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ABSTRACT 

NOx, a generic term for nitrogen oxides, is an air pollutant that can causes damage to the ozone 

layer, and produces greenhouse effects, acid rain and photochemical smog. It is mainly produced 

by diesel engine exhaust due to the reaction between nitrogen and oxygen, especially at elevated 

temperatures. NOx needs to be reduced from flue gas in order to fulfil environment regulations 

due to its hazardous nature. This study aims to remove NOx from air through absorption using a 

mixture of H2O2 and HNO3 solutions as an absorbent in the membrane contactors. In the 

experiment, the feed gas and the absorbent were flowed in the shell side and the lumen fibers, 

respectively. The flow rates of absorbent and feed gas, as well as the fiber number the membrane 

contactor, greatly influence the efficiency of NOx removal, mass transfer coefficients and fluxes. 

The highest values of NOx removal efficiency, mass transfer coefficient and flux achieved in the 

study were 47%, 8.7×10-5 cm.sec-1, and 3.1×10-5 mmole.cm-2.sec-1, respectively. 

 

Keywords:  Air pollutant; Flux; Mass transfer coefficient; Membrane contactors; Nitrogen 

oxides 

 

1. INTRODUCTION 

Nitrogen oxides (NOx), besides CO2, are key pollutants in the flue gas emitted from the fossil 

fuel combustion process, and are very hazardous, having harmful effects on the human and global 

environment, such as damage to the ozone layer, greenhouse effects, formation of acid rain and 

photochemical smog (Wang et al., 2012; Wang et al., 2014; Zhang et al., 2014; Bueno-López et 

al., 2016; Ahmad et al., 2017; Yu et al., 2017; Cheng et al., 2018; Nimcharoen et al., 2018). Diesel 

engines are among the main contributors of NOx emissions into the atmosphere (Zhu et al., 2008; 

Choi & Lee, 2014; Cheng et al., 2018). Demand for diesel-engined vehicles is steadily growing 

due to an increase in their fuel consumption efficiency of 2030% over gasoline vehicles (Li et 

al., 2009; Choi & Lee, 2014). However, around 80% of the NOx emitted is from such vehicles 

(Zouzelka & Rathousky, 2017). The formation of NOx in a diesel engine is due to the presence 

of a mixture of air and fuel at high pressure which produces NO, which will react further with 

oxygen to form NO2. The mixture of NO and NO2 is called NOx (Li et al., 2016).  

Some methods have been exploited for NOx removal, such as selective catalytic reduction (SCR), 

selective non-catalytic reduction (SNCR), adsorption and absorption (Zhao et al., 2007). 

However, the  temperature applied in the above technologies  is high,  typically  300–500oC  for 
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SCR, due to catalyst efficiency, while the exhaust temperature of much heat transfer equipment 

lies below the working temperature of industrial SCR technology (Herreros et al., 2014). For 

decades, the development and application of catalytic technology for lowering NOx have grown 

considerably due to ever stricter emission standards (Bueno-López et al., 2016). The catalytic 

removal of NOx is based on two methods, NOx SCR and NOx NSR (Granger & Parvulescu, 

2011; You et al., 2018). NOx reduction through SCR is the most mature and efficient technology 

for reducing NOx; it uses vanadium supported on titanium with WO3 or MoO3 as catalyst 

promoters (Dvořák et al., 2010. The NSR process is an alternative technology for NOx reduction, 

in which a storage material is utilized to chemisorb NOx, and a reducing agent  is regularly fed, 

which will reduce the chemisorbed species to N2 (Li et al., 2016). The catalysts for NSR are 

basically composed of an alkali or alkali-earth oxide and a noble metal impregnated on alumina 

(Epling et al., 2004; Pereda-Ayo et al., 2009). NOx can also be absorbed into an acidic solution 

with H2O2 through the absorption-reaction mechanism (Liémans & Thomas, 2013): 

2NO2  N2O4       (1) 

NO + NO2  N2O3 (and in the presence of water NO + NO2 + H2O  2HNO2)   (2) 

3HNO2  HNO3 + H2O + 2NO     (3) 

HNO2 + H2O2  HNO3 + H2O      (4) 

H2O2 is added to the liquid phase to prevent decomposition of HNO2 (3) by oxidation into HNO3 

and to improve the mass transfer rate of HNO2 in the gas phase, following reaction (4), while the 

addition of HNO3 will enhance this reaction (Liémans & Thomas, 2013). This study employed 

super hydrophobic micro porous hollow fiber membrane contactors to reduce NOx, using a 

mixture of HNO3 and H2O2 solution as absorbent. Super hydrophobic fibers were used to avoid 

membrane wetting by the absorbents and to prevent the drop on the mass transfer coefficient. The 

effects of gas and absorbent flow rates on NOx reduction in the gas phase were evaluated. The 

advantage of the proposed method is that the process can be conducted at room temperature. 

 

2. MATERIALS AND METHODS 

2.1.  Materials 

A schematic diagram of the experimental set up is presented in Figure 1, which has previously 

been published elsewhere (Kartohardjono et al., 2016; Kartohardjono et al., 2017a). Three 

membrane modules were used in the experiment, 6 cm and 34 cm in diameter and length, 

respectively. The modules were provided by PT GDP Filter Bandung Indonesia. The fibers were 

sized 145 and 235 µm in thickness and inner diameter, respectively, and were polypropylene-

based. The NOx (600 ppm in air) and 65 wt% HNO3, as well as 35 wt% H2O2, were purchased 

from PT Energi Indogas Nusantara and Merck Indonesia, respectively.  

2.2. Methods 

During the experiment, an absorbent consisting of 0.5 M HNO3 and 0.5 wt% H2O2 solution 1:1 

was pumped into the interior fibers, while the feed gas containing NOx flowed into the contactor 

on the shell side. The flow rate of the feed gas to the contactor was regulated using a mass flow 

controller CX Series from Shanghai Cixi Instrument, while NOx concentrations in the inlet and 

outlet streams were measured using an NOx meter from Gas Tiger 2000 China.  
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Figure 1 Experiment set-up and apparatus: 1. Absorbent reservoir; 2. Pump; 3. Liquid flow meter; 4. 

Hollow fiber membrane module; 5. Feed gas tank; 6. Mass flow controller; 7. NOx meter 
 

The quantity of NOx absorbed, NOxabs, and the absorption efficiency, %R, can be derived by 

material balanced, as shown in Equation 5 and Equation 6, respectively:  

 

𝑁𝑂𝑥𝑎𝑏𝑠 = (𝑥𝑖 − 𝑥𝑜)𝑄𝐺
𝑃

𝑅𝑇
    (5) 

%𝑅 =
(𝑥𝑖−𝑥𝑜)

𝑥𝑖
100%     (6) 

where xi and xo are NOx concentrations in the inlet and outlet gas to and from the membrane 

contactor, respectively, while QG, P, R and T are the feed gas flow rate, pressure, gas constant 

and temperature, respectively. Meanwhile, the overall mass transfer coefficient, KOVL, and the 

flux, J, were calculated using Equation 7 and Equation 8, respectively (Wang et al., 2004): 

 

𝐾𝑂𝑉𝐿 =
𝑄𝐺

𝐴𝑚
𝑙𝑛 (

𝑥𝑖

𝑥𝑜
)     (7) 

 

𝐽 =
𝑁𝑂𝑥𝑎𝑏𝑠

𝐴𝑚
      (8) 

 

where Am is the membrane fiber surface area in the contactor. 

 

3. RESULTS AND DISCUSSION 

The NOx transfer mechanism in the contactor followed three steps: the transfer of NOx from the 

bulk gas into the membrane surface in the gas phase; the transfer of NOx through the membrane 

pores into the membrane surface in the liquid phase; and the transfer of NOx into the bulk 

absorbent. Therefore, the transfer of NOx into the membrane contactor can be expressed as mass 

transfer through a model of three series of resistance, i.e. in the gas phase, membrane pores and 

absorbent phase. The amount of NOx absorbed, as well as the NOx flux through the membrane 

contactor, increased with the absorbent flow rate due to an increase in absorbent boundary layer 

turbulence, which caused a decrease in mass transfer resistance in the absorbent phase, as 

presented in Figure 2 (Li & Chen, 2005; Franco et al., 2008). Figure 2 shows that the NOx 

absorbed increases with the increasing number of membrane fibers in the contactor, while it 

decreases for flux due to the increase in the gas-liquid contact surface area (Kartohardjono et al., 

2016). 
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Figure 2 Effects of absorbent flow rate, QL, on the amount of NOx absorbed, NOxAbs, and flux, J, in 

the membrane contactors consisting of 2000, 4000 and 6000 fibers 

 

The liquid phase mass resistance is the largest resistance for the NOx transfer through the 

membrane contactor (Wang et al., 2004). It can be seen that the NOx transfer was enhanced by 

increasing the absorbent flow rate in the contactor, as presented in Figure 3. Flow turbulence will 

be enhanced by increasing the absorbent flow rate, thereby reducing the liquid phase resistance 

and increasing the mass transfer coefficient (Dindore et al., 2005; Kartohardjono et al., 2017a). 

The phenomenon of the increase in the overall mass transfer coefficient in line with the increasing 

absorbent flow rate indicates that the membrane is not wetted (Wang et al., 2004). The effect of 

fiber number on the mass transfer coefficient in the membrane contactor is also presented in 

Figure 3. Increasing the number of fibers will produce two effects, namely an increase in the 

surface area for gas-liquid contacts on one side, and on the other side a reduction in the absorbent 

flow rate in a single fiber. Increasing the gas-liquid contact area will enhance the amount of NOx 

absorbed, while a decrease in the absorbent flow rate will reduce the amount of NOx that can be 

absorbed through the membrane contactor. Figure 3 shows that an increase in fiber number 

decreases the overall mass transfer coefficient, indicating that absorbent flow rate has a more 

dominant effect than surface area (Kartohardjono et al., 2017b). 

Figure 4 shows the dependence of NOx removal efficiency on the absorbent flow rate in the 

contactors consisting of 2000, 4000 and 6000 fibers. As with the amount of NOx absorbed, NOx 

removal efficiency increases with an increase in the absorbent flow rate due to increased flow 

turbulence. NOx removal efficiency also improves with an increase in the number of fibers in the 

contactor, as the contact surface area also increases. In this study, the efficiency of NOx removal 

increased from 25 to 47% by increasing the absorbent flow rate from 35 to 210 cm3/ min. Similar 

results were also obtained by Kartohardjono et al. (2017b) for the absorption of CO2 using 5 

vol.% of DEA solution as absorbent,  in which case the efficiency CO2 absorption increased from 

93.9 to 96.2% by increasing the absorbent flow rate from 100 to 500 cm3/ min. 



476 NOx Removal from Air through Super Hydrophobic Hollow Fiber Membrane Contactors 

 

Figure 3 Effects of absorbent flow rate, QL, on the overall mass transfer coefficient, KOVL, in the 

membrane contactors consisting of 2000, 4000 and 6000 fibers 

 

 

Figure 4 Effects of absorbent flow rate, QL, on NOx removal efficiency, R, in the membrane 

contactors consisting of 2000, 4000 and 6000 fibers 
 

Figure 5 shows the effect of feed gas flow on the amount of NOx absorbed in a contactor 

containing 2000 fibers. An increase in this rate will enhance the amount of NOx absorbed, as the 

turbulence in the gas phase will reduce mass transfer resistance. The increase in NOx absorbed 

was also followed by an increase in NOx flux through the membrane fibers in the contactor at the 

same amount of fibers used in the experiment. 

Figure 6 shows the impact of feed gas rate on the mass transfer coefficient on a contactor 

containing 2000 fibers. Increasing the rate will enhance the mass transfer coefficient because of 

the increase in the amount of NOx that can be absorbed. There was an increase from 36 to 42% 

for the overall mass transfer coefficient when the feed gas rate was increased from 100 to 200 

cm3/min. A similar phenomenon of increasing the mass transfer coefficient with the feed gas flow 

rate has been previously reported (Kartohardjono et al., 2017b) for the absorption of CO2 using a 

DEA 5 vol.% solution absorbent, in which case there was an increase from 66 to 74% in the 

overall mass transfer coefficient when the feed gas rate was increased from 120 to 260 cm3/min. 
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Figure 5 Effects of feed gas flow rate, QG, on the amount of NOx absorbed, NOxAbs, and flux, J, in the 

membrane contactor consisting of 2000 fibers and with absorbent flow rates of 35 to 210 cm3/min 

(CCM) 

 

 

Figure 6 Effects of feed gas flow rate, QG, on the overall mass transfer coefficient, KOVL, in the 

membrane contactor consisting of 2000 fibers and absorbent flow rates of 35 to 210 cm3/min (CCM) 

 

The dependence of NOx absorption efficiency on the feed gas rate is shown in Figure 7; 

absorption efficiency is the ratio between the NOx absorbed and the NOx feed flow rate. 

Increasing the feed gas rate will reduce the efficiency of NOx absorption. The amount of NOx 

absorbed increases with the increase in the absorbent flow rate, but on the other hand the NOx 

feed flow rate also increases. The decrease in absorption efficiency was due to the increase in the 

amount of NOx absorbed, which was not proportional to the increase in the flow rate of the feed 

gas. NOx absorption efficiency decreased from 35 to 24% when increasing the feed gas flow rate 

from 100 to 200 cm3/min. The same phenomenon was also described by Yan et al. (2007) for a 

system of CO2-N2-O2, in which the absorption efficiency of CO2 using an absorbent of 1 M MEA 

solution decreased from 89 to 54% when the feed gas flow rate increased from 0.21 to 0.56 m/s. 
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Figure 7 Effects of feed gas flow rate, QG, on NOx absorption efficiency, R, in the membrane 

contactor consisting of 2000 fibers and absorbent flow rates of 35 to 210 cm3/min (CCM) 

 

4. CONCLUSION 

Nitrogen oxides (NOx) are very hazardous pollutants and can have negative effects on human 

health and the global environment. Several methods have been applied for NOx removal; 

however, the temperature applied in these is high. The removal of NOx from air by absorption 

using a mixture of H2O2 and HNO3 solutions through hollow fiber membrane contactors at room 

temperature has been performed in this study. The amount of NOx absorbed, the flux and the 

overall mass transfer coefficient were enhanced by an increase in the absorbent as well as the 

feed gas flow rates, due to increased turbulence in the absorbent and gas boundary layers, 

respectively. The absorption efficiency of NOx increases in line with the absorbent flow rate, but 

decreases with the feed gas flow rate. An increase in the number of fibers in the membrane 

contactor will have an incremental effect on the amount of NOx absorbed and removal efficiency, 

but will have a decreasing effect on the flux and the overall mass transfer coefficient. The highest 

values of NOx removal efficiency, mass transfer coefficient and flux achieved in the study were 

47%, 8.7×10-5 cm.sec-1, and 3.1×10-5 mmole.cm-2.sec-1, respectively. It is expected that the 

proposed method could be used as an alternative technique for reducing NOx content in exhaust 

gas from burning fossil fuels. 
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