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1. Simultaneous removal of multi-pollutants (SO,, NO, Hg’, CO) from waste incineration flue gas
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Figure S1. Simultaneous removal efficiency vs running time of multi-pollutants (SO,, NO, Hg®, CO) from waste

incineration flue gas (using a semi-batch operation mode): (a) Cu®*-based new Fenton system; (b) Mn?*-based

new Fenton system.

2. Process flow and removal products processing strategy

During the combustion process of solid wastes, various gaseous pollutants, mainly including sulfur dioxide,

nitrogen oxides, hydrogen chloride, mercury, carbon monoxide, dioxine, particulate matter, etc., are often

produced. At present, some of these pollutants such as sulfur dioxide, nitrogen oxides, hydrogen chloride, mercury,

particulate matter, are mainly controlled using complex combined processes (e.g, SNCR/SCR denitration + acid

gases removal +activated carbon adsorption + dust removal + CO removal, etc.). This kind of independent

processing strategy has very high investment and operating costs, which is not suitable for large-scale application.

Many researchers have indicated that simultaneous removal processes of multi-pollutants from exhaust gas (e.g,

SO,, NO,, HCI, CO, Hg° VOCs, etc.) have more obvious advantages such as simple process and low expenses

than the complex combined treating systems(e.g, SNCR/SCR denitration + acid gases removal +activated carbon

adsorption + dust removal + CO removal, etc.).

In this work, two new Fenton systems have been proved to be able to achieve simultaneous removal of

multi-pollutants such as SO,, NO,, CO, Hg?. The removal of VOCs such as dioxins was not carried out because
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we lack sufficient experimental and measurement conditions. However, Fenton or -OH oxidation has been widely

proved to be a very effective method for the degradation of most organic pollutants. From the theoretical point of

view, VOCs degradation is also feasible by using two new Fenton systems. In addition, HCI is a very soluble gas,

and thus can be easily absorbed through simple solution washing. Based on the product analysis in Table 1, we

can see that HCO;", SO4%, NO; and Hg?" were detected. According to previous research results'* and as shown in

Figure S2, it can be seen that Hg?" can be recycled by adding S* to produce HgS precipitate. All of acidic

products such as HCO3, SO4% and NOs™ can be recycled by adding ammonia to produce ammonium fertilizer,

including ammonium sulfate, ammonium nitrate and ammonium bicarbonate.

The aqueous ammonium fertilizer can be converted into solid-state ammonium fertilizer by evaporation and

crystalline of liquid products using waste heat of flue gas. Transition metal ions such as Fe3*, Cu?** and Mn?*can

be conveniently recycled in the neutralization process of adding ammonia water. They can even be recycled

gradually (independent recovery facilitates separation of ions) because the form of transition metal hydroxides

precipitation is often at different pH values. Therefore, all the reaction products can be recovered and separated

without any secondary pollution. The novel technique and obtained results will provide valuable guidance for

emission reduction of CO and multi-pollutants from waste incineration exhaust gas, and recycling of Cu?" and

Mn?* from containing-Cu?* and Mn?* industrial wastewater, which has good prospects for development. The

above process can also be described more intuitively by the following Figrue S2.
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Figrue S2. Simultaneous removal of multi-pollutants using new Fenton systems, and a contrast with independent

systems.

3. Derivation/establishment of removal rate equation (mass transfer-reaction Kkinetics of CO removal)

As a heterogeneous reaction that involves gas-liquid two-phases, revealing the mass transfer-reaction kinetic
law and obtaining the mass transfer and kinetic parameters (removal rate, rate constant and Hatta coefficient) are
the key works for further strengthening CO removal, and optimum design and amplification of reactor. Based on
the results of CO removal mechanism and products, the total reaction of CO removal can be described by the
following equation (S1):'-

aCO+bH,0,+cFe** + dM** ——e (HCO;/CO,) + f Other by - products ~ (S1)
where a,b,c,d,e and f are the stoichiometric coefficients for CO, H,0,, Fe**, M?" (Cu?" or Mn?*) , HCO5/CO, and
by-products, respectively.
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The intrinsic rate equation of CO oxidation removal using two new Fenton systems can be expressed as the
following equation (S2):!-

Fcox = k

My Ry sles ] x

m, n, h, 7
' CCé,[,x : CH,;OZ,X : C )2+7X . CIWYZJ% (Sz)

Fe

where 7, is the chemical reaction rate of CO, mol/(L-s); k, , , . is the pseudo-(mytn,th,t+jy)-order

Py
reaction rate constant for the total reaction (S2), L"*" "/ om0 C L is CO
interface concentration, mol/L ;C 1,0, . is H,0, concentration, mol/L; Cﬁez is Fe?* concentration, mol/L;
C ]\1/12 is Cu?" or Mn?* concentration, mol/L; m_,n_h_and j_are the partial reaction order for CO, H,O,,
Fe?* and M?*, respectively; xis Cu?" or Mn?* (Cu®' represents Cu?*-based new Fenton system and Mn2*
represents Mn?*based new Fenton system).

The concentration of CO in liquid phase is the order of magnitude of 108. The concentrations of H,O,, Fe?*

and M?" are the orders of magnitude of 10!, 10-2, 1073, respectively, and thus all of them can be recognized as the

constants in a short period of time.!* Thus the above equation (S2) can be further reduced to the equation (S3):
Teo . =k, Coix (S3)

where k, =k

nyshy,jy

. ny . hx . /v 1 1
C 1,0, C e C e represents pseudo-my-order reaction rate constant for CO in two

(1-m,) -1

new Fenton systems, L' mol S

Based on the intrinsic rate equation (S3), the double-film theory and the results of the other researchers,!-# for

a fast reaction, the removal rate of CO in solution can be described by the following equation (S4):

1/2

m,+1
2DC0,L,x -k . 'CCO,;,x

m

Neoy = (S4)

m_+1
where N,  is the CO removal rate, mol/ m-s; Dy, is the liquid phase diffusion coefficient of CO,
respectively, m’/s.

In the equation (S4), NV, co.. can be calculated by the equation (2) in the manuscript (main document). CO
interface concentration, Cco, ;.. -can be calculated by the following equation (S5):12
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CCO,i,x = HCO,L,x (pCO,G,x - NCO,x/kCO,G,x) (S5)

where H ¢, ; . is the solubility coefficient of CO in solution, mol/(L-Pa); p,, . is CO partial pressure in gas
phase body, Pa ; k¢, ; . is CO gas phase mass transfer coefficient, mol/s - m*-Pa.

H co...» Were calculated by the methods in references;>8 Dco, ... were calculated using the Wilke-Chang
empirical equation.!* kCO,L,x’ kCO,G,x and d.,, were determined using the classical chemical removal
methods and Danckwerts plot theory.! The described calculation and measurement methods can be found in
Section 3. These key parameters were summarized in Table S1.

In order to determine my value in the equation (S4), the following equation (S6) can be obtained by taking
the logarithm on both sides of the equation (S4):

2D -k
log Neo, = mxTHIOg CCO,i,x + %log(%] (S6)

where N,  can be calculated by the equation (2) in the manuscript (main document), and C,, ~ can be
calculated by the equations (2) in the manuscript (main document) and (S5).

Based on the data of CO concentration vs CO removal efficiency in Figure 3(a), the plots of Log (Cco,ix) VS
Log (Ncox) are conducted, and the results are shown in Figure S3 (a) and (b). As shown in Figure S3 (a) and (b),
Log (Ncocu) keeps a good linear relationship with Log (Ccoicu), and Log (Ncoam) also keeps a good linear
relationship with Log (Cnoimn)- The slopes of the two fitted line (mg,+1)/2= 0.97 and (mm,+1)/2= 0.98. Thus
mc,= 0.94 = 1.0, and also my,= 0.96 = 1.0, suggesting that both of CO removal processes using Cu?*-based new
Fenton system and Mn?*-based new Fenton system can be regarded as a pseudo-first-order reaction with respect to

CO, respectively.
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Figure S3. Log(Nco,cu) vs Log(Ccoicu) (2) and Log(Ncomn) vs Log(Ceoimn) (b).
Thus, CO removal rate equation (S4) can be further represented as the following expressions (S7) and (S8):

Nco,cu = DCO,L,Cu 'k 'Cco,i,Cu (87)

mey

Nco,Mn = DCO,L,Mn 'kmM 'Cco,i,Mn (S8)

n

According to the double-film theory,>® the Hatta coefficient Ha can be described by the equation (S9) as below.

) 1/2
m, -1
{m 1 kmx 'DCO,L,x 'Cco,i,x}
Ha =—-——=

=

(89)
kCO,L7x

where Ha is defined as the ratio of chemical reaction rate to physical removal rate. When Ha < 0.03, the
removal process of CO in liquid phase belongs to a slow reaction; when 3.0 > Ha > 0.03 , the removal process of
CO in liquid phase belongs to a moderate speed reaction; when Ha > 3.0, the removal process of CO in liquid
phase belongs to a fast reaction, and the chemical reaction enhancement factor £ = Ha 3-8

Ha,, and Ha,, can be obtained when mc, and my, are brought back to the above equation (S9), and the

equation (S9) is finally changed to the equations (S10) and (S11) as below:

km .D u
Ha,, =¥l COLC (S10)

CO,L,Cu

Jk, D .
Ha,, =Y OO0 (S11)

kCO,L,Mn

Based on the above discussions, the key kinetic parameters such as k, and Ha_are calculated, and the

m
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results are summarized Table 2 in the manuscript (main document). It can be seen that under all experimental
conditions, Ha,, >3.0and also Ha,, > 3.0, indicating that both of CO removal processes using Cu?"-based
new Fenton system and Mn?*-based new Fenton system belong to a fast reaction. It shows that the chemical
reaction rate is far larger than mass transfer rate,> and thus the mass transfer rate has been proved to be the rate
control step of CO removal in two new Fenton systems. Thus, CO removal can be elevated via the rise of mass
transfer. The mass transfer and kinetic data in Table 2 and Table S1 can provide an important support for
amplification and design of reactor and numerical simulation of CO removal in two new Fenton systems.

4. Calculation and measurement methods of physical and mass transfer parameters

4.1. Solubility coefficients of gas

The solubility coefficients of gas in solution, H can be calculated using the solubility coefficients of gas

gas,L?

in water, H and the following Van Krevelen and Hoftizer empirical equation (S12): 58

gas,w?’

H,,
lg —== 1=>"hl (S12)

gas,L

where H and H

gas.w s are the solubility coefficients of gas in water and in salt solution, mol/L- Pa,

respectively; H can be obtained by consulting the References.>® / is a salting out parameter given by 1=

gas,w

h.,+h +h,. h_and h_  are the contributions due to anions and cations of the electrolyte, respectively. 7, is

the contribution of the solute gas. The values of the salting out parameters for various cations, anions, and gases

1 2
can be obtained from the literatures;’® [ = —ZC P Zl.2 is the ionic strength of the solution, and where C ; and
X=1

z, are the concentrations and the valences of anions and cations in solutions, mol / L , respectively; More specific
calculation methods and related parameters can be obtained by these literatures.>-
4.2. Diffusion coefficients of gas in solutions

The diffusion coefficients of gas in water, D can be estimated by the following equation (S13):12

gas,w?
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_ M 05
Dgas,w =7.4x10 12% o)

gas w

where D is the diffusion coefficient of gas in water (m2 /s); @, is the association factor, which is 2.6 for

gas,w

H,0; M is the molecular weight of water, g/mol ; Vgas is the molar volume of gas, which is 23.6 and 34.0

for NO and CO, (¢cm’ / mol ); T is the temperature in Kelvin (K ).

The diffusion coefficient of gas in solution, D can be calculated by the following relationship (S14):5-8

gas,L
(Dgas,L ) /uL)T = (Dgas,w ) /UW)T = const (S14)

where ¢, and g, are the kinetic viscosities of water and solution, Pa - s, respectively; The £, can be obtained

by consulting the References [5-8]; 4, can be measured by a viscometer.

4.3. Diffusion coefficients of gas in gas phase

The diffusion coefficients of gas in gas phase, D, 5, are estimated by using the following Chapman-Enskog

semi-empirical equations (S15)-(S19).!4

TI.S
D, , =0.00266 S15
M0, o
2
MA’B :ﬁ (S16)
- + -
MA MB

where MA and MB are the molecular weights of A,B (g/mol); p is the pressure (atm);T is the
thermodynamic temperature (K ); 0,5 is the characteristic length, which can be calculated by the following

equation (S17); QD is the collision integral, which can be calculated by the following equations (S18) and

(S19).
o,+0
Oz :% (S17)

1.06036 0.19300 1.03587 1.76474
D= o0 T T T e
(T) exp(0.47635T ) exp(1.52996T ) exp(3.894117")

(S18)
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" T
T k

= (eAeB)I/Z (519)

where the values of 0 ,,0,, € ,and€, for different gases can be obtained by consulting the References. I
4.4. Mass transfer parameters

The gas-liquid mass transfer parameters of CO, in the reactor can be determined by using the classical
chemical removal methods,'* such as the removal of CO, in NaClO-Na,CO3/NaHCO; solution and the removal
of CO, in NaOH solution, and the Danckwerts plot theory. The gas-liquid mass transfer parameters of CO in the

same reactor can be obtained by the following relations (S20)-(S22):!-4

D
ko =( DCO’L ) keo, . (S20)
CO,.L
D
keoc = ( Dm ) keo, ¢ (S21)
CO,.,G
Aco = Ao, (522)

where kco, , and kcoz, , are the liquid phase mass transfer coefficients of CO and CO,, respectively,m/s;
D¢y and Dy, are the liquid phase diffusion coefficients of CO and CO,, respectively, m*/ s;kep g and
kCOZ,G are the gas phase mass transfer coefficients of CO and CO,, respectively, mol/s-m*-Pa; D, ;and
D¢y, ¢ are the gas phase diffusion coefficients of CO and CO,, respectively, m’/s; acpand  ag, are the
specific interfacial areas of CO and CO,, respectively, m .

Based on the above calculation and measurement methods, the related physical and mass transfer parameters
for CO are summarized in Table S1.

Table S1. The diffusion coefficients, solubility coefficients and mass transfer parameters

Cu?* system 9 9 4 6
y Deopcu x10 Heo o %10 keor.cu X10 kco.g.cu X 10 Aco,cu

-1

Solution mol/ L - Pa m/s m

m? /s mol/s-m* - Pa

temperature (K)
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298 1.58 8.60 0.49 0.81 15.8

308 2.03 7.56 0.58 0.89 13.1
318 2.53 6.84 0.66 0.95 12.3
308 3.08 6.30 0.71 1.05 11.5
338 3.69 5.98 0.77 1.16 10.3
348 435 5.90 0.82 1.21 9.8
Mn® system Dco gy X 10’ Heo g X 10° kco,zvm X 10° kco,G.um X 10° o
Solution -y mol /L - Pa mls mol/ls-m? - Pa m”
temperature (K)
208 1.46 8.45 0.54 0.93 17.2
308 1.88 7.43 0.60 0.99 15.1
318 2.34 6.71 0.65 1.04 14.3
328 2.84 6.19 0.74 1.11 12.1
338 3.41 5.87 0.82 1.25 11.9
343 4.02 5.79 0.89 1.39 11.6
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