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ABSTRACT 8 

Seawater, NaOH, NaClO, NaClO2, H2O2 and KMnO4 were used as scrubbing liquids to react with SOx and NOx 9 

separately in a customized wet scrubber. The absorption of SO2 in the aqueous phase was influenced by three 10 

factors: pH, ionic concentration and oxidation potential. For NOx removal, the effectiveness of various chemical 11 

compounds can be ranked from least to most effective as follows: Seawater, NaOH, H2O2 < NaClO < KMnO4 < 12 

NaClO2. This effectiveness was influenced by the chemical compound’s ability to oxidize NO to NO2, absorb the 13 

NO2 that was formed and retaining the nitrogen in the aqueous phase. High oxidation potential promoted the 14 

oxidation of NO to NO2 but hindered the absorption of NO2. NaClO2 was superior compared to NaClO in all three 15 

categories of oxidizing, absorption and retention. NaClO could not retain a significant amount of NO2 which it 16 

absorbed in the aqueous phase. The pH around 8 provided a good balance between oxidation versus 17 

absorption/retention and reactant utilization for the chlorine-based oxidants. KMnO4 had the lowest reactant 18 

consumption rate; only half a mole was consumed for every mole of NO removed, compared to around 2-3 moles 19 

of chlorite or 3-5 moles of hypochlorite.  20 

Keywords: NO, SO2, wet scrubbing, marine emissions, NaClO, NaClO2, KMnO4 21 

1. INTRODUCTION 22 

The combustion of fossil fuels in power plants, boilers and diesel engines are known to generate large amounts 23 

of air pollutants in the form of sulphur oxides (SOx) and nitrogen oxides (NOx), amongst other polluting 24 
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substances.  Control of these pollutants are particularly more challenging in the marine sector where ocean-plying 25 

ships with large diesel engines depend on low-cost heavy fuel oil for propulsion (Deng et al. 2021; Lloyd’s 26 

Register 2015). The application of known land-based end-of-pipe technologies on-board ocean-plying vessels 27 

faces many constraints, including space, weight and logistical limitations.  28 

The simplest solution for complying with the SOx cap set in the ‘Annex VI - Prevention of Air Pollution from 29 

Ships’ of the International Convention for the Prevention of Pollution from Ships (MARPOL) would be to switch 30 

to low sulphur fuel (Lloyd’s Register 2015). However, this is estimated to cost the industry at least an additional 31 

USD 35 billion dollars per year (based on the estimated price for switching to fuel containing 0.5% sulphur) 32 

(Hargreaves). Although once considered a fringe solution, the installation of wet scrubbers onboard vessels for 33 

SOx removal is fast becoming mainstream (ABS Advisory On Exhaust Gas Scrubber Systems  2018).  34 

Unfortunately, current commercial wet scrubbers are only effective for SOx removal but not for NOx.  The 35 

control of the latter has always been more challenging as most of it are generated in the engine itself due to the 36 

high temperatures of the combustion process (thermal NOx). Hence, it can be formed even if the fuel does not 37 

contain any nitrogen (Nevers 2000). Also, NOx from engine combustion comprises of around 90% of nitric oxide 38 

(NO), which is highly insoluble in the aqueous phase and cannot simply be scrubbed and solubilized from the gas 39 

to aqueous phase like SOx. Therefore, engine medication techniques are mainly used to reduce the combustion 40 

temperature in the engine so that less NOx will be formed. However, such methods also reduce the engine 41 

efficiency, thereby leading to higher fuel consumption (Deng et al. 2021). 42 

Since the acceptance of wet scrubbers on-board ships has already gained much traction, it is justifiable to 43 

explore its potential to remove NOx on top of SOx. Already in the R&D scene, there are many upcoming methods 44 

for treating SOx and NOx simultaneously  (Chang et al. 2004; Chu et al. 2001; Cui et al. 2018; Cui et al. 2019; 45 

Deshwal et al. 2008; Fang et al. 2013; Fang et al. 2011; Han et al. 2019; Hao et al. 2017; Hao et al. 2016; Kang et 46 

al. 2020; Kang et al. 2018; Liémans and Thomas 2013; Liu et al. 2014; Liu et al. 2018; Mondal and Chelluboyana 47 

2013; Park et al. 2015; Wang et al. 2015; Xi et al. 2020; Xie et al. 2019; Yan et al. 2020; Yang et al. 2016; Yang 48 

et al. 2018; Zhao et al. 2010; Zhao et al. 2015). Apart from the marine sector, the industry involving land-based 49 

small and medium sized coal-fired boilers are also actively researching this area due to shortcomings encountered 50 

in existing control technologies (Kang et al. 2020; Shao et al. 2019; Sun et al. 2015; Wu et al. 2018; Xie et al. 51 

2019). A significant portion of research in this area is focused on finding a powerful oxidizing agent that can be 52 

added into the scrubber so that NO gas can be simultaneously scrubbed along with SO2. Besides wet scrubbing, 53 

other solutions being researched on includes dry scrubbing, adsorbents such as activated carbon and zeolites, 54 
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plasma, UV photocatalysis and other advanced oxidation methods (Cui et al. 2018; Cui et al. 2019; Han et al. 55 

2020; Hao et al. 2017; Hao et al. 2016; Liu et al. 2018; Wang et al. 2015; Yan et al. 2020; Zhao et al. 2015).  56 

Existing studies on wet scrubbing for simultaneous SOx and NOx removal usually presents one or two of the 57 

many powerful oxidizing substances that show potential. However, there is very little work done on comparing 58 

these many substances in a single study. Also, many existing studies so far do not pay much attention to monitoring 59 

the ORP values during reaction and understanding its influence. In this study, a broad range of widely reported 60 

substances, namely, seawater, sodium hydroxide (NaOH), sodium hypochlorite (NaClO), sodium chlorite 61 

(NaClO2), hydrogen peroxide (H2O2) and potassium permanganate (KMnO4) were systematically compared for 62 

their capacity to remove SOx and NOx and new insights were gained from comparing these reactions together 63 

instead of individually. These chemicals were selected for this study because they either showed potential in NOx 64 

removal, are widely available in the industry at a reasonable cost or are already currently used on ship-based wet 65 

scrubbers.  66 

Important reaction characteristics such as removal efficiency, change in pH and ORP, change of ionic 67 

concentration in the aqueous phase before and after reaction, reactant stability, and utilization rate were compared 68 

and discussed here. Existing challenges faced in current research, especially the difficulty in absorbing the NO2 69 

that has been formed after the oxidation of NO, will be discussed thoroughly based on the comparison between 70 

the various chemical reactions from the wide range of compounds studied. 71 

2. MATERIALS AND METHODS 72 

2.1. Experimental System 73 

The sodium hydroxide (NaOH) solution used was from Merck Millipore (Titripur series), 1M concentration. 74 

Both sodium chlorite (NaClO2) (80% assay) and potassium permanganate (98% assay) were from Acros Organics. 75 

The hydrogen peroxide (H2O2) was purchased from VWR chemicals, with a concentration of 6% w/v in solution 76 

form. The sodium hypochlorite (NaClO) reagent grade solution used was purchased from Sigma-Aldrich, with 77 

available chlorine of 4.00 – 4.99%. Its actual concentration was determined by iodometric titration according to 78 

ASTM 15.04 D 2022. Seawater used for experiments were collected from the Labrador Park jetty, Singapore.  79 

The sulfur dioxide (SO2) and nitric oxide (NO) gases used in this experiment were blended in at a concentration 80 

of 10,000 ppm(v) in nitrogen. These, together with the oxygen (99.99%) and nitrogen (99.995%) gasses were 81 

supplied by Singapore Oxygen Air Liquide Private Limited. The nitrogen dioxide (NO2) gas at a concentration of 82 

5,000 ppm(v) was supplied by Leedon National Oxygen Ltd.Various gases from the gas cylinders were mixed in 83 

the appropriate ratio and are hence referred to as ‘simulated exhaust gas’ (Fig. 1).  84 
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Figure 1 Schematic diagram representing the experimental setup: (1 – 5) Gas cylinders, N2, O2, SO2, NO and 85 

NO2; (6 – 10) mass flow controllers; (11) gas mixer; (12) ball valve; (13 – 14) three way valves; (15) adjustable 86 

glass scrubber; (16) flue gas analyzers; (17) Datalogging computer; (18) scrubbing liquid tank; (19 – 20) peristaltic 87 

pumps; (21) pH meter; (22) Conductivity meter; (23) ORP meter 88 

 89 

Two different flue gas analyzers were used in this setup. The first was the Testo 350XL that used 90 

electrochemical cell sensors to measure O2, SO2 and NO. For NO2 gas, it was observed that the values measured 91 

by the electrochemical cell were affected by the presence of chlorine-based gases. Therefore, a second analyzer 92 

was used, which was the MGA Luxx containing an NDIR-based NO2 sensor. The NDIR-based NO2 sensor was 93 

more accurate as it was not subjected to cross-referencing interferences experienced by electrochemical sensors.  94 

Moisture from the gas was removed by in-built moisture traps in both analyzers. Data from both the exhaust gas 95 

analyzers were data-logged with their respective software and the NOx data was calculated by using NOx = NO + 96 

NO2.  97 

The wet scrubber used is a custom-made glass wet scrubber with adjustable height and an internal diameter of 98 

around 100 mm. A filter disc was built at the top of the scrubber to function as a mist eliminator to retain the 99 

liquid in the scrubber. The nozzle used here was the Promax Quick Fulljet QPHA-3 from Spray Systems Co., with 100 

a capacity of 1.1 liters/min. The pH, conductivity and oxidation reduction potential (ORP) probes used to measure 101 

and data-log the scrubbing liquid in the tank were from Thermo Fisher Scientific. 102 

The Basic 792 Ion Chromatograph system by Metrohm was used for quantitative analysis of NO2
-, NO3

-, Cl- 103 

and ClO2
- while the Libra S22 UV-VIS Spectrophotometer by Biochrom was used for ClO- and KMnO4

-. KMnO4 104 

aqueous samples were analysed with the UV-Vis only and not the Ion Chromatograph in order to protect the 105 

instrument and avoid any staining or damaging of the column.   106 

2.2. Experimental Procedure 107 

A three-way valve was used to manually switch the simulated exhaust gas directly to the flue gas analyzers 108 

before reaction and from the exit of the wet scrubber during reaction. The experimental conditions used in this 109 

study are found in Table 1.  110 

Two separate reactions were planned for the scrubbing liquid mixtures being studied – the first for SO2 removal 111 

and the second for NO removal. In each experiment, 2.5 litres of the scrubbing solution were recirculated through 112 

the wet scrubber to react with the simulated exhaust gas for 60 minutes. A third study involving the removal of 113 

NO2 was added for selected scrubbing mixtures to obtain better clarity on the subject.  114 

 115 
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Table 1 Experimental conditions used 116 

 117 

Table 2 Composition and properties of the scrubbing liquid used to react with the exhaust gas in the wet scrubber 118 

 119 

The properties of the different types of chemicals used as scrubbing liquids for the gas-liquid reaction can be 120 

found in Table 2. Among the oxidising agents used in the scrubbing liquid, it is known that the oxidation potential 121 

of both NaClO and NaClO2 are highly pH sensitive. Therefore, both the scrubbing liquids of these compounds 122 

were also adjusted to pH 6 and 8 before the start of the reaction using 0.1M of hydrochloric acid. When prepared 123 

without any pH adjustments, the starting pH of NaClO and NaClO2 were 10.9 and 10.6, so these liquid mixtures 124 

were designated as NaClO/pH10.9 and NaClO2/pH10.6 respectively.    125 

For reactions that were able to removal NOx, aqueous samples were collected at the beginning, midpoint and 126 

the end of the experiments (0, 30, 60 mins respectively) for ionic analysis within 24 hours of the experimental 127 

run.  128 

2.3. Calculations 129 

The removal efficiency (ƞi) of SO2, NO, NO2 and NOx by the various gas-liquid reactions were calculated 130 

according to Eq. 1: 131 

 𝜂𝑖= 𝐶𝑖,𝑖𝑛𝑙𝑒𝑡−𝐶𝑖,𝑜𝑢𝑡𝑙𝑒𝑡𝐶𝑖,𝑖𝑛𝑙𝑒𝑡 × 100%  ... (1) 132 

where 𝐶𝑖,𝑖𝑛𝑙𝑒𝑡 and 𝐶𝑖,𝑜𝑢𝑡𝑙𝑒𝑡 refers to the concentrations of the gas pollutants at the inlets and outlets of the wet 133 

scrubber, as recorded by the flue gas analysers. For Figures 9 and 10, the values of NO2 formed and NO2 absorbed 134 

were estimated from the flue gas analyser data – it was assumed that NO removed was equivalent to NO2 formed 135 

and NO2 absorbed was equivalent to NOx removed. 136 

The amount of NOx removed in mmol by various scrubbing mixtures shown in Table 5 were calculated by 137 

taking the area under the curve in the graphs of NOx removal vs. time. The NOx removed in ppmv was converted 138 

to moles using the ideal gas law, PV=nRT, at 1atm and 25ºC.     139 

3. RESULTS AND DISCUSSION 140 

3.1. Removal of sulphur oxides (SOx) 141 

The reaction mechanisms for the absorption of SO2 in the aqueous phase has been well documented and can be 142 

summarised as follows (Al-Enezi et al. 2001; Andreasen and Mayer 2007; Tokumura et al. 2006): 143 

SO2 (g)  SO2 (aq)     … (2) 144 

SO2 (g) + H2O   HSO3
- + H+   … (3) 145 

HSO3
-  SO3

- + H+    … (4) 146 
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HSO3
- + ½O2(g)  SO4

2- + H+   … (5) 147 

SO3
- + ½O2 (g)  SO4

2-    … (6) 148 

These series of equations can roughly be grouped into 2 categories, the first being the absorption of SO2 into 149 

bisulphite or sulphite in the aqueous phase (Eq. 3 – 4), followed by oxidation to sulphate, its most stable aqueous 150 

form (Eq. 5 – 6). From the reactions, it can be seen that the absorption of 1 mole of SO2 in the aqueous phase 151 

results in the release of 1 to 2 moles of protons, thereby causing the pH to reduce over time.   152 

The removal of SO2 by the gas-liquid reaction in the wet scrubber by various scrubbing mixtures can be seen 153 

in Fig. 2 while the corresponding pH and ORP values are shown in Figures 3 and 4 respectively. It can be seen 154 

from Fig. 2 that all compounds used achieved 100% SO2 removal for the entire duration of the experiments except 155 

for DI water and Seawater.   156 

 157 

Figure 2 Sulfur dioxide (SO2) removal from the simulated exhaust gas with various scrubbing liquids 158 

 159 

Figure 3 pH of the scrubbing liquid in the tank during SO2 removal 160 

 161 

Figure 4 ORP of the scrubbing liquid in the tank during SO2 removal 162 

 163 

The reduction in SO2 removed seen in DI water and seawater can be explained by the gradual reduction of pH 164 

over time as the reaction progressed. Further comparison between DI water and seawater showed that the 165 

performance of the seawater in removing SO2 dipped below that of DI water at about the halfway point of the 166 

experiment although its pH still remained higher than the pH of DI water. This showed that other mechanisms 167 

could be at play for SO2 removal besides pH.   168 

There are two possibilities for this. Firstly, DI water was more oxidative compared to seawater (Fig. 4), which 169 

could have aided the oxidation of sulphite and bisulphite ions into sulphate ions (Eq. 5 and 6) and helped in the 170 

overall removal of SO2. Secondly, seawater is much more saturated with ions compared to DI water and this can 171 

extensively lessen the solubility of gases in the aqueous phase (White's Handbook of Chlorination and Alternative 172 

Disinfectants  2010). This vast difference in ionic saturation can be seen it their conductivity values – the 173 

conductivity of seawater at 47.2 mS/cm, was more than 7,400 times higher than the conductivity of DI water 174 

(Table 2). Furthermore, as typical seawater already contains around 2,500 – 3,000 mg/L of sulphate ions (Al-175 

Enezi et al. 2001; Andreasen and Mayer 2007; Vidal B and Ollero 2001; White's Handbook of Chlorination and 176 
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Alternative Disinfectants  2010), the saturation level of sulphur ions in the aqueous phase will be reached more 177 

quickly due to the common ion effect compared with DI water, which was almost free of ions.   178 

Although the scrubbing mixtures of KMnO4 and H2O2 were on par or even more acidic than DI water and 179 

seawater in terms of pH, they both performed better in terms of SO2 removal. Again, this could be due to the 180 

higher oxidation potential of KMnO4 and H2O2, giving them an advantage in the oxidation of sulphite and 181 

bisulphite ions into sulphates. It can be summarised that the full removal of SO2 proceeded quite readily and was 182 

achieved by nearly all types of scrubbing mixtures that were tested here. This is because SO2 gas is very soluble 183 

in the aqueous phase (Table 3) (Sander 2015). It was observed that the absorption of SO2 in the aqueous phase 184 

under the experimental conditions here were likely influenced by three factors, namely, pH/alkalinity, 185 

concentration of soluble sulphur ions already present in the solution, and oxidation potential (estimated by ORP). 186 

An effective scrubbing liquid for the removal of SO2 gas should have a high pH or alkalinity, low in sulphate ions, 187 

and oxidative in nature. If equipment for the measurement and monitoring of sulphite or sulphate ions in the 188 

aqueous phase is not available, a conductivity meter could be used to determine the overall ionic content as a 189 

substitute of sorts to provide some indication.   190 

 191 

Table 3 The Henry’s Law constant for several gases of interest, at 1atm and 25°C (Sander 2015) 192 

 193 

3.2. Removal of nitrogen oxides (NOx) 194 

Under natural conditions, the removal of NO when it is released into the atmosphere is a two-part mechanism, 195 

according to the following reactions (Nevers 2000; Yang et al. 2018): 196 

NO (g) + ½ O2 (g)  NO2 (g)    … (7) 197 

3NO2 (g) + H2O (g)  2HNO3 (aq) + NO (g)  … (8) 198 

2NO2 (g) + H2O (g)  HNO2 (aq) + HNO3 (g)   ... (9) 199 

In the first step, NO is naturally oxidized into a more soluble form, NO2 (Eq. 7) before it is subsequently 200 

solubilized (Eq. 8 and 9). Although the oxidation of NO to NO2 takes place spontaneously under atmospheric 201 

conditions, the rate of reaction is relatively slow and there is insufficient time for this to occur in the combustion 202 

process before the exhaust is discharged. Therefore, a substantial amount of research has focused on speeding up 203 

this oxidation process so that the absorption step in the aqueous phase can take place.  204 
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In addition to the reactions shown in Eq. 8 and 9 for the absorption of NO2, Brogren and Deshwal suggested 205 

additional pathways involving the formation of more soluble intermediate in N2O3 and N2O4 (Brogren et al. 1998; 206 

Deshwal et al. 2008): 207 

NO(g) + NO2(g)  N2O3(g)   ... (10) 208 

2NO2(g) N2O4(g)    ... (11) 209 

N2O3(g) + H2O  HNO2(aq)   ... (12) 210 

N2O4(g) + H2O  2H+ + NO2
- + NO3

-  ... (13) 211 

It was further demonstrated by Sun, Lin and Shao that the formation of intermediate N2O5 was also very 212 

effective for the solubilization of nitrogen in the aqueous phase (Lin et al. 2016; Shao et al. 2019; Sun et al. 2015). 213 

It is generally accepted that the solubility of gaseous nitrogen in the aqueous phase increases with increasing 214 

nitrogen valency (Lin et al. 2016). 215 

3.2.1. Oxidation of nitric oxide (NO) 216 

The results of the removal of nitric oxide (NO) from the simulated exhaust gas from the gas-liquid reaction in 217 

the wet scrubber can be seen in Fig. 5. Since the removed NO could have been oxidised to NO2 without the latter 218 

getting absorbed, it should be noted that NO removal does not necessarily translate to NOx removal. 219 

 220 

Figure 5 Nitric Oxide (NO) removal from the simulated exhaust gas with various scrubbing liquids 221 

 222 

Figure 6 pH of the scrubbing liquid in the tank during NO removal 223 

 224 

Figure 7 ORP of the scrubbing liquid in the tank during NO removal 225 

 226 

The outcome can be broadly categorised into three groups – ineffective, somewhat effective and effective. In 227 

the ineffective group, in can be seen that seawater, H2O2, NaOH and NaClO/pH10.9 converted less than 5% of 228 

nitric oxide in the flue gas throughout the entire duration of the experiment. That is why existing commercial 229 

marine wet scrubbers which use seawater and NaOH are able to remove SO2 effectively but not NO. 230 

In the somewhat effective group, KMnO4, NaClO/pH6 and NaClO/pH8 removed around 50% of the nitric oxide 231 

in the simulated emission gas. In the effective group, NaClO2/pH6 and NaClO2/pH8 achieved 100% nitric oxide 232 

removal for the duration of the experiment. The NaClO2/pH10.6 aqueous mixture could only remove around 50% 233 

of nitric at the beginning but its removal efficiency continued to increase as the reaction progressed until it 234 

eventually reached 100% removal.   235 
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As seen in the pH graph in Fig. 6, high pH (NaOH) has no effect on the removal of NO gas as this gas-liquid 236 

reaction does not seem to follow an acid-alkaline absorption reaction owing to its very low solubility (Table 3). 237 

Observation of the ORP change (Fig. 7) showed that NaClO mixtures had higher values than NaClO2 and KMnO4 238 

but performed worse in the conversion of NO. This showed that solely using ORP values to predict the 239 

effectiveness of a liquid mixture to oxidize NO to NO2 would be inaccurate. However, ORP values did give a 240 

good indication of NO conversion when predicting the effectiveness of the same chemical compounds under 241 

different mixing conditions (pH, concentration, etc).   242 

3.2.2. Oxidation of nitric oxide by hydrogen peroxide (H2O2) 243 

H2O2 was not effective in oxidizing NO to NO2 in this study. On top of using a high concentration, studies 244 

involving H2O2 usually required some sort of activation either with UV radiation or ozone (Wen et al. 2019; Xie 245 

et al. 2019). Without these, it can be seen that H2O2 was inferior compared to other types of chemical oxidants of 246 

the same concentration studied here.  247 

3.2.3. Oxidation of nitric oxide by sodium hypochlorite (NaClO) 248 

NaClO was ineffective in removing NO gas in the wet scrubber in high pH but was more effective when the 249 

starting pH was lowered to 8 and 6 respectively. It is widely known that hypochlorites will partition itself between 250 

its ionic and hypochlorous acid form according to pH. It exists as hypochlorous acid (HOCl) below pH 6, as 251 

hypochlorite (ClO-) above pH 10, and a mixture of two between pH 6 – 9 (Metcalf & Eddy et al. 1991).  252 

When NaClO was at pH 10.9, the chlorine  existed in its hypochlorite form (ClO-) where it is a less powerful 253 

oxidising agent. As the pH was decreased to 8, partitioning into the hychlorous acid form began and the oxidation 254 

potential increased as a result (Fig. 7). This trend was also consistent with theoretical values shown in Table 4 – 255 

the half reaction of the oxidation of hypochlorous acid was +1.49V, much higher compared its hypochlorite at 256 

+0.90V (Tchobanoglous et al. 2013). However, futher lowering of pH from 8 to 6 did not show additional 257 

improvement in removal effectiveness, which was consistent with the findings of Yang et. al (2016).  258 

 259 

Table 4 The oxidation potential of various chemical compounds of relevance in this study (Tchobanoglous et al. 260 

2013)  261 

 262 

The reaction mechanism of nitric oxide conversion by sodium chlorite is likely via the following pathways 263 

(Mondal and Chelluboyana 2013; Yang et al. 2016; Yang et al. 2018): 264 

NO(g) + HOCl  NO2 (aq) + H+ + Cl-   ... (14) 265 

NO(g) + ClO-  NO2 (aq) + Cl-    ... (15)  266 
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3.2.4. Oxidation of nitric oxide by sodium chlorite (NaClO2) 267 

Chlorite’s lower oxidation potential seen in the ORP readings (Fig. 7) was consistent with theoretical values 268 

seen in Table 4, (+0.76 versus +0.90 to 1.49V of the hypochlorite/ hypochlorous combination).  Yet, it 269 

outperformed hypochlorite in oxidizing NO to NO2. This was likely due to the tendency of NaClO2 to decompose 270 

into its more oxidative form, ClO2, at more acidic pHs, according to the reactions shown in Eq. 16 and 17 271 

(Choudhury 2011; Gong et al. 2020; Zhao et al. 2015). This decomposition will occur slowly when the pH is from 272 

5 – 7 and accelerate when the pH is below 5. 273 

5ClO2
- (aq) + 4H+  4ClO2 (aq) + Cl- (aq) + 2H2O  ... (16) 274 

   ClO2 (aq)  ClO2 (g)     ... (17)  275 

Further evidence of this can decomposition be seen from Fig. 6 where the pH for the scrubbing mixtures of 276 

NaClO2/pH6 and NaClO2/pH8 defied the common trend by increasing instead of decreasing as the reaction 277 

progressed even though reaction with NOx generates proton ions. This was likely because the conversion of 278 

chlorite to chlorine dioxide absorbs proton ions, according to Eq. 16.  279 

When the pH was in the alkaline range, it was likely that any decomposition from ClO2- into ClO2 gas was 280 

likely to have occurred mainly at the gas-liquid boundary layer when the chlorite ion came into contact with the 281 

NO gas instead of the bulk phase (Gong et al. 2020). This mechanism enabled the chlorite solution to effectively 282 

oxidise NO to NO2 without needing very high ORP values in the bulk solution.   283 

It could be seen from Figures 6 and 7 that in general, the ORP values increases with decreasing pH, due to the 284 

increasing decompostion of ClO2
- to ClO2. However, it can be seen that in the pH range of 6 to 8, the ORP values 285 

were quite similar, hovering at around 600mV. This suggested that further pH adjustment below 8 seemed 286 

unnecessary and as does not increase the oxidation potential of the solution. Higher than necessary formation of 287 

the more volatile ClO2 would result in more reactant being lost to the exhaust, which is both wasteful and a 288 

potential safety hazard. The reaction mechanism for the conversion of NO to NO2 by sodium chlorite is likely to 289 

have taken place in the following manner (Deshwal et al. 2008): 290 

2NO(g) + ClO2
−(aq)  2NO2(g) + Cl−(aq)  ... (18) 291 

3.2.5. Oxidation of nitric oxide by potassium permanganate (KMnO4) 292 

It can be seen from Fig. 5 that the KMnO4 scrubbing mixture managed to convert about 45% of NO for the 293 

duration of the experimental run. The pH of the mixture reduced from 10.4 to 8.4 during the run but this did not 294 

affect the oxidative power of the liquid solution much, as seen by the ORP values which hovered around 500 – 295 

600mV for the entire reaction. The drop in pH was probably due to the acidic nature of NO2 when absorbed and 296 
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the low buffering capacity of the KMnO4 mixture. Unlike the chlorine based oxidation agents, KMnO4 did not 297 

seem as sensitive to pH change as both its ORP values and NO conversion remained relatively stable throughout 298 

the reaction. The reaction mechanism for the conversion of NO to NO2 by KMnO4 is likely to have been the 299 

following (Chu et al. 2001; Fang et al. 2013): 300 

3NO + 2MnO4
- + H2O  3NO2 + 2MnO2(s) + 2OH-  ... (19) 301 

   NO + MnO4
-  NO3

- + MnO2(s)        ... (20) 302 

   3NO + MnO4
- + H2O  3NO2

- + MnO2(s) + 2H+  ... (21) 303 

As can be seen, all reactions resulted in the formation of MnO2, which is a solid precipitate. In all the 304 

experiments involving KMnO4 conducted here, a dark brown precipite was observed from early on in the 305 

experiments. This dark brown MnO2 precipitate, was present everywhere in the setup and was etched in the 306 

tubings, the walls of the wet scrubber and within the crevices of the spray nozzle. Cleaning was very challenging 307 

as the apparatus had to be dismantled and soaked in concentrated acid solution.   308 

3.3. Overall NOx Removal 309 

The removal of overall NOx, which is made up from NO and NO2, is shown in Fig. 8. Seawater, NaOH and 310 

H2O2 were omitted from the graphs here as these chemical compounds were ineffective in NOx removal. For the 311 

overall removal of NOx, the effectiveness of various oxidants or chemical compounds used under present 312 

experimental conditions can be ranked as follows, from least to most effective: 313 

Seawater, NaOH, H2O2 < NaClO < KMnO4 < NaClO2 314 

 315 

Figure 8 NOx (NO+NO2) removal from the simulated exhaust gas using various scrubbing liquids  316 

 317 

It can be seen that the NOx removal by NaClO was very low at pH 10.9, peaked when pH was lowered to 8, 318 

but then reduced slightly when pH was further lowered to 6. These NOx removal figures were much lower 319 

compared to the oxidation rates of NO to NO2 that it achieved, suggesting that a significant amount of NO which 320 

were oxidised to NO2 could not be absorbed in the wet scrubber. As for the chlorites, both NaClO2/pH 8 and 321 

NaClO2/pH 6 exhibited very similar performances, managing around 65 – 70% of NOx removal for the duration 322 

of their experiments. The fluctuation seen for NaClO2/pH10.6 aqueous mixture was likely to do with the lowering 323 

of the pH of the liquid mixture as the reaction progressed, leading to an increase in its oxidative properties.  324 

In order to get a better view of the NO2 absorption ability, Fig.9 and 10 were plotted to show the ratio of NO2 325 

absorbed over the amount of NO that was oxidised to NO2 for the duration of the experiment.  326 

 327 
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Figure 9 Ratio of NO2 absorbed over the total NO2 that was formed (converted to %) versus reaction time 328 

 329 

Figure 10 Ratio of NO2 absorbed over the total NO2 that was formed (converted to %) versus the oxidation 330 

potential 331 

 332 

3.3.1. Absorption and Oxidation Potential 333 

From Fig. 10, a clear inverse relationship between NO2 absorption and oxidation potential of the various 334 

chemical compounds can be seen. NO2 absorption by NaClO showed the strongest inverse linear correlation with 335 

oxidation potential, with the linear regression R2 value at 0.99. However, it should not be expected that all the 336 

different points belonging to varous compounds fit nicely into one linear trendline as different chemical compound 337 

have different reaction pathways even tough they all broadly followed the linear trendline.  338 

The observations here is consistent with the work by Chang, Xi and Zhao who used compounds which has very 339 

low oxidation potential such as Na2SO3, NaS, Na2S2O8 and NaHSO3 to improve the absorption of NO2 (Chang et 340 

al. 2004; Xi et al. 2020; Zhang et al. 2020). Chang and Xi further showed that in a low oxidation potential 341 

environment, NO2 can even be directly reduced to N2 gas, thereby avoiding the formation of nitrogen anions 342 

altogether (Chang et al. 2004; Xi et al. 2020). 343 

It should also be pointed out here that these observations were in contradiction with the other school of thought 344 

which focused on increasing the oxidation potential in order to form high valency intermediates such as N2O3, 345 

N2O4 and N2O5 as these have higher solubility in aqueous solution (Brogren et al. 1998; Lin et al. 2016; Shao et 346 

al. 2019; Sun et al. 2015). The formation of these intermediates, especially N2O5, is heavily dependent on the 347 

residence time (Lin et al. 2016; Shao et al. 2019) and it was possible that the setup in this study could not provide 348 

sufficient residence time for these reactions to take place.     349 

3.3.2. Absorption by NaClO 350 

As shown in Figures 9 and 10, NaClO’s capacity to absorb NO2 increased with decreasing oxidation potential 351 

values in the pH range of 6 – 11. If NaClO is to be the oxidant of choice, a balance would have to be struck 352 

between achieving high NO oxidation rate, favoured by high oxidation potential, versus absorbing the NO2 that 353 

will be formed, favoured by a low oxidation potential. Compared with other oxidants, NaClO performed the 354 

poorest in terms of absorbing the NO2 that it formed from the oxidation of NO. However, NaClO could be ideal 355 

if the process requires only oxidation but not absorption.  356 
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3.3.3. Absorption by NaClO2 357 

In general, NaClO2 of various pH were more effective in absorbing the NO2 compared to NaClO due to its 358 

lower oxidation potential, managing to remove between 65 – 80% of NO2 that was formed during the reaction. 359 

Additionally, it could also be that NaClO2 has additional reaction pathways for the absorption of NO2 in the 360 

aqueous phase on top of the reactions shown in Eq. 8 and 9 (Brogren et al. 1997): 361 

4NO2 + ClO2
- + 4OH-  2 NO3

- + Cl- + 2H2O  ... (22) 362 

4NO2 + ClO2
- + 2OH-  2 NO3

- + ClO- + H2O  ... (23) 363 

3.3.4. Absorption by KMnO4 364 

It can be seen from Fig. 9 that KMnO4 was the most effective in the absorption of NO2 – almost all the NO that 365 

was oxidised to NO2 was subsequently absorbed into the aqueous phase. One possiblity was that KMnO4 oxidised 366 

NO directly to nitrate ions in the aqueous phase as shown in Eq. 20 and 21 instead of the other gaseous 367 

intermediates such as NO2. Nevertheless, KMnO4 still trailed chlorite ions in terms of overall NOx removal and 368 

the staining of pipes, pumps and nozzles among the wet scrubbing equipment poses a significant problem for it to 369 

be considered the oxidant of choice. Brogren reported that the formation of the MnO2 precipitate can be avoided 370 

under very high alkaline conditions – when the solution contains more than 3 moles/L of hydroxide ions, MnO4
2- 371 

will be formed instead of MnO2 (Brogren et al. 1997) . However, it was also reported in the same study that NOx 372 

removal will be suppressed under such high pH conditions. Futhermore, it will also be quite costly to maintain 373 

such a high pH in a large scale operation.  374 

3.4. Absorption of Nitrogen Dioxide (NO2)  375 

In this additional study, selected chemical compounds were reacted with NO2 in the wet scrubber in order to 376 

gain a clearer understanding its absorption and removal in the gas-liquid reaction. From Fig. 11, it can be seen 377 

that deionised (DI) water could only remove around 10% of the NO2 in the exhaust gas. Addition of NaOH up to 378 

0.40M to increase the alkalinity of the scrubbing liquid did not improve the absorption of NO2 at all. The results 379 

seen here are in contrast with some of the previous reported literature which suggested significant levels of NO2 380 

absorption in the aqueous phase is possible after the oxidation of NO to NO2 has been achieved (Brogren et al. 381 

1998; Kurpoka 2011). In one such example, Brogren reported that around 50 – 60% of NO2 was successfully 382 

removed by NaOH between pH 9 – 12 (Brogren et al. 1998). However, it was consistent in the study by Chang 383 

et. al. which showed NaOH as high as pH 13 had no effect on absorbing NO2 (Chang et al. 2004).  384 

 385 
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Figure 11 NO2 gas removal from the simulated exhaust gas using DI water versus scrubbing mixtures of 386 

increasing alkalinity (NaOH: 0.05 – 0.40M) 387 

 388 

Figure 12 NO2 gas removal from the simulated exhaust gas using DI water versus scrubbing liquids of increasing 389 

oxidation potential (NaClO2/pH10.9 < NaClO2/pH8 < NaClO2/pH7) 390 

 391 

Brogren also reported that the addition of sodium chlorite under alkaline conditions increased the absorption of 392 

NO2, up to almost 80% removed when 0.6M was used. However, it can be seen from Fig. 12 that the addition of 393 

NaClO2 in the scrubbing mixture decreased amount of NO2 absorbed. Since Fig. 11 already showed that NO2 394 

absorption was not directly dependant on pH, it follows that the diminishing capacity to absorb NO2 seen in Fig.12 395 

when the pH of NaClO2 was lowered from 10.6 to 6 likely has less to do with the increasing acidity of the aqueous 396 

solution but rather due to the increasing oxidation potential. 397 

Although NO2 gas is at least 5 times more soluble in the aqueous phase than NO (Table 3), its solubility was 398 

clearly still insufficient for the significant absorption and removal of NOx from the exhaust. Absorption and 399 

removal of NO2 required more than can be provided by an alkaline mixture such as NaOH. Increasing the oxidising 400 

potential in attempt to form higher valency nitrogen intermediates which have higher solubility such as N2O3, 401 

N2O4 and N2O5 did not improve the absorption but made it worse, contrary to reported literature (Brogren et al. 402 

1998; Lin et al. 2016; Shao et al. 2019; Sun et al. 2015). This was consistent with the findings discussed previously 403 

section 3.2.2.1. 404 

3.5. Analysis of aqueous solution  405 

The analysis of aqueous samples from scrubbing mixtures which could remove NOx at least partially are 406 

presented here. NO and NO2 gases captured in the gas-liquid reaction in the wet scrubber should end up as either 407 

nitrites or nitrates in the aqueous phase. From Fig. 13, it can be seen that the nitrogen existing in the aqueous 408 

phase were all in nitrate form. This was because the residue oxidising agent in the liquid phase will oxidise all the 409 

nitrites into nitrates. This is advantageous as nitrates are the more stable in the aqueous phase. Howerver, one area 410 

of concern is if part of the scrubbing liquid needs to be treated and discharged into the ocean during voyage. 411 

According to existing IMO guidelines for wastewater discharge from vessels to the ocean, high levels of nitrates 412 

may cause algae bloom, especially near the coastal areas, and are hence subjected to an upper discharge limit, in 413 

contrast to sulfates and chlorides which are considered to be naturally occurring in seawater and can be discharged 414 

freely (IMO 2015).   415 

 416 
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Figure 13 Amount of aqueous nitrogen of various reactions using NaClO and NaClO2 quantified by ion 417 

chromatography 418 

Table 5 Amount of NOx removed by the various scrubbing liquids and the amount eventually converted to nitrate 419 

ions in the aqueous phase 420 

 421 

In Table 5, the amount of nitrates in the aqueous system was compared to the calculated theoretical amount of 422 

NOx that was removed based on the results from the flue gas analyser.  It can be seen that for NaClO samples of 423 

various starting pH, only around 35 – 50% of the NOx captured showed up as nitrates in the aqueous system. This 424 

range was around 70 – 80% for NaClO2 samples of various starting pHs.  425 

The unaccounted nitrogen between the gaseous and aqueous phases could at least be partially attributed to the 426 

assumption that the system followed the ideal gas law when converting the gaseous concentration values from 427 

ppm(v) to mole. Secondly, it was also possible that the NO2 that was absorbed by the aqueous mixture was 428 

unstable and a portion of it could have desorbed from the scrubbing liquid before the quantitative analysis was 429 

carried out (within 24 hours), on account of Eq. 8 and 9 being reversible reactions. These unstable absorbed 430 

nitrogen includes non-anionic aqueous forms such as NO2 (aq) or HNO2 (aq) (Yang et al. 2016). Thirdly, they 431 

could simply have been reduced to N2 gas especially when under low oxidation potential conditions (Chang et al. 432 

2004). 433 

These results clearly showed that in the operating pH range from 6 – 11, NaClO2 was more successful in not 434 

only oxidizing NO to NO2 (Fig.5), but also in absorbing (Figs. 9 and 13) and retaining (Table 5) the NO2 in the 435 

aqeuous phase, compared to NaClO. It could effectively oxidize NO to NO2 without needing a high ORP 436 

environment in the bulk phase likely due to its ability to decompose to its more oxidative form, ClO2, at the gas-437 

liquid interface, so the subsequent absorption of NO2 which required a lower ORP environment was not inhibited.  438 

For both NaClO and NaClO2, the reaction at pH 8 registered the highest amount of nitrates in the aqueous 439 

system. The balance between the ability to oxidise NO to NO2 and absorb the NO2 formed was seen around this 440 

pH region. Deshwal speculated a similar concept of this balance when studying NaClO2 but without arriving at 441 

an optimal pH as the work carried out was in the acidic pH range (Deshwal et al. 2008). A study by Han et. al. on 442 

NO removal using NaClO2 between the pH of 2.4 to 8.0 also showed that the absorption of NO2 that was formed 443 

from the oxidation of NO was highest at pH 8.0 (Han et al. 2019). 444 
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3.5.1. Consumption of reactants 445 

The mole ratio of the reactant consumed over the amount of NOx that was removed is shown in Fig. 14. It can 446 

be seen that for NaClO, the consumption of reactants for every mole of NOx removed increased with decreasing 447 

pH, for the pH range of 6 – 11. This was because as the pH shifted from 11 to 6, the dominant form of the chlorine 448 

oxidants also shifted from OCl- to HOCl. The latter, while having a stronger oxidation strength, was also more 449 

volatile, leading to significant losses to the scrubber exhaust and a high reactant consumption rate.  If NaClO is 450 

the oxidant of choice, the operating pH should be in the region of 8, as this range provided a balance between 451 

effectiveness of NOx removal vs. reactant consumption rate. In this experimental setup, about 3 moles of ClO- 452 

oxidant was consumed for every mole of NOx removed at this operating pH. 453 

 454 

Figure 14 The mole ratio of the reactant consumed per mole of NOx removed  455 

 456 

Except for NaClO/pH10.9 and NaClO2/pH10.6, all reactions showed similar reactant consumption rates at the 457 

midpoint and end of reaction, suggesting that the consumption rates of reactants were linear throughout the 458 

experimental duration. These two liquid mixtures saw increasing reactant consumption because their pH started 459 

high but gradually dropped throughout the reaction, leading to higher reactant losses to the gaseous phase. 460 

The various samples of NaClO2 achieved between 2 – 3 moles of reactant consumed for every mole of NOx 461 

removed; this was a better performance compared to NaClO, which ranged between 3 – 5 moles (with the 462 

exception of NaClO/pH10.9 as the NOx removal for that sample was quite insignificant). Of all the reactants 463 

studied here, KMnO4 had the lowest reactant consumption rate, achieving around half a mole of reactant consumed 464 

for every mole of NOx removed. Unlike chlorine-based oxidants which tended to partition into more volatile forms 465 

especially at lower pH, the permanganate oxidant tends to precipitate out of the aqueous phase as solid deposits 466 

instead. It is able to achieve this low reactant consumption rate since it is not volatilised and lost via the exhaust 467 

like chlorine-based oxidants.  468 

4. CONCLUSIONS 469 

For the reaction with SO2, full removal of SO2 proceeded quite readily and was achieved by nearly all the 470 

different types of scrubbing mixtures that were tested. This is because SO2 gas is very soluble in the aqueous 471 

phase. The absorption of SO2 in the aqueous phase by the various gas-liquid reactions were likely influenced by 472 

three factors, namely pH, the ionic concentration in the scrubbing mixture in terms of both its overall ionic strength 473 

and concentration of sulphate ions, and oxidation potential. An effective scrubbing liquid for the effective removal 474 

of SO2 gas should have high pH or alkalinity, low in ionic strength and sulphate ions, and oxidative in nature.   475 



17 

 

As for NOx removal, the effectiveness of various chemical compounds used can be ranked as follows, from 476 

least to most effective: Seawater, NaOH, H2O2 < NaClO < KMnO4 < NaClO2. The first three, seawater, NaOH 477 

and H2O2 had little or no effect. NaClO was somewhat effective when the pH was lowered to 9 and below, when 478 

the hypochlorite ions shifted to its oxidative form, HOCl. Following that was KMnO4 which was moderately 479 

effective, while NaClO2 was the most effective, especially when the pH was below 10.   480 

For achieving high NOx removal, the scrubbing liquid mixture must be effective in: i) oxidizing NO to NO2, ii) 481 

absorbing the NO2 into the aqueous phase, and iii) retaining the nitrogen in the aqueous phase as anions. Seawater, 482 

NaOH and H2O2 were ineffective in NOx removal because they had difficulty oxidizing NO to NO2. NaClO was 483 

effective in oxidizing NO to NO2 after it partitioned into its HOCl form when the pH was reduced below 9. 484 

However, it was not very effective in absorbing and retaining NO2 in the aqueous phase, especially when the pH 485 

was lowered to below 9 – up to half of the NO2 that was absorbed likely desorbed back into the atmosphere after 486 

a short period of time.  487 

Successful oxidation of NO to NO2 did not necessarily translate to high NOx removal as the absorption of NO2 488 

proved to be a challenge although it is approximately 5 times more soluble than NO in the aqueous phase. 489 

Alkalinity was not a factor in the absorption of NO2 into the aqueous phase as increasing the NaOH concentration 490 

had no effect on it. Rather, NO2 absorption showed an inverse relationship with oxidation potential in this study. 491 

The seeming relationship between NO2 absorption and pH was likely coincidental since the oxidation potential of 492 

chlorine-based oxidants are also pH dependent. 493 

NaClO2 was superior compared to NaClO in all three categories of oxidizing, absorption and retention of NO 494 

in the pH range of 6 – 11. It could effectively oxidize NO to NO2 without needing a high ORP environment in the 495 

bulk phase likely due to its ability to decompose to its more oxidative form, ClO2, at the gas-liquid interface, so 496 

the subsequent absorption of NO2 which required a lower ORP environment was not inhibited.  497 

In the pH range of 6 – 11 studied here, the pH at around the region of 8 provided an optimal balance between 498 

oxidation versus both absorption/retention and reactant utilization for NaClO and NaClO2, respectively.  499 

Operating at an optimal pH was important as to minimize reactant losses to the atmosphere as both NaClO and 500 

NaClO partitioned into a gaseous state at lower pH. 501 

Although KMnO4 was less effective than NaClO2 in terms of overall NOx removal, it was very effective in 502 

absorbing and retaining the NO2 in the aqueous phase.  In fact, it was possible that this seemingly high NO2 503 

absorption could be because KMnO4 was able to oxidize NO into the aqueous phase without forming gaseous 504 

intermediates such as NO2. KMnO4 also had the lowest reaction consumption rate, with only half a mole utilized 505 
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for every mole of NOx removed, compared to 2 – 3 moles of NaClO2 or 3 – 5 moles of NaClO needed for every 506 

mole of NOx removed.  This was because unlike the chlorine-based oxidants, KMnO4 does not partition into a 507 

more volatile form, leading to less reactant losses to the atmosphere. However, KMnO4 has a tendency to 508 

precipitate in the form of MnO2 which caused clogging and was very difficult to remove.   509 

As each of the chemical reactant compared here have their own advantages and disadvantages, the choice of 510 

the most suitable reactant will still depend on the actual design of the wet scrubbing system.  Nevertheless, this 511 

comparison exercise enabled a deeper understanding of the reaction mechanisms and behaviour of the reactants 512 

during reaction. 513 
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Figures

Figure 1

Schematic diagram representing the experimental setup: (1 – 5) Gas cylinders, N2, O2, SO2, NO and NO2;
(6 – 10) mass �ow controllers; (11) gas mixer; (12) ball valve; (13 – 14) three way valves; (15) adjustable
glass scrubber; (16) �ue gas analyzers; (17) Datalogging computer; (18) scrubbing liquid tank; (19 – 20)
peristaltic pumps; (21) pH meter; (22) Conductivity meter; (23) ORP meter



Figure 2

Sulfur dioxide (SO2) removal from the simulated exhaust gas with various scrubbing liquids

Figure 3



pH of the scrubbing liquid in the tank during SO2 removal

Figure 4

ORP of the scrubbing liquid in the tank during SO2 removal

Figure 5

Nitric Oxide (NO) removal from the simulated exhaust gas with various scrubbing liquids



Figure 6

pH of the scrubbing liquid in the tank during NO removal

Figure 7

ORP of the scrubbing liquid in the tank during NO removal



Figure 8

NOx (NO+NO2) removal from the simulated exhaust gas using various scrubbing liquids

Figure 9



Ratio of NO2 absorbed over the total NO2 that was formed (converted to %) versus reaction time

Figure 10

Ratio of NO2 absorbed over the total NO2 that was formed (converted to %) versus the oxidation potential

Figure 11



NO2 gas removal from the simulated exhaust gas using DI water versus scrubbing mixtures of increasing
alkalinity (NaOH: 0.05 – 0.40M)

Figure 12

NO2 gas removal from the simulated exhaust gas using DI water versus scrubbing liquids of increasing
oxidation potential (NaClO2/pH10.9 < NaClO2/pH8 < NaClO2/pH7)



Figure 13

Amount of aqueous nitrogen of various reactions using NaClO and NaClO2 quanti�ed by ion
chromatography

Figure 14



The mole ratio of the reactant consumed per mole of NOx removed
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