carbon have comparable SO, 
adsorption capacities despite a large difference in N, BET (77 K) surface area; their CO, BET (195 
K) snrface areas seem to correlate better with SO, adsorption capacity. Table 1 also shows that the 
SO, adsorption capacity of the nitric acid treated, thermally desorbed chars increases with increasing 
thermal desorption temperature. A similar effect of heat treatment (at 8OO0C) on tbe SO, adsorption 
capacity of polyacrylonitrile-based activated carbon fibers was recently reported by Mochida and his 
research gronp [7,11,12], and attribnted to an increase in the nnmber of active sites generated by the 
evolution of CO and CO, dnring decomposition of C-0 functional groups. Davini [25,26] ascribed 
enhanced SO, adsorption on oxidized activated carbon to the presence of basic C-0 gronps on tbe 
carbon snrface. Most recently, Kim et al. [13] and Fei et al. [14] proposed that the inherent nitrogen 
in polyacronitrile and shale oil derived activated carbon fibers, respectively, increases their catalytic 
activity for SO, adsorption and conversion to H,SO,. 

The TPD profiles of thermally desorbed, nitric acid treated IBC-102 chars shown in Figure 1 indicate 
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that the absence of oxygen on the carbon surface results in a char with highest SO, adsorption 
capacity (e.g., HNOr92S0C char). Apparently, carbon atoms, which are,not tied up by an adsorbed 
oxygen atom, have valence electrons that are more available, and are more reactive towards SO, 

is well known that once carbon is evolved as CO or CO, during carbon gasitication, a new carbon 
atom of equal or greater reactivity wil l  be exposed. These newly exposed carbon atoms, coined 
nascent sites by P h i p s  et al. [27], in many cases define the surface chemistry of a carbon [28,29]. 
It is these nascent sites, made active by the thermal desorption treatment a t  92S°C, that we believe 
are responsible for enhanced SO, adsorption on the ENO3-925'C char. Nitric acid, beiig a very 
strong oxidant, oxidizes the surface of the carbon so that even carbon atoms that would otherwise not 
react with the oxygen in air are oxidized. Upon thermal desorption treatment, a once relatively 
unreactive carbon atom is released as CO or CO, leaving behind a carbon atom which is then primed 
to react with SO,. The evolution of CO or CO, also serves to activate the pore struelure thereby 
widening the pores making them more accessible to resetant gases; this could also increase SO, 
adsorption. A parallel study with activated carbon fibers (ACF) in our laboratory [30], however, has 
shown that ACF with smaller pores (9 A) and lower surface areas (600 m'/g) actually adsorb more 
SO, than higher surface area ACF (1900 mz/g) having larger pores (18 A). This increase in SO, 
adsorption for low surface ares fibers is presumably due to enhanced adsorbent-adsorbate 
interactions caused by the smaller average pore size [31]. 

adsorption. We, therefore, postulate that the unoccupied or free sites contml the uptake of SO,. It I 

To test our hypothesis that free sites are primarily responsible for SO, adsorption, the TPD profiles 
of the nitric acid treated, tbermally desorbed IBC-102 chars of Figure 1 were utilized. We debed  
tbe free sites for this series of chars as beiig those sites that were once occupied by oxygen because 
of nitric acid treatment, but now, because of the thermal desorption treatment, had become 
unoccupied or b. To quantify the CO free sites for a given char, say, the HN0,-72S°C char, we 
subtracted its CO evolution profile from the one of the original nitric acid treated char (Figure 2). 
The unshaded region in Figure 2 represents the number of free sites that are created by CO evolution 
during the thermal desorption treatment a t  725°C. Table 2 lists the number of both the CO and CO, 
free sites calculated for each of the nitric acid thermally desorbed IBC-102 chars. The last two 
columns show the SO, adsorption capacities normalized with respect to the CO and CO, free sites. 
The SO, adsorption capacity is seen to vary by a factor of 1.6 and 2.8 when normalized with respect 
to CO and CO, free sites, respectively. This is an excellent correlation compared to those we fonnd 
for surface area or adsorbed oxygen (Table 1). To the best of our knowledge, this type of quantitative 
approach has never before been used to explain SO, removal by carbon. The concept of free or 
unoccupied sites was first postulated and utilized by b i n e  et al. [32] to explain tbe gasification 
reactivity of carbon in oxygen. Our new approach for analyzing TPD data shows that it may be 
possible to titrate directly the free sites responsible for SO, adsorption and conversion to H,SO,. A 
slight variation in this same approach could be used to explain resnlts in other studies that have 
examined SO, removal by carbon. For example, Davini [2S,26] found that the SO, adsorption 
capacity qf a commercial grade carbon increased with an increase in activation temperature. The 
activation conditions he used ranged from 300°C in air to 800°C in 2% 0,. Char gasification 
reactivity studies have shown that less oxygen will adsorb on the carbon surface at higher 
temperatures and in lower pressures of an oxidizing gas [28,33,34]. The higher temperature used by 
Davini during activation is likely to have deposited less oxygen on the carbon surface, thus preserving 
more free sites for reaction with SO,. In  fact, further analysis of his SO, and 0, adsorption data [26] 
using our concept of free sites shows that the SO, adsorption capacities of two groups of carbons that 
each varied by more than a factor of three, could be made to vary by less than a factor of 1.2 when 
normalized to the total number of free sites. 

This procedure for assessing free adsorption sites was also applied to the Calgon F400 carbon (also 
a steam activated bituminons coal char). Table 2 shows that there was no significant improvement 
ip the SO, capacity of this carbon with our nitric acid, thermal desorption treatment, perhaps because 
its pore structure was already optimized for adsorption of contaminants. Table 2 shows that the SO, 
adsorption capacity of the Calgon F400 carbons normalized with respect to the number of CO and 
CO, free sites also varies by less than a factor of 2 and 3, respectively. It is interesting to note the 
almost one to one ratio of SO, adsorption capacity to CO free sites for both the IBC-102 and Calgon 
F400 carbons. 

Based on these experimental results, we propose the following sequence of reactions to explain the 
mecbanism of SO, removal by carbon. 

0, Chemisorption 0, + 2 c - >  2 c-0 
SO, Adsorption so, + c -> c-so, 
SO, Oxidation 
SO, Oxidation 
SO, Oxidation 

H,SO, Formation 
Regeneration 

c-so, + 0, + c -> c-so, + c-0 
c-so, + c-0 --> c-so, + c 
so, + c-0 -> c-so, 

C-H,SO, ----> H,SO, + c 
C-SO3 + HZO -> C-HZSO, 

/ 

Adsorption of SO, and 0, occurs in parallel on the free carbon active sites (denoted by C). Molecnlar 
oxygen dissociates on two free sites to form a pair of C-0 complexes. SO, competes with 0, for free 
sites. The reaction of oxygen with carbon produces a stable C-0 complex, which apparently inhibits 
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SO1 adsorption. The next step ki the oxidation of SO, to SO, Conceivably, three reactions are 
possible. The C-SO, complex can react d&ly witb molecular oxygen in the vicinity of a free site 
to f ~ r m  a C-SO, intermediate and stable C-0 complex. SO, oxidation could also be awmpllshed 
by the reaction of either the C-SO, complex or SO, with the C-0 complex. However, the occurreuce 
of these two reactions is less likely since we ohserved an inverse correlation between SO, adsorption 
and stahle G O  complex. The conversion of stable C-0 complex into a reactive C(0) intermediate, 
as proposed in recent carbon gasiiication studies [3336], may also influence SO, adsorption and 
conversion to HZSO, [19]. 

According to the SO, removal mechanism often presented in the literature (see Introduction), one 
could assume that the more oxygen adsorbed on the carbon surface, the more SO, wi l l  be adsorbed. 
In this study, we have seen that the formation of stable C-0 complex during char preparation serves 
only to occnpy otherwise reactive &ee adsorption sites, and that the C-0  complex probably is not an 
essential reaction intermediate in the conversion of SO, to H,S04. It  may also be that our TPD 
method did not fitrate those C-0 complexes responsible for catalytic oxidation of SO2 to SO3 and 
that a fleeting C(0) complex, formed contemporaneously with SO, adsorption and/or by 
transformation of stable complex into reactive intermediate, acts as the "catalyst." Isotope labelling 
studies could be nsefhl in determining if snch an intermediate exists [37]. Another question is 
whether SO, removal would occur if there was no oxygen in the flue gas and/or adsorbed on the 
carbon surface. This was resolved by using two of the IBC-102 chars, one with some adsorbed oxygen 
(HNOr525"C) and one with essentially no adsorbed oxygen (BN03-9250C). Figure 3 shows that, with 
5% 0, in the floe gas, the HNO3-925T char adsorbs the most SO,. With no oxygen in the flue gas, 
this char still adsorbs SO, but in this case, i t  is not converting C-SO, to H,SO, due to a lack of 
oxygen. SO, adsorption is enhanced for both chars when oxygen is present in the flue gas (compare 
0 and 5% 0, plots in Figure 3). The adsorption of SO, on a bee site is seen to account for nearly 
50% of the weight gain for both chars. This data seems to support the 6rst SO, oxidation 
mechanism, Le., the one involving the reaction of adsorbed SO, with 0, and a free site to form C-S03. 

Hartman and Conghlin [38] found the catalytic oxidation of SO, to SO, by carbon to he the rate 
determining step in tbe overall reaction. If the rate determining step is, indeed, catalytic oxidation 
of SO, to SO,, and assuming that the 6rst SO, oxidation reaction is operable, the overall rate of 
reaction could be expressed as 

rate = kz [C] [C-SO,] [OJ 

where k, is a fbndarnental rate constant. The onknowns in this expression are kz and the 
concentration of C-SO, complex. At steady state, the rates of each of the reactions in the mechanism 
presented above are equal to that of the rate determining step, and by definition, the concentration 
of each of the intermediate species does not change with time. Thus, 

d[C-SO,] 
I-- - 0 = k1 [C] [SOJ - kz [C] [C-SO,] IO,] 

dt 

Solving for [C-SOJ, 

and substituting this into tbe rate expression, 

rate = kl [C] [SO$ 

where n is the order of reaction with respect to SO,. The rate is then only a function of the 
concentration of he sites and the partial pmsure of SO, a departure from the more elaborate rate 
expressions reeently proposed by otbers (see, for example, rets. [2] and [24]). For concentrations of 
SO, less than 1500 ppm, we found values of n between 0.5 and 1, and for concentrations of SO, 
greater than 1500 ppm, the value of n approached zero (Figure 4). Nevertheless, at a constant partial 
pressure of SO, the rate of SO, adsorption and conversion to H,SO, should be directly proportional 
to the number of free adsorption sites as confirmed by our TPD experiments. I t  remains to be 
determined whether this TPD method can be applied to adsorption of other contaminants in flue gas. 
If so, it could facilitate preparation of activated char optimized for removal of SO, as well as other 
air toxies (e.g., nitrogen oxides, mercury) from combustion flue gas. Recent studies suggest that 
adsorption of NO, and reduction to N, is more or less controlled by free sites on the carbon surface 
[3941]. 

In the above mechanism, the C-SO, intermediate reacts witb water to form suffiric acid. The &e 
site retoms to its original state after regeneration. The water adsorbed in the pores may act as a 
regeneration medium. The acid adsorbed on the carbon surface will be continuously removed by a 
reservoir of water adsorbed in the pores. As the acid goes into solution, the he site once again 
becomes reactive towards SO, adsorption. Thus, the site can undergo numerous cycles of 
adsorption/desorption without any external means of regeneration. The production of H,SO, proceeds 
indehitely until water adsorbed in the pores hecomes saturated with H,SO, and/or the fhe sites 
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become occnpied with oxygen, at which point the spent carbon needs to be regenerated, e.&, thermal 
treatment or flushing with water or dilute acid. (The latter treatment wi l l  not remove any of the C-0 
complex). Thus, it can be expected tbat the amount of water retained in the pore volnme of the 
carbon should determine its equilibrium SO, adsorption capacity, which may require more than 40 
h to attain (Figure 4); whereas, the rate (or kinetics) of SOz adsorption, say, in the first 6 h of 
adsorption, will be controlled by the number of h e  sites. In an earlier paper, Jungten and Kohl [3] 
hypothesized that the active sites would control the rate of SOz adsorption, bot this was never verified 
experimentally. The observed increase in the SOz adsorption capacity of nitric acid treated chars with 
increasing thermal desorption temperature is probably doe to both an incrense in the concentration 
of free active sites and in the accessible pore volume of the char. The latter leads to a greater 
reservoir for storage of dissolved E,SO, and an increased ability to regenerate the active sites for 
additional SO, adsorption. 

CONCLUSIONS 

In this stndy, we found tbe SOz adsorption capacity of a coal char to be inversely proportional to the 
amount of oxygen adsorbed on its surface. Temperature programmed desorption was used to tihate 
those sites responsible for adsorption of SOz and conversion to HzSO,. Based on these results, a 
detailed mechanism for SO2 removal by carbon was proposed. The derived rate expression shows SO, 
adsorption to be dependent only on a fundamental rate constant and concentration of carbon atoms 
we designate as free sites. The results obtained here are analogous to those of a recent study [33] 
which foond that a simiiar relationship exists between the specific rate (RJ of carbon gasification 
in carbon dioxide and the number of reactive sites measured initially by transient kinetics (TK) 
experiments and later confirmed by TF'D, Le., R, = k [C]. In that study, TK and TPD were used 
to titrate those occupied sites or  C(0) intermediates responsible for controlling the rate determining 
desorption step in CO, gasi6cation of carbon. The results of both studies seem to support a nnifed 
approach to the reactions between carbon and oxygensontaining gases, as most recently proposed by 
Chen [42] and Mouwn and Kapteun [43]. 
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Table 1. Correlation of SO, adsorption capacity with surface area and adsorbed oxygen. 

Calgon F404 HNO, .-.I ..-a -..a ..-$ .-.a 15.7 ..-a I 
Caigon F400, HNO, Looy: 46 600 --.' a m  ...a 14.3 0.32 
Calgon F404 HNO, 5ZSC 117 456 -.-a 0.26 ...a 5.6 2.09 
Caigon F440, HNO, 729C 156 su ..-a 0.29 .-.a 3.4 4.59 

214 463 -2 0.46 -2 1.7 12.6 

' SO, capcily determined after 6 h 

Table 2. Correlation of SO, adsorption capacity with free ad 

not determined. 

I Sample 1 SO, IAdsorbedlCO/CO,ICO lree 

, -  

IBC-102, UNO, 525% 0.142 1.84 6.7 137 
IBC-102, HNO, 72PC 0376 0.50 12.8 335 
IBC-102, UNO, 92S'C 0.448 0.16 --' 3.90 
Calgon F400, HNO, -I 4.91 1.4 0 
Calgon F400, HNO, 200'C 0.072 4.47 0.8 0.86 
Calgon F400, HNO, 525'C 0.183 1.75 7.6 1.28 
Calgon F400, HNO, 725°C 0.244 1.06 5.5 2.26 
Calgon F400, HNO, 92S'C 0334 O S 3  5.4 3.28 

orption 
cot frel 
sited3 

0 
2.59 
2.94 
3.01 

0 
0.34 
2.52 
2.56 

. 2.75 

- 

= 
- 
- 
- 
- 
- 
- 
- 
- - 

iites. 71 
0.84 

1.08 0.95 
1.02 

' moleskg char. 
' calcnlnted.assnming that 1 chemisorbed 0, cvolved as 2 CO during TPD is equivalent to 2 CO free si ts ,  and 1 

' CO1 concentration below detectable limits. 

chemisorbed 0, evolved as 1 CO, is equivalent to 1 C02 fm site 
not determined. 
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