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[bookmark: OLE_LINK75]Text S1. Research methods
1.1. Research methods combined with theory
[bookmark: _Hlk216982803]The main research methods in the IACC are mainly divided into finite element diffusion model and diffusion of film theory. The finite element diffusion model requires the establishment of several partial differential equations, and the common solution methods can not cope with such cases, so it is necessary to reduce the calculation amount by the software. The film theory is the simplified form of the Fick's law, so the basic parameters of mass transfer can be solved simply through the reasonable setting of the mass transfer unit in the reactor, without the need to solve the differential equations. The differences between the two are reflected in the experimental conditions, reactors, and the choice of NH3 and CO2 reaction kinetics models.
1.1.1 Finite element method
The multi-dimensional diffusion model based on the finite element method requires a large amount of computation and is difficult to solve analytically. The partial differential equation solvers and CFD software can be used to solve the problem, and the species concentration changes at the gas phase, liquid phase and gas-liquid interface under steady or unsteady conditions can be studied. For example, Galdo et al. [1] used Openfoam software to construct the CFD model to study the CO2 reactive absorption mass transfer process in a single droplet. Compared with the bimolecular infiltration theoretical chemical reaction model, the convection term due to fluid flow is added, and the pseudo steady-state continuous phase fluid flow process is assumed. The mass transfer equation is shown in eq. (134).

where C is the concentration of various substances;  is the diffusion coefficient; R is the reaction rate. The distribution of CO2 concentration in the droplet can be intuitively found that the CO2 is transferred in the symmetrical form, that is, diffusion takes precedence over convection. The absorption flux of mass transfer increased by 472.7 % since the chemical reaction, and the NH3 escape reduced the absorption by 41.9 %. Different from the conventional research, this study also added the phase transition process caused by the volatilization of the droplet due to the reaction heat, and can also provide a reference for the design of the overall thermal balance and water balance. Roziaedy [2] simulated and calculated the apparent rate coefficient (kapp) by Matlab. Under the condition of less than 310K, the kapp is larger than that with DEA. Chu et al. [3] established the model of gas-liquid turbulence in the bubbling tower with representative elementary volume as the simulation object. Assuming that the flow in the striping tower is stable, the pseudo-steady-state theoretical absorption-desorption method was applied in the simulation of IACC [4]. The specific method is to ignore the influence of material accumulation over time, and regard liquid flow as the pseudo continuous flow [5,6] to simulate and track interface dynamic changes through volume of fluid method. It was assumed that mass transfer occurs only at the interface of gas-liquid phase. The PFO theory was applied to establish the mass transfer equation for three-dimensional finite element. Mass transfer equation of CO2 is given by eq. (135):

When the area is located at the gas-liquid interface, it is similar to the penetration theory. In addtion, the space change of the finite element needs to be considered. The enhancement factor is used to calculate the mass transfer increment caused by the reaction as shown in eq. (136):

The total mass transfer coefficient and absorption rate were used to evaluate the design parameters of the bubble tower, such as the number of holes and the ratio of height to diameter. The results can be visually displayed by the dynamic concentration distribution of each species, which can effectively reflect the mass transfer performance. It is proved that the mass transfer of NH3 escape is mainly controlled by liquid film, and renewable energy consumption can be reduced by increasing inlet temperature, initial NH3(aq) concentration and CO2 load. Lower gas temperature and flow rate can not only inhibit NH3 escape, but also reduce renewable energy consumption. Different from the NH3 escape in the absorption, the desorption condition has the higher temperature and higher carbonization degree, but the method of establishing the model can provide a reference for the NH3 escape, water balance and thermal balance. Xu et al. [7] simulated the IACC in spray tower using software package of CFD, meanwhile, the eq. (71) of finite element theory was applied to study the mass transfer effect under different conditions such as the spray speed, air flow speed, NH3(aq) concentration and temperature. Rinker et al. [8] described the absorption of CO2 into  aqueous solutions of primary and secondary alkanolamines in laminar jet reactors based on penetration theory. The reversible properties of all reactions was taken into account, which was the more complete study on the kinetic theory of mass transfer.
1.1.2. Solution of species balance equation
Measurement and quantitative analysis of the species concentration in the film and liquid bulk are the key parts in the mass transfer kinetics. It can be found that the main studies are divided into the following two situations: (1) the reactions in which the reaction rate is greater than the mass transfer rate; (2) the reactions in which the mass transfer rate is greater than the reaction rate. The difference between them is that the latter has no concentration difference in the liquid film, which can be brought about by assumptions and certainly lead to errors. The latter also due to partly enhanced mass transfer processes (violent mixing of gas-liquid phases, and direct reaction of CO2 in saturated dissolved NH3). When the reaction rate is greater than the mass transfer rate, a liquid film is produced, and the composition of the liquid body is stable. In both cases, the main composition of the liquid bulk can be modeled and analyzed with the help of advanced spectral and mass spectrometers.
(1) Mass transfer rate greater than reaction rate
[bookmark: OLE_LINK87]Halstensen et al. [9] established the partial least-squares regression model and analyzed Raman spectroscopic data to match the species of the CO2-NH3-H2O system, which realized in-situ monitoring of the species concentration. Stopped-flow spectrophotometry (SP) is the method for analyzing composition changes in liquid bulk for a very short time and there are many cases in studying fast reaction kinetics. Li et al. [10] analyzed the mechanism of reversible bimolecular reaction between CO2 and NH3 by SP, and the species balance equations were solved based on the penetration theory by MATLAB. The pH was calculated by the changes of colored acid-base indicators in the wavelength range of 400-700 nm. It was proved that adding 4-AMTHP and PZ to NH3(aq) could increase the CO2 absorption rate by total mass transfer coefficient, but the relationship between the concentration and the promotion of mass transfer kinetics in the liquid film was not further clarified. Xiang et al. [11] proved the promoting effect of sarcosine additives on CO2 absorption using SP method. Wang et al. [12] studied the reversible reactivity and absorption process of CO2 based on bimolecular theory, and measured species concentration profile in the liquid phase with time by SP. The relationship between the kinetic parameters and temperature of the reversible reaction was analyzed by Arrhenius equation and Van't Hoff equation. It was found that the accumulation of NH2COONH4 in the absorption solution was small, which indirectly increased the absorption rate of CO2.
(2) Reaction rate greater than mass transfer rate
Kim et al. [13,14] applied 13C NMR to analyze the concentrations of key substances (HCO3-, CO32-, NH2COO-). The inorganic carbon concentration in the solution was measured by the inorganic carbon (IC) mode of the total organic carbon (TOC) analyzer, and the total NH3 concentration in the absorbent was measured by the total alkalinity titration method [15]. Mani et al. [16] measured the 13C NMR spectrum of the IACC in the glass cylinder reactor, and calculated the relative concentrations of HCO3- and CO32- based on the chemical shift of the single NMR peak. The concentrations of HCO3-, CO32- and NH2COO- can be calculated by establishing equations based on species conservation. Choi et al. [17] found that (NH4)2CO3 and carbonate all have strong infrared absorption bands. The ATR-FTIR spectroscopy and least square method were used to estimate the species concentration. In particular, this method can be used to online monitor the species concentrations of NH4HCO3 crystalline suspension [18], and solve the concentrations of other species. The key parameters of the CO2 absorption kinetics under equilibrium conditions were calculated. Atzori et al. [19] designed the bubbling reactor based on film theory, which ignored the gas mass transfer resistance, and obtained empirical equations to estimate the liquid mass transfer coefficient. The solution of species concentration flux can be omitted within in the film.  The model is to calculate the species concentration by solving the partial differential equation based on the material balance. It’s determined that the proton change to calculate the ratio of HCO3- to CO32- by the chemical shift of 13C NMR. The E of PFO reaction absorption under different carbonization degree is distinguished. The E of intermediate reaction and rapid reaction are adopted as shown in the eqs. (137,138) [20-22]:  


Li et al. [23] studied the desorption of IACC by adding divalent metal ion. The pH, total C and total N of the solution were measured, among which the CO2 absorption could be calculated from the Raman spectral peak area. Matlab was used to solve the concentrations of Ni2+, Cu2+, Zn2+, NH3 and CO32-, which proves the correlation between the maximum solubility of each divalent metal ion and the effect of inhibiting NH3 escape. The conclusion is that Ni2+ has the best NH3 inhibition performance.
1.2. Mass transfer theory combined with reactor
The purpose of studying the mass transfer kinetics theory by the device is to obtain the kinetics parameters in the IACC scenario. It can be found that the formulated kinetics system of mass transfer is more and more specific and perfect with the deeply research. The several case studies of mass transfer reaction absorption is presented in the Table S3.
The solution of kinetics parameters is carried out by step. The steady-state film theory is applied to predict the CO2 interface flux, and the relationship between temperature and rate of absorption reaction needs to be determined by fitting Arrhenius formula. Before this, it is necessary to select the suitable reaction model and solve the gas-liquid mass transfer coefficient. When the finite element model is used, the calculation of mass transfer coefficient can be omitted directly.
1.3. Working conditions
With the deeply research on the mass transfer kinetics of the IACC, the experimental simulation conditions or theoretical calculation background are more and more close to the practical conditions. The temperature variation of the IACC fluctuates greatly, which is mainly due to chemical reaction heat release and the physical heat exchange between flue gas and absorption liquid. Therefore, it is also very important to study the mass transfer kinetics under different temperatures, which can be divided into two categories. First, Van't Hoff equation is used to study the relationship between temperature and reaction extent of reversible equilibrium reaction of absorption mass transfer. The other is the application of Arrhenius equation to study the relationship between the irreversible reaction rate of absorption mass transfer and temperature.
The improvement trend of experimental system and process design are as follows: Firstly, the gas and liquid are injected into the reactor with the simple intermittent mode [24], then only continuous gas is injected with the semi-continuous mode. Finally, the liquid and gas are injected continuously with the experimental mode. The continuous mode is adopted in the practical decarbonization tower, Therefore, internal connections between operating conditions are difficult to analyze. The liquid material in the reactor can be conservatively calculated with the semi-batch mode, hence the impact of different reaction stages or fluctuations of working conditions can be fully understood [25].
The trend of absorption system is as follows: the initial study of zero-load absorption efficiency, and the load condition, and then the additive condition, including piperazine [26], ethanolamine, piperazine, 1-methylpiperazine, 4-aminopiperidine and sodium salts of sarcosine, taurine and glycine [27]; sarcosine [28]; light metal cations; transition metal cation Ni2+ [29]; AMP, ethylene glycol and glycerol [30], triethanolamine [31], etc. Finally, the salt-containing conditions closer to the actual conditions were studied [32,33]. For example, Palitsakun et al. [34] studied the process mechanism of NH4HCO3 crystallization by absorbing CO2 by bubbling. 
The trend of theoretical research is from the initial steady-state mass transfer of film theory to the pseudo-steady-state fluid mechanics simulation of the space reaction absorption mass transfer process. Finally dynamic simulation [35] or dynamic fluid mechanics simulation are applied to study operating conditions by the Aspen Plus.
1.4. Summary of estimation methods
In order to simplify research method, many estimation methods can be applied to reduce the difficulty of calculation in the IACC. Reasonable assumptions are advocated without affecting the accuracy of the calculation. This paper summarizes some of the assumptions commonly used in kinetics analysis that are considered to be reasonable. 
In the steady-state mass transfer, Puxty et al. [36] set different partial gas pressures of CO2 to complete the flux fitting, and assumed that CO2 of the liquid phase during steady-state mass transfer was zero to verify the effectiveness of the experimental system. Atzori et al. [37] assumed that the gas phase resistance was zero, and applied empirical equations to estimate the mass transfer coefficient in the liquid phase instead of the total mass transfer coefficient, which eliminated the need to solve the species concentration profile. Futhermore, the time was only considered, without considering the location and diffusion in the liquid film. When CO2 is absorbed by high-concentration NH3(aq), the PFO reaction absorption that is assuming the constant concentration of NH3 in the liquid film and liquid bulk, which is also the commonly used assumption for the solution of kinetics parameters. Besides those, the conditional assumptions in the mass transfer + kinetics model from various theories and the solution processes has been given in the section 2.4.3.


Table S1 Comparison of shift gas with plant flue gas decarburization process
	
	Conversion gas decarbonization
	Power plant flue gas decarbonization

	Difference
	The shift gas is simple in composition and does not contain particulate matter
	The composition of flue gas is complex, including Na, Mg and other metal oxides, HCl gas and other components

	
	CO2 concentration 40-100 %
	CO2 concentration 13-15%

	
	Absorption efficiency more than 99 %
	Absorption efficiency 70-80 %

	
	The shift gas flow rate is small
	The flue gas flow rate is large

	Similarity
	Severe NH3 escape

	
	NH3 (aq) has the similar concentration of 20%

	
	The concentration of saturated carbonization liquid is similar


 



Table S2 Species concentration distribution and model selection with 4 instruments
	Experimental method
	Instrume-nt
	Device
	Method
	Whether mass transfer is involved
	Refe-rence

	13C NMR
	NMR spectrometer
	Bubbling reactor
	Determine the proton change and calculates the ratio of HCO3- to CO32- by the chemical shift
	Yes, the reaction rate is greater than the mass transfer rate, Ha>>1
	[37,38]

	SP
	Spectrophotometer
	SP spectrophotometer
	Determine the kinetic parameters by pH
	No, the mass transfer rate is much higher than the reaction rate, Ha<<1
	[39]

	ATR-FTIR
	Infrared spectrometer
	Bubbling reactor
	The species concentration of the reaction absorption system was estimated based on the least square method
	Yes, the reaction rate is greater than the mass transfer rate, Ha>>1
	[40]

	Reaction with saturated solution mixing
	Raman spectrometer
	Airtight container
	The PLS-R model was established to analyze the wavelength migration of Raman spectrum
	No, the mass transfer rate is much higher than the reaction rate, Ha<<1
	[41]




Table S3 Reaction mass transfer mechanism and corresponding absorption reactors
	Reactor
	Mass transfer theory
	Reaction mechanism
	Kinetics parameter
	Reference

	Disc contactor
	Film
	Zwitterion and termolecular
	Gas and liquid double mass transfer coefficient
	[42]

	Wet-wall tower
	Film
	Bimolecular
	Arrhenius formula
	[43]

	Hollow fiber membrane contactor
	Film
	Zwitterion
	Diffusion flux
	[44]

	Bubbler
	Film
	——
	Total mass transfer coefficient
	[45]

	Wet-wall tower
	[bookmark: OLE_LINK42]Penetration
	Termolecular
	Gas and liquid double mass transfer coefficient
	[46]

	Wet-wall tower
	Penetration
	Bimolecular
	Arrhenius formula
	[47]

	Wet-wall tower
	Film
	Zwitterion
	Gas mass transfer coefficient
	[48]

	Wet-wall tower
	Film
	Termolecular
	Arrhenius formula
	[49]

	Sieve-plate column
	Film
	——
	Total mass transfer coefficient
	[50]

	Packed tower
	Film
	Bimolecular
	Arrhenius formula
	[51]




[bookmark: OLE_LINK10]Table S4 The effect of DESs in NH3 absorption
	Composition of DESs
	Mole
ratios
	Temperature, pressure
	Cycles
	Saturation solubility
	Viscosity
	Reference

	4-MeOHPy / NTf2
	1:1
	313.15 K, 0.1Mpa
	5
	3.43 mol/mol
	0-100
	[52]

	TrZ / Tri
	1:2
	298.15 K, 0.1Mpa
	10
	0.2412 g/g
	10-15
	[53]

	ImZ /Tri
	1:2
	298.15 K, 0.1Mpa
	10
	0.2303 g/g
	5-10
	[53]

	PyZ / Tri
	1:2
	298.15 K, 0.1Mpa
	10
	0.2145 g/g
	5-10
	[53]

	Im / RES
	1:1
	293.15 K, 0.1 MPa
	5
	0.238 g/g
	—
	[54]

	Tri / Gly
	1:3
	313.15 K, 0.1Mpa
	5
	0.115 g/g
	—
	[55]

	Cat, Res / PhOH
	3:1
	313.15 K, 0.1Mpa
	5
	11.862 mol/kg
	0-20
	[56]

	MAA / TetrZ
	2:1
	313.15K, 0.1Mpa
	5
	0.136 g/g
	32-34
	[57]

	NH4SCN / Gly
	2:3
	313.15K, 0.1MPa
	25
	0.176	 g/g
	—
	[58]

	[Im][NO3] / EG
	1:3
	313.15K, 0.1Mpa
	6
	0.172	 g/g
	8-10
	[59]

	[APH]NO3 / Res
	2:1
	293 K and 1 bar
	5
	0.253 g/g
	2250-2500
	[60]





Table S5 The effect of ILs in NH3 absorption
	Composition of ILs
	Temperature, pressure
	Saturation solubility
	Viscosity
	Reference

	[EtOHmim][DCA]
	313.15K, 0.1 MPa
	0.058	g/g
	50-100
	[61]

	[Bim][NTf2]
	313.15K, 0.1 MPa
	0.113 g/g
	250-500
	[62]

	[Bmim]2[CuCl4]
	303.15K, 0.1Mpa
	0.172 g/g
	2000-2500
	[63]

	[Emim]2[Co(NCS)4]
	303.15K, 0.1MPa
	0.198 g/g
	300-350
	[64]

	[1,2,4-TrizH2][CF3SO3]2
	313.15K, 0.1 MPa
	5.21mol/mol
	—
	[65]





Table S6  The effect of various additives on absorption/inhibition of NH3 escape
	Additive type and concentration
	Measuring method
	Effect of absorption/inhibition of NH3 escape
	Solution composition
	Reference

	0.005 mol·L-1 Co2+
	Instantaneous value
	60%
	8% NH3(aq)
	[66]

	0.006 mol·L-1 Ni2+
	Accumulation
	33%
	2% NH3(aq)
	[67]

	0.09 mol·L-1 Cu2+
	Accumulation
	32%
	12% aqueous NH3
	[68]

	0.2 mol·L-1 Ni2+
	Accumulation
	26.20%
	0.2 mol·L-1 NH3
	[69]

	0.1 mol·L-1 Mg2+
	Accumulation
	87.02%
	0.1901 mol·L-1 NH3
	[70]

	
	Instantaneous value
	86.40%
	0.1901 mol·L-1 NH3
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