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Introduction 

Currently, as fossil fuels account for over 85% of the global energy sources, the problem of air pollution is expected to worsen further.  In particular, nitrogen oxides (NO, NO2) and sulfur oxides (SO2) are regarded as the most notorious toxic gases emitted into the air in the process of fossil fuels consumption.  These gases cause urban smog and acidify the rain and snow.  High concentration of these gases in the air may cause damages to human health such as hair loss, bleary eyes, breathing problems, respiratory diseases and throat inflammation and even critical illness.   However, emission of NO-NO2 and SO2 are still hard to control despite decades of research, and various technical countermeasures have to be drawn up.  Currently, the alkali absorption method  and the selective catalytic reduction (SCR) method using catalyst and reducing agent  are the most widely used commercial methods to control SO2 and NO-NO2, respectively.  While these two methods are known to be more effective than others for respective SO2 and NO-NO2, they also have problems.  Both methods require complicated process and lots of energy.  The alkali absorption method may lead to secondary contamination and the SCR method causes deactivation of catalyst due to O2 and needs to use reducing agents as a NH3.  Accordingly, there have been efforts to remove NO-NO2 and SO2 through a composite process or substitute them by other process in some cases.  The adsorption process using activated carbon is known to have a high adsorption capacity for diverse toxic gases because the activated carbon characteristically has large surface area and micro-porous structure.   Because the process itself is simple and easy to install, it is regarded as appropriate for applying with other process simultaneously.  The adsorption method shows high adsorption capacity at low concentration, but its adsorption capacity decreases largely at high concentration.  Therefore, the method is more useful when applied at the secondary treatment stage in the composite process combining the SCR method and the adsorption method.  NO-NO2 and SO2 are not controlled effectively by the existing granular activated carbon, several researchers as well as our group reached a conclusion that KOH-IAC could raise the adsorption capacity of each of NO-NO2 and SO2 .  However, according to our investigation, there have been no papers published about simultaneous adsorption of SO2 and NO-NO2 with KOH-IAC.  In addition, in case of impregnated activated carbon, it has been reported that the changes in surface chemistry during the adsorption was very important because different from the general granular activated carbon (GAC) based on the physisorption theory, but there was not sufficient relevant information.  This study examined the characteristics of the single component and simultaneous adsorption behavior of NO-NO2-SO2, both with and without the presence of O2, with KOH-IAC and investigated the characteristics by observing surface chemical changes upon adsorption of NO-NO2-SO2 with KOH-IAC.

Experimental 

The adsorbent was prepared by impregnating a KOH (Junsei Chemical Co.) solution into GAC obtained from coconut shell (Dongyang Carbon Co.).  GAC was sieved through a 8/16 mesh and treated with N2 flowing for 4 h at 413 K.  Next the treated GAC was dried at 383 K.  KOH was impregnated in an aqueous solution state in the GAC via incipient wet impregnation, and was used following dehydration at 403 K.  Manufactured KOH-IAC was stored in a desiccator from common airborne 
moisture and contaminants to prevent adsorbent function reduction.  Precautions were taken with regard to impregnation, drying, and storage of adsorbent because these processes have a great influence on the adsorption capacity.  Through atomic absorption spectroscopy (AAS) analysis, potassium loading of KOH-IAC was confirmed.  

The fixed-bed adsorption system used in this experiment is shown in Figure 1.  The fixed-bed adsorption column was a 316 stainless steel tube, 40cm long ( 1.9cm I.D.  Inside the columns, steel mesh was placed in the upper and lower extremities of the adsorbent to support the samples and minimize channeling phenomenon.  The temperature of the column was maintained with an electric furnace located on its outer wall.  For the system line, the temperature was maintained by using a heat band and heat insulating material and was regulated with a proportional-integral-differential (PID) temperature controller.  The temperature was measured by connecting a K-type thermocouple (Omega Engineering) located inside the line and connected to a recorder.  Each certified 2% NO-N2 , 5000 ppm NO2-N2, and 2% SO2-N2, high purity O2 was diluted to the desired concentration range via a mass flow controller (Brooks, 5280E).  In the fore-end of the adsorption column, an in-line static mixer was installed to facilitate mixing.  Concentration of NO, NO2 and SO2 that exhausted from the bypass line and adsorption column were analyzed by using a chemiluminescent NOx analyzer (Thermo Environmental Instruments, 42C) and a flue gas analyzer (Eurotron Instruments S.p.A., GreenLine Mk II) for SO2 analysis.  Daily NOx, and SO2 analyzer calibrations were performed with N2 (zero value) and NO, NO2, and SO2 gases certified by the manufacturer’s analysis as having a concentration of near 80% of the analyzer full-scale range (span value).  During the adsorption experiment, analysis on column outlet concentrations of NO-NO2, and SO2 are controlled with software.  Analytical data are captured every minute and read into a computer, generating 210 analytical values from every of 210-minute-long experiment.

Results and Discussion

Detailed conditions of each experiment are shown in Table 1.  For the all experiments, at 10.673 g of adsorbent amount, 403 K of temperature, around 1000 ppm of SO2 and NOx concentration, 30 cm/sec of linear velocity, 0.67 sec of contact time, and with and without the presence of O2.  KOH-IAC is used to verify the behavior of single component and simultaneous adsorption for each of NO-NO2 and SO2.  

Experiments in this study confirmed the single component and simultaneous adsorption behaviors of each of NO-NO2 and SO2 with the KOH-IAC.  This study conducted XPS analysis of NO-NO2 and SO2 adsorbed KOH-IAC to observe the changes in surface chemistry by comparing non-depth sputtered and depth sputtered sample.  In the presence of O2, NO production increased proportionate to the number of adsorption sites of KOH-IAC during NO-NO2 rich-air adsorption.  NO2 production means consumption of the selective adsorption site.  SO2 showed a higher adsorption rate than NO-NO2 and reached the saturated point fast.  As to the simultaneous adsorption of NO rich-NO2-SO2-N2, we understand that although NO cannot be adsorbed on its own without the presence of O2, the O2 produced during the adsorption of SO2 to KOH-IAC is chemically adsorbed onto the surface. From this result, NO can be
adsorbed on KOH-IAC.  As SO2 with higher adsorption rate occupies much of the selective adsorption
                Table 1 Conditions of Each Adsorption Experiment
	exp.a no.
	adsorbate
	NO

concn

(ppm)
	NO2

concn

(ppm)
	SO2

concn

(ppm)
	contact

time (s)
	linear velocity

(cm/s)

	run 1
	NO-NO2 rich-air
	122
	787
	    0
	0.67
	30

	run 2
	SO2-air
	 0
	 0
	1006
	0.67
	30

	run 3
	NO rich-NO2 –SO2-N2
	973
	26
	1004
	0.67
	30

	run 4
	NO-NO2 rich-SO2-N2
	115
	793
	1007
	0.67
	30

	run 5
	NO-NO2 rich-SO2-air
	110
	796
	1008
	0.67
	30


                            a Adsorption tests were performed on KOH-IAC at a temperature of 403 K for 210 min.

                            b 10.673 g of KOH-IAC consisting of 9.96 wt % potassium was introduced into the column.
site, NO breakthrough is progressing very fast in comparison to the single component experiment.  The more the SO2 is adsorbed, the less the NO-NO2 is adsorbed over KOH-IAC.  Accordingly, amount of SO2 adsorbed on KOH-IAC was the largest in the SO2-air and the least in the NO-NO2 rich-SO2-air where NO-NO2 adsorption was the most favorable.  During the process of adsorption with KOH-IAC, the interaction between NO-NO2 and SO2 and the adsorption affinity difference led to different results in the single component and simultaneous adsorption of NO-NO2-SO2.  Under the NO-NO2 rich-SO2-air condition, the analysis of the surface chemistry of the adsorbed sample proved that adsorption was in most cases progressed by chemical reaction. On the external surface, the basic atmosphere of the KOH-IAC due to the surface OH- ion was oxidized by NO-NO2 and SO2 adsorption.  In particular, as SO2 and KOH-IAC showed a strong affinity for each other, K2SO4 was primarily produced on the nearest external surface exposed to the adsorbates and NO-NO2-adsorbed sites increased irregularly in proportion to the depth of the surface.  We could confirmed the surface chemical behavior that the simultaneous adsorption experiment of NO-NO2-SO2 with KOH-IAC matched the surface characterization result.
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Figure 1. Comparison of the concentration profile of NO, as measured while each of 1ppm NO2 is produced in conditon Table 1.
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Figure 2.  XPS survey scan obtained from KOH-IAC adsorbed for 210min with NO-NO2 rich-SO2-Air (run 5).  (a) before depth sputtering and (b) after 20 min depth sputtering (sputter rate based on SiO2= 170Å/min).
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