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In this work, we propose a study of the SO2 mass-transfer rate in an absorption process based on the use of an aqueous solution of ammonia (NH3), which reacts with SO2 to give ammonium sulfite according to follow overall reaction SO2 + 2NH3 + H2O → (NH4)2SO3. An experimental and modelling study is carried out to define the thermodynamic and kinetic aspects of the ammonia-based Flue Gas Desulfurization (FGD) process. A dataset of SO2 solubility in aqueous ammonia solutions was estimated by simulations in ASPEN PLUS using an equilibrium model based on data provided in the relevant literature. The Enhancement factors (EL) for the SO2 ammonia-based absorption are determined under the explored experimental conditions: different gas and liquid flow rates, and feed molar NH3(aq)/SO2(g) ratios, varying both concentrations of ammonia in the liquid and sulfur dioxide in the gas streams. 
Introduction
The growing energy demand and the need for more sustainable processes make Flue Gas Desulfurization (FGD) processes still a hot topic for Chemical and Environmental Engineering. Nowadays, most of the power generation, industrial activities and marine transportation sector still use fossil fuels for power generation. Even if SOx emissions can be limited by using low-sulphur fossil-fuels, for several applications after-treatment processes are the only suitable options to comply with the increasingly stringent regulations. These technologies include dry and semi-scrubbers (Ma et al., 2000; Koech et al., 2021) or wet scrubbing columns (Flagiello et al., 2020a; Flagiello et al., 2021a) the latter option being the most effective and well-established. Sulfur dioxide is very soluble in water, but it can be more efficiently removed from flue-gas using reactive-absorption processes in wet scrubbers. Meanwhile, European Community has set a drastic cut in global SOx emissions of about 70% to achieve in 2030 (2016/2284/UE) and similar measures have been planned in other countries worldwide (Wynn and Coghe, 2017; Zhang, 2016). Despite the maturity of wet-FGD technologies and the progress achieved to date, an extensive study of the key parameters of traditional or non-traditional FGD processes must be carried out to increase the efficiency and simultaneously optimize the consumption of chemicals, reduce the footprint of plants and water flow required, and consequently reduce the volume of waste effluent.
To date, several traditional chemicals have been adopted (Adewuyi and Sakyi, 2013; Colle et al., 2004; Flagiello et al., 2021b; Flagiello et al., 2022a; Gutiérrez Ortiz et al., 2006) to improve SOx removal from flue-gas, including ammonia-based scrubbing, which is widely adopted for FGD in coal-fired power plants operating with high-sulfur content (Gao et al., 2010; Jia et al., 2010; Tang et al., 2017). Further interest in this process is given by the formation of (NH4)2SO3 that, when further oxidized in the aqueous-phase and purified into other chemical units, leads to ammonium sulfate (NH4)2SO4, which is an important precursor in nitrogen-based fertilizer manufacturing processes (Liu et al., 2011). However, some fundamental aspects about the intrinsic kinetic of the process including kinetic data on the gas-liquid reactions are limited and deserve a dedicated study for process design and optimization on large-scale plants. 
In the present work, we investigated the wet desulfurization of a model flue-gas at T = 20 °C using aqueous solutions containing ammonia, which promotes a fast reactive-absorption (Gao et al., 2010; Jia et al., 2010), as reported in Eq. (1):
	

	(1)


representing the overall reaction for the SO2/NH3 absorption-system. The experiments aimed to evaluate the mass-transfer kinetics determining the Enhancement Factors (EL) of the SO2/NH3 absorption-system at 20 °C. In chemical absorption processes, a gas-liquid reaction is fast when the Hatta number (Ha) is greater than 3 and the Enhancement factor can be written as:
	

	(2)


with EL about equal to Ha number (Zarzycki and Chacuk, 1993).
The main process parameters investigated during the experimental campaign include gas and liquid flow rates, concentrations of sulfur dioxide in the gas and ammonia in the liquid streams, while the temperature was constant at 20 °C. The experiments were performed in a lab-scale falling-film absorber used to investigate SO2 mass-transfer rates, as it allows highly controlled mass-transfer conditions for a thorough assessment of the fundamental kinetic aspects of an absorption process with fast gas-liquid reaction. To this aim, the absorber unit allows a precise knowledge of the gas-liquid contact surface (ae [m2/m3]) to accurately assess the mass-transfer rates (Flagiello et al., 2022b). The physical contribution to the SO2 mass transfer rates are known from our previous work, which allowed determining gas-side (kG,SO2 [m/s]) and liquid-side (kL,SO2 [m/s]) volumetric coefficients (Flagiello et al., 2022b).
Also, a thermodynamic study of the SO2 absorption process is preparatory to the calculation of Enhancement factors. For this purpose, an equilibrium model was developed in ASPEN PLUS, which is based on gas-liquid phase equilibria and liquid-phase chemical equilibrium equations, both retrieved from the relevant literature.
Materials and Methods
High pressure cylinders of pure N2 (5.0 technical grade) and SO2 at 3040 ppmv in N2 (Rivoira Gas, Italy), distilled water and ammonia aqueous solution at 30% w/w (Sigma Aldrich, Italy) were used in the experiments. 
Experimental section
The experimental unit is a continuous liquid-film contactor and consists of a Pyrex glass column (effective gas-liquid contact height, Z = 0.155 m) with 0.018 m internal diameter, and 2 mm thickness. The column also has a Pyrex glass chamber at the top to overflow the liquid from the top to the bottom chamber, in which the liquid is collected. The specific surface area wetted by the liquid-film (ae) during the experiments is 222 m2/m3.
The model flue-gas at 20 °C is prepared by mixing a pure nitrogen stream with a sulfur dioxide stream available at 3040 ppmv and using two digital flow meters to regulate flow rates for both gas lines, in order to obtain the desired inlet concentration of SO2 (CSO2(g),in [ppmv]). The experimental apparatus (Figure 1) is also equipped with a gas heat exchanger with electrical resistance and measuring instruments to record gas temperature and pressure during the experiments, at different sampling points.
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Figure 1: Process Flow Diagram (PFD) of the falling-film absorber unit.
The absorbing liquid at 20 °C is prepared with the desired concentration of ammonia (CNH3(aq),in [w/w]) and stored in a vessel with a maximum capacity of 15 liters. An immersion pump with a maximum power of 30 W placed inside the tank feeds the liquid to the column that falls on the walls from the top to the bottom. Liquid flow rate (Lv,in [L/h]) is controlled by a digital flow meter and the gas flow rate (Gv,in [L/h]) is fed in countercurrent to the liquid. The liquid flowing out the column is discharged into another tank with a maximum capacity of 20 liters. The concentration of SO2 in the gas stream at the column outlet (CSO2(g),out [ppmv]) is monitored over time using a Pollutek Gas Analysis system with dual range 0 - 600 and 0 - 3000 ppmv with accuracy 0.1 ppmv and providing 0.1% deviation from the full scale.
The ammonia concentrations used in the experiments were selected based on the investigated gas and liquid flow rates, including SO2 inlet concentrations to explore a broad range of the feed molar NH3(aq)/SO2(g) ratio (rop), i.e. with NH3 strongly in defect or in excess respect to SO2, up to values close to the stoichiometric one (equal to 2, see Eq. (1)). The main process parameters in the experiments are summarized in Table 1, including the gas-side (kG,SO2 [m/s]) and liquid-side (kL,SO2 [m/s]) volumetric coefficients calculated by Flagiello et al. (2022b) using the same operating conditions and experimental set-up of the present work.
Table 1: Main process parameters in the absorption experiments with falling-film absorber unit. 
	T
[°C]
	P
[atm]
	Gv,in
[L/h]
	Lv,in
[L/h]
	L/G
[L/m3]
	kG,SO2
[m/s]
	kL,SO2
[m/s]
	CSO2(g),in
[ppmv]
	CNH3(aq),in
[% w/w]
	rop
[mol/mol]

	20
	1.13
	503
	18
	36
	1.79∙10-2 
	2.06∙10-4 
	from 395
to 2960
	4∙10-3
and
1.6∙10-2
	from 0.62
to 46

	
	1.08
	408
	22
	54
	1.55∙10-2 
	1.93∙10-4 
	
	
	

	
	1.05
	314
	24
	76
	1.29∙10-2 
	1.66∙10-4 
	
	
	


Data Analysis
The experimental absorption results were interpreted according to the classic absorber design equation deriving from the two-film theory for mass-transfer in gas-liquid systems, valid for dilute absorption case with constant temperature and pressure, and written in a generalized canonical form as (Zarzycki and Chacuk, 1993):

                                                            (3)
where HTUOG is the Height Transfer Unit representing the overall resistance to mass transfer referred to the gas-phase and is calculated as the logarithmic mean value between the top and bottom of the column, while NTUOG is the Number Transfer Units, written as a function of the gas mole fraction of SO2 (ySO2 [mol/mol]) along the column. In Eq. (3), Z [m] is the column height, S [m2] is the column cross section, Gm [kmol/s] is the molar flow rate of the gas, ρG [kmol/m3] is the molar density of the gas, ρL [kmol/m3] is the molar density of the liquid, ySO2,in [mol/mol] is the inlet mole fraction of SO2 at the bottom of column, ySO2,out [mol/mol] is the outlet mole fraction of SO2 at the top of column, ySO2(eq) [mol/mol] is the mole fraction of SO2 in the gas-phase in equilibrium with total sulfur in the liquid-phase (xS(eq)), which represents the gas solubility in a given aqueous solution. 
It is worth noting that the value of the Enhancement factor (EL) is EL > 1 for chemical absorption with chemical reaction in the liquid-phase, while Feq,i represents the derivative of the equilibrium function that coincides with the gas-liquid interfacial conditions and corresponds to the dimensionless Henry's constant given by the ratio between KH,SO2/P, where the Henry's constant for SO2 in water (KH,SO2 [atm]) can be found in Flagiello et al. (2018). The NTUOG can be calculated from the experimental absorption results (ySO2,out = CSO2(g),out·10-6 mol/mol) and if the equilibrium dataset (xS(eq) - ySO2(eq)) for SO2 absorption in NH3 solutions is available. This dataset was obtained by simulations using a computational code developed in ASPEN PLUS based on our previous works (Flagiello et al., 2018; Flagiello et al., 2020b) and suitably adapted to the case study of the present work. 
Given the kG,SO2ae and kL,SO2ae coefficients, evaluated in the same operating conditions and experimental set-up from our previous work, the chemical contribution due to the reaction indicated in Eq. (1) is concentrated in the Enhancement factor (EL), which can be calculated for each experiment from Eq. (3). It is worth underlining that, since the experimental unit does not allow gas or liquid sampling at intermediate column heights, it is assumed that the EL calculated from Eq. (3) represents an average value of the experiment. In general, EL can vary along the column but it is possible to assume a constant value of HTUOG as the average between the column top/bottom in case of fast chemical reaction, because in most cases the liquid-side resistance can be considered as negligible (Flagiello et al., 2022b).
Equilibrium model for SO2 absorption in NH3 implemented in ASPEN PLUS simulator
The computational code developed is a predictive equilibrium model for SO2 absorption in NH3 aqueous solutions, based on a set of thermodynamic equilibrium equations (phase equilibria and chemical equilibria). These equations were implemented in the Flash block of ASPEN PLUS (using Elec-NRTL property method) and the values of the related constants are given in Table 2. The Flash block is a continuous unit working at constant pressure and temperature (i.e. an ideal equilibrium stage) fed by a gaseous stream (nitrogen and sulfur dioxide at the desired concentration) and a liquid stream (water and ammonia at the investigated concentration) and allows to simultaneously solve the mass, energy and charge balance equations. At the Flash block output, two streams (gas and a liquid) are obtained at thermodynamic equilibrium. By using the sensitivity analysis tool of the process and varying e.g. the liquid flow rate to the Flash block, equilibrium data can be obtained at the fixed NH3 concentration.
Table 2: Set of equations for the SO2 absorption model in NH3 aqueous solutions, including the values of the constants of the phase (KP° and KH [atm]) and chemical (Keq [mol/mol]) equilibria at 20 °C.
	Number 
Equation
	Equilibrium
Equation
	Constant values 
@ T = 20 °C
	References

	(4)
	

	KH = exp(3.65)
	Flagiello et al. (2018)

	(5)
	

	KP° = exp(-3.71)
	Flagiello et al. (2018)

	(6)
	

	KH = exp(1.61)
KP° = exp(2.12)
	Luckas et al. (1994)

	(7)
	

	Keq = exp(-40.69)
	Flagiello et al. (2018)

	(8)
	

	Keq = exp(-8.11)
	Flagiello et al. (2018)

	(9)
	

	Keq = exp(-20.74)
	Flagiello et al. (2018)

	(10)
	

	Keq = exp(-14.99)
	Luckas et al. (1994)


Results and Discussion
Figure 2 shows SO2 outlet concentrations from the falling-film absorber (CSO2(g),out) vs SO2 inlet concentrations (CSO2(g),in). The results include the influence of liquid-to-gas ratio (L/G) and the ammonia feed concentration: CNH3(aq),in = 4·10-3 % w/w in Figure 2a and CNH3(aq),in = 1.6·10-2 % w/w in Figure 2b.
[image: ][image: ]
Figure 2: Experimental values of SO2 outlet concentration in function of the inlet concentration of SO2 and liquid-to-gas ratio, parametric with ammonia concentration CNH3(aq) = 4·10-3 % w/w (Figure 2a) and CNH3(aq) = 1.6·10-2 % w/w (Figure 2b).
From Figure 2, we can see that the outlet concentration of SO2 from the absorber (CSO2(g),out) decreases with decreasing SO2 feed concentration (CSO2(g),in) and a marked effect of L/G ratio is observed only for high CSO2(g),out values, while almost no differences were observed when it was very low. As expected, higher ammonia concentration CNH3(aq),in = 1.6·10-2 % w/w (Figure 2b) allowed best desulfurization performances. However, this effect seems to be more pronounced for high CSO2(g),in values, while a smaller difference in performances were observed for lower CSO2(g),in values. This was probably due to the feed molar ratio rop which assumes an higher value than stoichiometric dosage according to reaction in Eq. (1) when CSO2(g),in decreases, thus making the gas-liquid reaction more effective by flattening the desulfurization performance of the film absorber: in these case, we can assume that the absorption is controlled only by the gas-side resistance.
[bookmark: _Hlk125630925]Figure 3 shows the Enhancement factors (EL), calculated from the experiments using Eq. (3), as a function of SO2 inlet concentrations (CSO2(g),in). The results include the influence of liquid-to-gas ratio (L/G) and the ammonia feed concentration: CNH3(aq),in = 4·10-3 % w/w (Figure 3a) and CNH3(aq),in = 1.6·10-2 % w/w in (Figure 3b).
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Figure 3: Experimental values of Enhancement Factors in function of gas inlet concentration of SO2 and liquid-to-gas ratio, parametric with ammonia concentration CNH3(aq) = 4·10-3 % w/w (Figure 3a) and CNH3(aq) = 1.6·10-2 % w/w (Figure 3b).
The results show that most Enhancement factors are greater 3, confirming that the gas-liquid reaction follows a fast regime (Eq. (2)) as observed by Gao et al. (2010) and Jia et al. (2010). Only for few experiments a EL value < 3 was retrieved: this was probably ascribable to feed molar ratio (rop), which in those cases, assumed values more than 50% lower than the stoichiometric value of the overall reaction (Eq. (1)), and consequently a fast reactive-mechanism was not achieved.
[bookmark: _Hlk125629309]From Figure 3, at fixed investigated ammonia concentration, it is observed that the Enhancement factors increased as SO2 concentration decreased (CSO2(g),in) , likely because the feed molar ratio (rop) increased and, consequently, the ammonia available for reactive gas-liquid mechanism increased. The EL also increases as the investigated L/G ratio increases, which is typical of purely physical absorption but is also a direct consequence of the simultaneous increase in rop. As expected, EL values were greater for higher ammonia concentration (CNH3(aq),in = 1.6·10-2 % w/w), as can be observed in Figure 3b. In particular, a difference of about 75% between the two investigated ammonia concentrations results in 65% difference on average in EL values, being data reported in Figure 3b significantly greater than those reported in Figure 3a. The difference in ammonia concentration also influenced EL trends, which grew much faster when the reactive dosage was higher (Figures 3b).
Conclusions
This work reports an experimental and modelling study of the kinetics of SO2 absorption in aqueous solutions containing ammonia in a wide range of feed molar NH3(aq)/SO2(g) ratios to investigate reaction kinetics, i.e. with ammonia concentrations ranging from stoichiometric defect to excess dosages, with respect to sulfur dioxide. The experimental activity allowed determining the Enhancement factor for SO2/NH3 absorption system, which represents the contribution of the chemical reaction to SO2 absorption and oxidation to ammonium sulfite. To calculate EL, it was also necessary to develop a thermodynamic model in ASPEN PLUS to predict SO2 solubility data in ammonia solutions.
We found that Enhancement factors increased when ammonia feed concentration increased and SO2 feed concentration decreased. The EL values confirmed that the gas-liquid reaction provides a fast reactive regime, while the feed molar NH3(aq)/SO2(g) ratio (rop) that included the effect of L/G, CSO2(g),in and CNH3(aq),in could be defined as a key parameter of the process. As expected, the Enhancement factors increased when the dosage ratio rop increased: for low rop values, the desulfurization performances strictly depended on the L/G ratio likely because EL assumed low values and, consequently, the process was more influenced by physical absorption mechanisms. On the contrary, for higher rop, the chemical absorption mechanisms dominated, so that the L/G ratio did not significantly influence the process.
The experimental activity proposed in the present work can be proficiently applied in the design of ammonia-based FGD scrubbers on larger scale to correctly estimate water and chemicals demand, aimed at a minimization of plant footprint and waste effluents production. However, this is a first step and a more detailed kinetic study on typical wet-scrubber operating temperatures must be performed. In addition, the development of a predictive model for EL by isolating the contribution of the chemical reaction (reaction kinetics) from the physical contribution to mass-transfer (kGae and kLae) is needed. In general, this approach based on extensive kinetic studies could make wet-desulfurization processes less energy-intensive and costly and consequently more sustainable.
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