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1. Introduction 

Anthropogenic emissions have increased the CO2 concentration 
on the atmosphere with over 30% compared to pre-industrialize levels 
1. Most of these anthropogenic emissions are caused by fossil fuel 
utilization, where around one-third is due to electricity generation from 
fossil fuel combustion, mainly from coal-fired units.  Furthermore, 
fossil fuel electricity generation units rank as the first target to reduce 
anthropogenic emissions due to their stationary nature.  However, the 
costs of current CO2 separation and capture technologies are estimated 
to be about 75% of the total cost of ocean or geological sequestration, 
including the costs for compression to the required pressure for 
subsequent sequestration 2. New solid-based sorbents are being 
investigated, where the amine groups are bonded to a solid surface, 
resulting in an easier regeneration step 3-5. The supports used thus far, 
including commercial molecular sieves and activated carbons, are very 
expensive and hinder the economical viability of the process. 
Accordingly, there is a need to find low-cost precursors that can 
compete with the expensive commercial supports, and develop 
effective solid sorbents that can be easily regenerated, and therefore, 
have an overall lower cost over their lifetime performance.  

The authors have previously shown that high surface area 
activated carbon (AC) can be produced from anthracite6. However, the 
CO2 capture capacity of activated anthracites is lower than that of 
commercial AC or molecular sieves7. Therefore, in this study, several 
surface treatment methods were used to modify the surface properties 
of the activated anthracites to improve their CO2 capture capacity. 
 
2. Experimental 

2.1 AC samples. The AC samples used here were produced from 
anthracite.  More details can be found elsewhere6. The samples studied 
are AC1 (activated at 850oC for 3 hours), AC2 (activated at 850oC for 
2 hours) and AC3 (activated at 890oC for 3 hours). 

2.2 Surface treatment. (1) NH3 treatment: AC1 was used for this 
treatment. A known amount of AC1 was put into a quartz boat that was 
placed in the middle of a horizontal tube furnace. NH3 gas was then 
introduced, while the furnace was heated up to desired treatment 
temperature. After the furnace was held at the set temperature for 90 
minutes, the NH3 gas was switched to argon and the furnace was 
cooled down. The sample was removed from the reactor tube at room 
temperature.  The last three digits of the sample name indicate the 
treatment temperature. 

(2) HNO3 treatment: 3 g of AC2 was put into 100mL 5N HNO3 
solution. The sample was oxidized in boiling nitric acid for 5 hours, 
and then filtered and washed with de-ionized water till the pH of the 
filtrate was around 7. The treated AC was dried at 110oC for overnight, 
and labeled as AC2-HNO3. 

(3) Amine impregnation: The AC1 and AC3 samples were 
impregnated with a PEI (polyetherimine) in methanol solution and then 
dried in a vacuum oven at 75oC overnight.  The resultant samples were 
labeled as PEI-AC3 and PEI-AC4. 

2.3 CO2 adsorption studies. The adsorption performance of the 
samples was characterized using a PE-TGA 7 thermogravimetric 
analyzer, as described in a previous study 6. N2 adsorption isotherms at 
77K were used to characterize the porosity of the samples with a 
Quantachrome adsorption apparatus, Autosorb-1 Model ASIT. The 
pore sizes 2nm and 50nm were taken as the limits between micro- and 

mesopores and meso- and macropores, respectively, following the 
IUPAC nomenclature8. A Kratos Analytical Axis Ultra XPS was used 
to study the surface chemistry of the modified ACs. XPS quantification 
was performed by applying the appropriate relative sensitivity factors 
(RSFs) for the Kratos instrument to the integrated peak areas. The 
approximate sampling depth under these conditions is 25Å. 

 
3. Results and Discussion 

3.1 NH3 and HNO3 treatment. The porous texture properties, as 
determined from the 77K N2-isotherms, of the parent activated carbons 
and their counterparts treated with NH3 and HNO3 are shown in Table 
1. It can be seen that the NH3 treatment increased the surface area of 
the activated samples, especially at lower temperatures (650°C), while 
the HNO3 treatment decreased the surface area of the activated 
anthracites. For example, the surface area of the NH3 treated activated 
anthracites increased from 928 to 1052 and 952 m2/g at 650 and 800oC, 
respectively. Most of the pores of the activated anthracites AC1 and 
AC2, which were produced from anthracite by steam activation at 
850oC using different activation times, are mainly micropores (>92%).  
The low temperature NH3 treatment (650°C) can increase the surface 
area while keeping the sample microporosity (92%).  In contrast, the 
high temperature NH3 treatment (800°C) increases slightly the surface 
area of the anthracite, but increases significantly its pore diameter from 
1.91 to 1.97 nm.  The surface area of the activated anthracite decreased 
for the HNO3 treatment, due the formation of mesopores, resulting in 
an increase of the average pore size from 1.85nm to 2.21nm. 

 
Table 1. Porous texture of the parent activated anthracites and 

their counterparts treated with NH3 and HNO3. 
Sample BET 

surface 
area, m2/g 

Pore 
volume, 

ml/g 

Microporosity 
ratio,  

% 

Average 
pore 

diam., 
nm 

AC1 928 0.442 92 1.91 
AC1-NH3-

650 
1052 0.523 92 1.91 

AC1-NH3-
800 

952 0.469 88 1.97 

AC2 540 0.250 96 1.85 
AC2-HNO3 195 0.108 86 2.21 

  
3.2 XPS analysis studies.  As expected, the NH3 treatment 

introduced nitrogen surface groups on the activated carbon, especially 
at high temperature.  The nitrogen content increased from 0.1% in the 
untreated activated carbon to 1.1% in the NH3 treated activated carbon, 
as showed by the XPS data presented in Table 2 

 
Table 2. Summary of the elements detected by XPS (Rel. Atom%) 

Sample C O N 
AC1 95.7 4.2 0.1 

AC1-NH3-800 94.0 4.9 1.1 
AC2-HNO3 77.6 21.8 1.6 

 
The HNO3 treatment can introduce oxygen surface functional 

groups on the activated carbon (Table 2), as found in previous studies9. 
The oxygen content of the treated activated carbon was as high as 
21.8%, which is about 4 times higher than the untreated activated 
carbon, which is 4.2%. The curve fit to the experimental carbon 1s 
spectra showed that the HNO3 treatment created a large amount of 
carboxylic COO- groups on the surface of the activated carbon. In 
addition, the HNO3 acid can also introduce nitrogen groups on the 
activated carbon, where the nitrogen content increased from 0.1% to 
1.6% after HNO3 treatment.  
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3.3 CO2 adsorption studies. The CO2 adsorption capacities of the 
activated anthracites and their NH3 and HNO3 treated counterparts 
were determined at 30, 50 and 75oC, as shown in Figures 1 and 2.  

It can be seen that there are significant changes in the CO2 
adsorption capacity of the parent and treated anthracites with 
temperature. At 30oC, the adsorption of the untreated activated 
anthracites was slightly higher than the treated samples. At higher 
adsorption temperatures (50oC and 75oC), the adsorption capacities of 
the treated samples was slightly higher than that of the parent activated 
anthracite. For instance, at 75oC, the CO2 adsorption capacity was 
21.68, 26.63 and 23.69 mg-CO2/g-sorbent for AC1, AC1-NH3-650 and 
AC1-NH3-800, respectively. For the HNO3 treatment, the CO2 
adsorption was 38.85 and 40.47 mg-CO2/g-sorbent for AC2 and AC2-
HNO3 at 50oC, respectively. This indicates that the treatment process 
can improve the CO2 adsorption of the anthracite, particularly at higher 
temperatures.  This is probably due to the introduction of nitrogen 
groups.  Further studies are being conducted to assess the nitrogen 
functional groups that affect CO2 adsorption.  
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Figure 1. CO2 adsorption capacities of AC1 and its NH3 treated 
samples, AC1-NH3-650 and AC1-NH3-800. 
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Figure 2. CO2 adsorption capacities of AC2 and its HNO3 treated 
sample, AC2-HNO3. 

 
Figure 3 shows the CO2 adsorption capacities of the AC1 and 

AC3 samples, and their PEI impregnated samples, PEI-AC1 and PEI-
AC3. It can be seen that impregnation with PEI increases significantly 
the CO2 adsorption capacities, particularly for AC3. For instance, the 
adsorption capacity increased from 21.55 to 26.3 mg-CO2/g for AC1 
after impregnation.  For the AC3 sample, the PEI impregnation 
increased more significantly the CO2 adsorption capacity from 16.94 to 
37.49 mg-CO2/g. This increase in the CO2 adsorbed after amine 
impregnation is consistent with that founded in molecular sieve 
materials MCM-41 and in fly ash carbons5,10. The higher CO2 adsorbed 
amount for AC1 compared to AC3 is probably due to the presence of 
more micropores (92% vs. 78%).  Previous studies conducted on 
MCM-41 and fly ash carbons have shown that the CO2 chemical 
adsorption for PEI impregnated materials is favored by the presence of 
mesopores that can promote mass transfer within the pores. 
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Figure 3. CO2 adsorption capacities at 75oC of AC1 and AC3 and their 
PEI impregnated samples, PEI-AC1 and PEI-AC3.  

 
4. Conclusions 

NH3 and HNO3 treatments can change the pore structure of 
activated anthracites. NH3 treatment can introduce nitrogen groups on 
the surface of activated anthracites. HNO3 treatment can introduce both 
oxygen and nitrogen functional groups, where the oxygen groups are 
mainly carboxylic COO-. NH3 and HNO3 treatments improves the CO2 
capture capacity of the activated anthracites at higher temperatures (50 
and 75 oC), due to the introduction of nitrogen and oxygen functional 
groups. PEI impregnation can increase the CO2 capture capacity of the 
activated anthracites.  Further studies are being conducted to optimize 
the treatments described here to improve the CO2 adsorption capacity 
of activated anthracites.  
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