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Abstract: Control of nitric oxide emission (NO) as the main constituent of nitrogen oxides (NOx) from 

combustion sources is a global concern. In this context, this study investigates the adsorption of NO 

using some biomass-derived adsorbents. Rubber seed shell (RSS) was used as a lignocellulosic residue 

to develop biochar, modified by metal-doping and alkali activation. The prepared adsorbents, namely, 

pristine biochar, cerium-loaded biochar and KOH-activated biochar, were used to capture NO in a 

dynamic fixed-bed adsorption system. The effect of different initial NO feed concentrations (200 and 

350 ppm), total gas flow rates (100, 150 and 200 ml/min), and adsorption temperatures (30, 70 and 110 
oC) on the adsorption capacity of the adsorbents was investigated. The most suitable operating condition 

for NO adsorption was found to be the NO feed concentration of 200 ppm, inlet gas flow rate of 100 

ml/min and the adsorption temperature of 30 oC at which the high NO adsorption capacity of 81.67, 

142.53 and 470.50 mg/g was attained for pristine, Ce-loaded, and KOH-activated biochars, respectively. 

The adsorbents showed high sustainability in the regeneration process within 5 cycles of NO adsorption-

desorption. These results highlight the high potential of RSS-derived biochar for the control of NOx 

emission from flue gases.  

Keywords: Nitric oxide adsorption; Fixed-bed reactor; Biochar; Metal-doped biochar; alkali-

activated biochar.   
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1. Introduction 

Air pollution is considered one of the major problems around the globe. Day by day, 

this issue is becoming more serious due to its impact on human health and the environment. 

One of the main contributors to air pollution is acid deposition, also known as acid rain, which 

is caused by sulfur oxides (SOx) and nitrogen oxides (NOx) emissions [1]. During the 

combustion process, NOx is formed by the nitrogen bond reaction with oxygen in the air [2]. 

NOx is a pollutant of great concern as it can cause serious respiratory diseases besides being 

the cause of several environmental issues, including photochemical smog, acid rain and 

depletion of the ozone layer [3-5]. NOx may exist in different forms, among all, nitric oxide is 

a possible form and comprises almost 90% of the compounds in NOx group [6]. NO is highly 
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reactive because of being a diatomic radical with one unpaired electron and because of being 

toxic, its removal from flue gases is crucial [7].  

The current most practical technique for reducing NOx emissions is a selective catalytic 

reduction with ammonia (NH3-SCR) which is carried out at temperatures of 300-400 oC [8].  

Yet, the traditional SCR may not be applicable for the removal of NOx in the industries such 

as steel, glass, cement and so on, whose flue gas temperature is low (100 to 200 oC) and heating 

up the gas would be a burdensome operating cost [9]. Alternatively, NO oxidation to NO2 and 

its adsorption can be utilized for NOx emission abatement. It is worth noting that the adsorption 

extent of NO2 is much higher than NO; this is because NO is a supercritical fluid at ambient 

temperature and its physical adsorption on the adsorbent is low [10].  

Some researchers have reported catalytic oxidation of NO to NO2 over carbonaceous 

materials. Some recent studies have reported the use of pristine or modified activated carbon 

[3, 11-13], sewage sludge-derived char [12] and metal oxide-loaded activated carbon [14] for 

the oxidation of NO. In continuing efforts to develop cost-effective and sustainable materials 

for NO uptake and adsorption, considerable attention has been paid to biochar, which is the 

solid product obtained from the thermochemical conversion of biomass, including pyrolysis 

gasification hydrothermal carbonization as well as flash carbonization [15, 16]. Recently, some 

studies [17] have reported the use of metal-loaded biochar for SCR of NO with ammonia at 

low temperature, however, the catalytic oxidation of NO over biochar has been scarcely 

reported [18]. Biochar has abundant oxygen-containing functional groups [19], which can 

significantly contribute to the oxidation of NO to NO2 that its physical adsorption on the 

adsorbent is considerably higher than NO [20].        

The selection of biomass for the development of biochar mainly depends on the 

abundance and availability of the lignocellulosic wastes [21]. In Malaysia, which is among the 

top producers of natural rubber globally, rubber seed shell (RSS) is plentifully available as a 

lignocellulosic waste [22]. It is produced after extracting oil from the rubber seed kernel, which 

itself is a by-product of the rubber tree beside latex which is the main product. Hence, the use 

of RSS as a locally available lignocellulosic waste to produce biochar for NO oxidation would 

be a viable solution both to reduce the solid waste and, also, to control the NOx emission from 

combustion sources.    

Generally, biochar's porosity properties and surface chemistry can be improved through 

some physical and/or chemical modifications [16]. In this context, in this study, pristine biochar 

was modified through two approaches: metal-doping and alkali-activation and used as 

adsorbent for NO uptake. In this regard, cerium oxide was loaded on the pristine biochar 

through impregnation followed by calcination; this was to obtain Ce-loaded biochar. As the 

second adsorbent, pristine biochar was activated using potassium hydroxide solution to obtain 

KOH-activated biochar. Both adsorbents and the pristine biochar were used to uptake NO in a 

dynamic fixed-bed system. The influence of various operating parameters such as NO feed 

concentration, total gas flowrate and adsorption temperature on the adsorption capacity of the 

adsorbents was studied and the results were discussed.  

2. Materials and Methods 

2.1. Biomass feedstock. 

Rubber seed shell (RSS), as the lignocellulosic feedstock, was used to prepare biochar. 

The shells were washed, dried, and crushed using a mechanical crusher to a particle size of 
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around 63 µm. Proximate analysis showed that the RSS contained 78% moisture, 0.4% ash and 

22% fixed carbon on dry basis. Ultimate analysis indicated that the percentage of C, O, H, S 

and N in the RSS biomass was 48.36, 45.45, 5.75, 0.30 and 0.14%, respectively. 

2.2. Preparation of RSS-based adsorbents. 

 Three RSS-based adsorbents, including raw biochar, Ce-loaded biochar and KOH-

activated biochar, were synthesized and used for NO uptake in this study. Raw biochar was 

produced in a carbonization unit by pyrolyzing the RSS biomass at 700 oC temperatures for 90 

min. Metal-doped biochar was prepared by impregnating the RSS biochar with cerium nitrate 

solution (Ce(NO3)3.6H2O) and then calcining the sample under N2 at 500 oC to obtain CeO2-

loaded biochar following the method described in our previous study [18]. To prepare the 

KOH-activated biochar, the RSS biochar was impregnated with potassium hydroxide (KOH) 

at a mass ratio of 2:1 (alkali chemical: biochar). The chemically activated biochar was then 

heated under N2 at 700 oC for 3 h. After cooling, the sample was washed with HCl and distilled 

water until a neutral pH was reached. Finally, the sample was oven-dried at 105 oC and stored 

in an air-tight container for adsorption experiments.  

2.3. NO adsorption studies. 

NO adsorption tests were performed in a continuous fixed-bed reactor system. The 

system consisted of three major components: fixed-bed reactor, mass flow controllers and flue 

gas analyzer system. The fixed bed reactor for NO adsorption consisted of a stainless steel tube 

(Swagelok, 1.25 cm OD, 1.0 cm ID, 50 cm length), located inside a vertical tube furnace (Mini-

Mite Tube Furnace, Lindberg/Blue, Model TF55030A). A K-type thermocouple (Patos, DE-

305) was placed in the middle of the adsorber to monitor the adsorption temperature. 

 Two mass flow controllers (Aalborg) were installed to regulate the flow rate of O2 and 

NO in N2 gas mixture. The outlet concentration of NO before and after the adsorption 

experiment was measured using a gas analyzer system (IMR Combustion-Gas Analyzer 

System 5000/400 with integrated). The gas analyzer was used to measure the concentration of 

NO gas in ppm.  

For testing the NO adsorption activity of either pristine or cerium and KOH 

impregnated RSS biochar samples, 1g of the prepared adsorbent was placed at the center of the 

fixed-bed adsorber and borosilicate glass wool was used as the support. Then, a flow of 

nitrogen gas was allowed to pass through the reactor column at 140 oC for 15 min to remove 

moisture or any unwanted foreign compounds from the biochar samples. After that, a flow of 

gas mixture, consisting of NO (200 or 350 ppm) and O2 (15%), was passed through the biochar 

bed. The inlet and outlet concentrations of NO were measured using a gas analyzer. The NO 

concentration was recorded continuously at an interval of 1 min until the breakthrough point 

was accomplished. The effect of NO feed concentration (200 or 350 ppm), total gas flow rate 

(100, 150 and 200 ml/min) and adsorption temperature (30, 70 and 110 oC) on the NO uptake 

capacity of the adsorbent was studied. The NO uptake capacity was calculated from the  

integration of the breakthrough curve as shown in Equation (1) [23]:  

𝑄𝑠 = 
𝐹 × ∫ (𝐶0− 𝐶 )𝑑𝑡

𝑡
0

𝑚
                                                             (1) 

https://doi.org/10.33263/BRIAC122.16381650
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC122.16381650  

 https://biointerfaceresearch.com/ 1641 

where 𝑄𝑠 represents the NO adsorption capacity of the adsorbent (mg/g), F is the inlet feed 

flow rate (m3/min), m is the amount of adsorbent (g), 𝐶0 and C stands for the inlet and outlet 

concentration of NO (mg/m3), respectively and t is the adsorption time (min). Each 

experimental run for NO adsorption was repeated three times to increase the accuracy of the 

results and the average values were reported. 

3. Results and Discussion 

In this study, to improve the pristine biochar's physicochemical attributes and hence 

enhance its NO uptake capacity, two modifications were carried out on the raw biochar. In the 

first method, Ce-loaded biochar was developed through impregnation followed by calcination. 

The introduction of ceria (CeOx) on the biochar was because of the exceptional oxygen storage 

capacity of ceria which could enhance the oxidation of NO to NO2 [18, 24]. As the second 

approach to developing an adsorbent with high uptake capacity, KOH-activated biochar was 

developed. This was because alkaline activation of biochar could considerably improve the 

surface area and porosity of the biochar and, also increase the oxygen content and surface 

basicity [25]. The surface basicity of biochar was beneficial for the adsorption of NO gas with 

acidic character. In the next step, the developed adsorbents, including pristine biochar, Ce-

loaded biochar and KOH-activated biochar, were tested in a dynamic adsorption system for 

NO adsorption and the results are presented and discussed here.   

3.1. Effect of NO feed concentration. 

 Figure 1 shows the breakthrough curves for the NO uptake capacity at different NO 

feed concentrations by pristine, Ce-loaded and KOH-activated biochars. The total gas flow rate 

and adsorption temperature remained constant at 100 ml/min and 30 oC during the NO 

adsorption test. Table 1 also shows the NO uptake capacity by various biochar samples at 

different NO feed concentrations. 

Table 1. NO uptake capacity by various adsorbents at different NO feed concentrations. 

Adsorbent NO feed concentration 

ppm) 

Breakthrough time 

(min) 

NO adsorption capacity 

(mg/g) 

Pristine biochar 200 8 81.67 

 350 6 100.00 

Ce-loaded biochar 200 18 142.53 

 350 14 144.36 

KOH- activated biochar  200 23 470.59 

 350 17 674.36 

Considering all the investigated adsorbents, it can be observed that lower initial NO 

concentration (200 ppm) resulted in a longer breakthrough time (tb). The breakthrough time 

corresponding to the time at which C/C0= 0.05 reduced in all cases when the feed concentration 

of NO increased. Besides, the saturation time (ts), which refers to the time needed for the 

adsorbent bed to reach the equilibrium (C/C0 = 0.95), tended to become longer when a lower 

initial NO concentration (200 ppm) was used. At this condition, a lower amount of NO 

molecules entered the reactor and hence it took a long time to reach the saturation point [26, 

27]. In contrast, at 350 ppm, the adsorbent bed tended to saturate faster, and a shorter saturation 

time was observed. This was because, at higher NO concentration, a larger driving force 

resulted from the concentration gradient between the bulk and the surface of the adsorbent, 
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which enhanced the mass transfer, diffusion, and adsorption of No on the adsorbent active sites 

[28]. 

 

 

 
Figure 1. Breakthrough curve for NO adsorption on the prepared adsorbents at different NO feed concentrations 

(total gas flow rate: 100 ml/min and adsorption temperature: 30 0C). The inset shows the variation in C/C0 in the 

first minutes of adsorption. 

In terms of the adsorption capacity, it was found that the adsorption capacity increased 

directly with an increase in the initial NO feed concentration. Based on the results presented in 

Table 1, it was identified that with an increase in the initial NO feed concentration from 200 to 

350 ppm, the NO adsorption capacity also enhanced from 81.67 to 100.0 mg/g for pristine, 

from 142.53 to 144.36 mg/g for Ce-loaded biochar and from 470.59 to 674.36 mg/g for KOH-

activated biochar. At the same time, it was observed that as the initial NO feed concentration 

increased from 200 to 350 ppm, the breakthrough time decreased from 8 to 6 min for pristine, 

from 18 to 14 min for Ce-loaded biochar and from 23 to 17 min for KOH-activated biochar. 

When the initial NO feed concentration increased, more adsorption sites were utilized, hence 

the breakthrough time was shortened. At higher concentration gradients, the diffusion and mass 

transfer rate increased, therefore, the gas molecules transported quickly into the adsorbent 
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pores. Besides, the enhancement in the adsorption capacity at higher concentrations was 

because of the higher driving force, which could overcome the mass transfer resistance [29].  

3.2. Effect of total gas flow rate. 

 To identify the effect of different initial gas flowrates on NO adsorption capacity, gas 

flowrates of 100, 150 and 200 ml/min were studied. While the initial NO feed concentration 

and the adsorption temperature were held constant at 200 ppm and 30 oC. Figure 2 and Table 

2 display the breakthrough curves and NO adsorption capacity results for all the tested 

adsorbents.  

 As can be seen in Table 2, the adsorption capacity of all adsorbents was found to 

decrease with an increase in the flow rate from 100 to 200 ml/min. Each of the adsorbents 

showed the highest adsorption capacity at 100 ml/min with 81.67, 142.53 and 470.59 mg/g for 

pristine, Ce-loaded and KOH-activated biochar, respectively. According to Figure 3, the 

breakthrough curve was slightly steeper as the initial total gas flow rate increased for all 

adsorbents, which was associated with an increased mass transfer rate [30]. From Table 2, it 

can be observed that the breakthrough time increased with respect to the gas flowrate in the 

order of 200 < 150 < 100 ml/min for all the tested adsorbents. It was identified that the 

breakthrough time at 100 ml/min for all adsorbents was significantly longer compared to those 

at 150 and 200 ml/min. Residence time is an essential factor in the NO adsorption [31]. High 

adsorption capacity can be obtained at a lower initial total gas flow rate. This is due to the fact 

that at lower gas flow rates, the residence time is longer, and the gas molecules have more 

chance to be transported from the gas bulk to the adsorbent surface. At this condition, the gas 

molecules have more time to diffuse into adsorbent pores, whereby in return, high adsorption 

capacity could be achieved [32, 33].  

 On the contrary, it was observed that the breakthrough time occurred earlier at a higher 

gas flow rate. This is due to the decrement in residence time and thus the contact time between 

the adsorbate and the adsorbent surface sites. At a higher gas flow rate, the mass transfer in the 

gas film is enhanced, but at the same time, the thickness of the mass transfer boundary around 

the adsorbent is reduced, causing a decrease in the adsorption capacity [34]. Therefore, by 

increasing the initial total gas flow rate, although the mass transfer resistance in the gas phase 

decreases, but shorter residence time results in lower adsorption capacity. Yet, quick saturation 

of the adsorption column, which is highly associated with the high mass transfer rate, results 

in shorter breakthrough and saturation times [35]. Based on the results of this study, it can be 

concluded that a lower initial total gas flowrate was preferable for all the tested adsorbents to 

achieve higher NO adsorption and a longer breakthrough time.  

Table 2. NO adsorption uptake by various adsorbents at different total gas flow rates. 

Adsorbent Total gas flow rate 

(ml/min) 

Breakthrough time 

(min) 

NO adsorption capacity 

(mg/g) 

Pristine biochar 100 8 81.67 

 150 7 59.97 

 200 6 21.83 

Ce-loaded biochar 100 18 142.53 

 150 15 94.43 

 200 12 42.54 

KOH-activated 

biochar  

100 23 470.59 

 150 21 267.30 

 200 18 217.94 
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Figure 2. Breakthrough curve for NO adsorption on the prepared adsorbents at different total gas flow rates 

(NO feed concentration: 200 ppm and adsorption temperature: 30 oC). The inset shows the variation in C/C0 in 

the first minutes of adsorption. 

3.3. Effect of adsorption temperature. 

 Adsorption temperature is another important factor in determining the adsorbent's 

performance and suitability in post-combustion capture. To investigate the effect of adsorption 

temperature on NO adsorption, different temperatures of 30, 70 and 110 oC were applied for 

NO adsorption on the adsorbents. In this experiment set, the NO feed concentration and the 

initial total gas flowrate were held constant at 200 ppm and 100 ml/min, respectively. Figure 3 

and Table 3 show the NO adsorption performance of the adsorbents in terms of breakthrough 

time and adsorption capacity. 

Based on the breakthrough results, it can be identified that all the tested adsorbents 

showed a similar trend whereby the breakthrough time and NO adsorption capacity decreased 

with an increase in the adsorption temperature from 30 to 110 oC. It was observed that the 

highest adsorption capacities were obtained at 30 oC, which were 81.67 mg/g for pristine, 

142.53 mg/g for 3% Ce-loaded and 470.59 mg/g for KOH-activated biochar. This finding 
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signifies that preferable NO adsorption takes place at lower adsorption temperature. Similar 

results were observed in the following reported literature. Zhao et al. [23], developed a 

functionalized molecular imprinted adsorbents (MIP) for NO adsorption. Based on the study, 

the highest NO adsorption was 12.1 mg/g, which was obtained at a low adsorption temperature 

(40 oC). In another study by Al-Rahbi and Williams [36], who investigated the NO adsorption 

on waste tire activated carbon, it was reported that the highest NO removal was achieved at 

low adsorption temperature (25 oC).  

In contrast, at higher adsorption temperature, lower NO adsorption capacity and shorter 

breakthrough time were observed, suggesting that the adsorption process was exothermic in 

nature. Most adsorbent active sites were filled and occupied by the gas molecules at high 

adsorption temperatures. Hence, the diffusion resistance increased, causing the adsorption 

capacity to be decreased. At elevated temperatures, the adsorption equilibrium is reached faster 

and the saturation point is achieved in a shorter period of time due to the accelerated diffusion 

of gas molecules to the pores of the adsorbent at high temperatures [37].  

Goel et al. [38] suggest that when the adsorption temperature increases, the surface 

energy and gas diffusion rate increase, causing the gas molecules' stability on the adsorbent 

surface to decrease. This situation will lead to desorption and consequently decreases the 

adsorption capacity. Ammendola et al. [39], also discussed that higher adsorption temperature 

leads to a rapid gas adsorption process, resulting in rapid saturation of the adsorbent bed, thus 

decreasing the breakthrough time.  
 

Table 3. NO adsorption uptake by various adsorbents at different adsorption temperatures.  

Adsorbent Adsorption 

temperature 

(0C) 

Breakthrough 

time  

(min) 

NO adsorption 

capacity  

(mg/g) 

Pristine biochar 30 8 81.67 

 70 6 64.14 

 110 5 34.07 

Ce-loaded biochar 30 18 142.53 

 70 16 129.70 

 110 11 95.42 

KOH-activated biochar  30 23 470.59 

 70 19 385.32 

 110 12 298.15 

3.4. Regeneration study in fixed-bed adsorption reactor. 

 For industrial-scale applications, the renewability of the adsorbent and its stability are 

significantly important. Therefore, the ability to have a good regeneration cycle and also high 

adsorption capacity are highly preferred. To assess the renewability of the adsorbents, after 

each adsorption process at 30 oC, the adsorbent was heated under N2 to 140 oC to desorb the 

captured gas and this cycle was repeated 5 times; the results are shown in Figure 4. The 

regeneration study on the Ce-loaded and KOH-activated biochar was carried out at 200 ppm 

initial NO concentration of 200 ppm, a total gas flow rate of 100 ml/min and adsorption 

temperature of 30 oC.  
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Figure 3. Breakthrough curve for NO adsorption on the adsorbents at different adsorption temperatures (NO 

feed concentration: 200 ppm and total gas flow rate: 100 ml/min). The inset shows the variation in C/C0 in the 

first minutes of adsorption 

 Based on the results presented in Figure 4, it can be observed that the regeneration 

performance shown by both cerium and alkali-loaded biochars was stable with an only a slight 

decrease in the adsorption capacity. This suggests that both adsorbents can be used repeatedly. 

The adsorption capacity of the alkali-loaded biochar decreased by less than 20% after 5 

regeneration cycles. In comparison, Ce-loaded biochar displayed good regeneration 

performance. Only a slight decrease of 10% was observed in the adsorption capacity after 5 

cycles. It was also observed that after several cycles, the amount of adsorbed NO slightly 

decreased, which is probably due to the incomplete removal of the gas molecules during the 

desorption process and blockage of pores by some remaining gas molecules that were not 

efficiently released during the desorption process [37]. Overall, both the cerium and alkali-

loaded biochars could be easily regenerated due to the weak interactions between the 

adsorbents’ active sites and NO, specifying physisorption or a weak chemisorption process 

[40]. This easy regeneration and sustainable adsorption capacity can be regarded as two 

significant advantages of the developed adsorbents for NO adsorption from flue gas.  
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Figure 4. Regeneration performance of Ce-loaded and KOH-activated biochar adsorbents at optimized 

conditions: 200 ppm NO feed concentration, 100 ml/min total gas flowrate and 30 0C adsorption temperature  

 Comparing the NO uptake capacity of the Ce-loaded and KOH-activated biochars with 

those available in the literature (Table 4) signifies the high potential of these adsorbents to 

remove NO from the combustion sources.  

Table 4. Comparison of the NO uptake capacity of different carbon-based adsorbents from the literature in 

fixed-bed adsorption system.  

Adsorbent NO concentration in the 

gas 

Adsorption 

condition 

NO uptake 

capacity 

References 

Ordered mesoporous 

carbon (OMC) and  

cerium-loaded OMC 

500 ppm P: atmospheric 

T: 50 oC 

19.4 mg/g 

(OMC) 

22.0 mg/g (Ce-

OMC) 

[41] 

Coconut shell-based 

activated carbon 

500 ppm P: atmospheric 

T: 25 oC 

23.0 mg/g [42] 

Cerium loaded palm 

shell activated carbon 

(Ce/PSAC) 

500 ppm P: atmospheric 

T: 150 oC 

3.5 mg/g [43] 

Molecularly 

imprinted adsorbents 

1500 ppm P: atmospheric 

T: 40 oC 

12.1 mg/g 

 

[26] 

Ce-loaded biochar 2000 ppm P: atmospheric 

T: 30 oC 

142.53 mg/g This study 

 KOH-activated 

biochar  

2000 ppm P: atmospheric 

T: 30 oC 

470.59 mg/g This study 

4. Conclusions 

Three RSS-derived adsorbents, including pristine, Ce-loaded biochar and KOH-

activated biochars, were used to study the dynamic NO adsorption in a fixed-bed reactor. The 

effects of operating variables including different initial NO feed concentration (200 ppm and 

350 ppm), total gas flow rate (100, 150 and 200 ml/min), and adsorption temperatures (30, 70, 

and 110 0C) on the NO breakthrough curves and the adsorption capacity were investigated. 

Results show that with an increase in the initial NO feed concentration from 200 to 350 ppm, 

the NO adsorption capacity increased from 81.67 to 100.00 mg/g for pristine, 142.53 to 144.36 

mg/g for Ce-loaded and 470.59 to 674.36 mg/g for KOH-activated biochar. An increase in the 

total gas flow rate from 100 to 200 ml/min resulted in a decrease in the NO adsorption capacity 

from 81.67 to 21.83 mg/g for pristine, 142.53 to 42.54 mg/g for Ce-loaded and 470.59 to 217.94 

mg/g for KOH-activated biochar. When the adsorption temperature increased from 30 to 110 

oC, the adsorption capacity decreased from 81.67 to 34.07 mg/g for pristine, 142.53 to 95.42 

mg/g for Ce-loaded 470.59 to 298.15 mg/g for KOH-activated biochar. This was associated 
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with the exothermic nature of the adsorption process. In terms of stability, all prepared 

adsorbents revealed good regeneration performance. Only 10 and 20% decrease were detected 

in the NO uptake capacity of Ce-loaded and KOH-activated biochars, respectively, after 5 

regeneration cycles. 
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