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S1. Introduction
The flow sheet of a generic treatment plant for the mechanochemical (MC) destruction of organic pollutants (e.g. halogenated POPs) and/or the MC immobilization of inorganic pollutants (e.g. heavy metals) is showed in fig. S1. Table S1 reports brief information on apparatuses; table S2 shows physico-chemical and economic data used for design, dimensioning, and cost evaluation of single devices. 


[image: C:\Users\q\Desktop\MC soil review\Submission\Fig -Plant flow sheet.png]
Fig. S1 – MC treatment plant flow sheet (solid streams are in red, gaseous streams are in green).



Table S1 – Apparatuses of the plant and assumed soil characteristics used in the economic assessment
	Apparatus
	Code
	Soil characteristics
	Value

	Belt conveyor
	T01
	Humidity
	13%

	Rotary dryer
	E01
	Debris mass fraction (gravel, stones)
	10%

	Heater
	E02
	
	

	Fan
	P01
	
	

	Vibrating screen
	D01
	
	

	Belt conveyor
	T02
	
	

	Feeder/mixer
	T03
	
	

	High energy ball mill
	R01
	
	

	Blower
	P02
	
	

	Cyclone
	D02
	
	





Table S2 – Physicochemical, design, and economic data used for the economic assessment
	Physicochemical data
	Design data
	Economic data

	Quantity
	Value
	Quantity
	Value
	Quantity
	Value

	Water vaporization heat
	2257 kJ kg‒1
	Hot fluid
	Superheated Steam at 400°C
	CEI (2016)
	750.28

	Dry soil bulk density
	1500 kg m‒3
	
	
	CEI (2008)
	575.4

	Reagent density
	2000 kg m‒3
	
	
	M&S (2008)
	1449.3

	Dry Soil Heat capacity
	0.873 kJ kg‒1 K‒1
	
	
	Location factor (China)
	0.8

	Water heat capacity, Cp
	4.187 kJ kg‒1 K‒1
	
	
	Location factor (Russia)
	0.8



S2. Plant design
S2.1. Drying section
Soil drying section of the plant is constituted by a rotary dryer (E01) that operates in direct mode by hot air injection. Air is fed in E01 by a tube-axial fan (P01) and then heated by steam through a finned heat exchanger (E02). Wet soil is fed by a bucket conveyor (T01); dried soil is transferred to the sieving section, while hot air goes to the dust removal section. Drying operation is necessary to reduce soil humidity to near 3%, thus averting two main issues, that are, reduction in MC destruction efficacy and difficulties in soil transfer among different apparatuses caused by soil stickiness. The initial humidity content is assumed to be 13% (Table S2).
Dryer design is performed employing a formula that is valid for generic commercial rotary devices, which usually have flights to facilitate contact with the hot gas and operate at shell peripheral speeds of 0.3-0.4 m s‒1 (Green and Perry, 2007):
                       (S1)
where  is the total heating rate [BTU h‒1], L and D are the dryer length and diameter [ft], respectively, G is the air mass velocity [lb h‒1 ft‒2 of cross section], and  is the log mean of the drying-gas wet-bulb depression at the inlet end and exit end of the dryer shell. is calculated by mass and energy balance, in order to achieved the final water mass fraction in soil of 0.03. In order to perform such calculation, the inlet temperature of soil is assumed to be 25°C, the final one is calculated as the wet-bulb temperature; inlet hot air temperature is taken to be 165°C, while the outlet temperature was considered to be 40°C higher than that of soil (i.e. wet-bulb temperature), in order to assure an effective heat transfer. A heat transfer yield of 60% was also utilized to estimate the necessary heating rate  that have to be provided by the dryer. The diameter D was then calculated by eq. S1, considering L/D ratios in the range 4-10, G equal to 1.4 kg s‒1 m‒2 (a value that generally prevents excessive dust content in air outlet).
The calculated heating rate is also employed to assess the necessary heating surface area of the exchanger E2 for hot air production. The hot fluid is assumed to be superheated steam at 400°C that cools down to 215°C. Exchange area is simply estimated by global exchange equation:
             (S2)
where U is the overall heat transfer coefficient [W m‒2 K‒1], A is the exchange area [m2], F is a configuration factor that takes into account effectiveness of heat transfer for different exchanger configurations respect to the counter-flow, and  [K] is the log mean of the four temperatures of the fluids. For calculations, U was set equal to 34 W m‒2 K‒1, which is a typical value for air-steam heat exchange (Green and Perry, 2007); F was calculated case by case for an exchanger with unmixed fluids in cross flow (its value is near 0.8).
Power requirement ( [kW]) of tube-axial fan is calculated from the air flow rate ( [m3 h‒1]) fed into the dryer and the discharge pressure ( = 102 cmH2O, equivalent to 10 kPa), by the equation S3 (Green and Perry, 2007):
          (S3)
The soil is fed to the dryer by the bucket elevator T01. Elevator length is kept constant to 3.5 m, while bucket dimensions (i.e. width and height, expressed as their product WxH [in2]) and power requirement ( [kW]) are estimated from soil mass flow rate ( [t h‒1]). Specifically, employed equations were obtained by constructor data interpolation (Green and Perry, 2007):
         (S4)
                 (S5)

S.2.2. Sieving section
A vibrating screen is the sole apparatus that constitutes the sieving section. Such operation is required to eliminate all debris (with size >2 mm) that are certainly not contaminated due to their rocky nature and may obstruct the mill feeder. The design mass fraction of debris is taken to be 10% (Table S2).
The vibrating screen D01 is designed with a screening surface made of woven steel wires with thickness of 1.5 mm. Square openings were considered with amplitude of 4 mm. In order to protect such equipment, a static grizzly screen should be used to remove blocks in the soil. Such device is not included in the economic assessment because of its low cost and no energy requirement. Necessary screening surface area (A [m2]) was estimated by the through-flow method of Mathews (Green and Perry, 2007):

where Ct is the through-flow rate [t h‒1], Cu is the unit capacity [t h‒1 m‒2], Foa is the open-area factor, and Fs is the slotted-area factor. Cu, Foa, and Fs have typical values for a given vibrating screen device, and were estimated from plotted values available in the Chemical Engineers’ Handbook (Green and Perry, 2007). Specifically, in the present study they are Cu=5.87 t h‒1 m‒2, Foa=0.53, and Fs=1.

S2.3. High energy milling section
The high energy milling section is composed of a bucket elevator T02 that transport the dried and sieved soil to mill feeder T03. It is adopted such configuration because often mill constructors provide apposite feeders for their mills. Three kinds of high energy ball mills are considered as possible MC reactor R01: elliptic centrifugal mill, vibrating mill, and stirred mill (Fig. S2). For all these devices, apart from the treated soil outlet stream, an outlet air flux was also included. Such gaseous stream is sent to the dust removal section.
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Fig. S2 – Milling actions in the chamber of the three mill types considered for the economic assessment
Bucket elevator design is discussed in paragraph S2.1. Similarly, elevator length is taken to be 3.5 m, independently from plant productivity; bucket dimensions are designed in accordance to the dried soil mass flow rate. Feeder design is not performed, because this unit is already set by the constructors to meet mill requirements.
With regard to milling devices, the milling chamber total volume is taken as reference construction parameter. The required value for a certain soil throughput is calculated from soil feeding mass rate (current 6 of Fig. S1), choosing appropriate residence time and chamber filling ratio. This latter is taken to be 50% for all reactors. Residence time is arbitrarily determined on the basis of some considerations. The majority of experimental works (Table 1, in the main article) highlight that 4 h milling without reagent addition is sufficient to achieve >90% degradation of organic pollutants, as well as >90% immobilization of inorganic pollutants. Such results are obtained employing planetary ball mills with low energy intensity. A rapid way to estimate milling intensity in centrifugal mills is the calculation of the centrifugal factor (CF):

where  is rotation speed [rad s‒1], R is the main disk radius (i.e. the distance between jar rotation center and planetary disk rotation center) [m], and g is the gravity acceleration [9.8 m s‒2]. In general, most of laboratory planetary mills working with rotation speeds in the range of 300-400 rpm have a CF around 10. The higher is the milling intensity (i.e. CF), the lower is the required milling time to obtain a certain transformation of milled solid (e.g. pollutant destruction/immobilization). In this work, it is hypothesized a linear relationship between the residence time (RT) necessary to achieve >90% pollutant removal and the CF of a specific mill:

Geometrical features of elliptical centrifugal mills are very similar to those of planetary ball mills, and CF can be easily calculated. According to dimensions and maximum rotation speeds, elliptical mills currently available on the market have a CF near 30. Vibrating mills are known to exert low intensities, so a CF of 5 is arbitrarily chosen. Concerning stirred ball mill, the choice is not straightforward. On the one hand, these devices can generate high tip speed (which, on a first approximation, can be assumed to be the maximum ball velocity), implying great impact kinetic energy. But, on the other hand, impact effectiveness seems to be limited for MC destruction reactions. All in all, a CF of 20 is adopted for RT estimation. Another factor that has a relevant influence on RT is the presence of a co-milling reagent. In this work, the RT at a given CF (=10), expressed in h, is hypothesized to have the following relationship with the reagent-to-soil mass ratio (RTS [-]):

Hence, the residence time [h] for each mill was determined by the following formula:

Power consumption and milling unit basic costs were determined as functions of chamber volume. These data were obtained from Russian (for elliptical mills) and Chinese manufacturer (for vibrating and stirred mills), and are elaborated in opportune mathematical formulas (Table S3). Economic data are actualized by the chemical equipment cost index (CEI) and using opportune location factor to take into account the different cost respect to the US. 

Table S3 – Power requirement of high energy mills
	Mill type
	Power requirement [kW]
	Reference capacity

	Elliptical
	
	V: chamber volume [L]
Range: <300

	Vibrating
	
	V: chamber volume [L]
Range: <3,000

	Stirred
	
	V: chamber volume [L]
Range: <50,000



S2.4. Dust removal section
Dust removal section is constituted by the cyclone D02 with a centrifugal fan P02 that collects all gaseous streams from the other apparatuses. For the sake of simplicity and due to the preponderance of the air mass rate from the dryer, all air fluxes are taken to be null, except this latter. Actually, quantification of dusting from the dryer, as well as form the other units, can be done only by direct measurements. Hence, cyclone efficiency cannot be calculated, and a detailed design of such equipment is not possible. Nonetheless, the inlet volumetric rate is sufficient to have a rough estimation of its investment cost (Table S4).
Power requirement for this section is determined by the centrifugal fan, using equation S3 with  = 51 cmH2O, equivalent to 5 kPa, which should be sufficient to compensate cyclone pressure drop.

S3. Investment
Investment costs are estimated by single-factor method. Base costs (CB) of all apparatuses are firstly estimated by capacity-ratio exponent based equations:

where I2016 and IREF are cost indices that are used to bring equipment cost to a common year, q and q0 are the capacity and its reference value, respectively, and CB,0 is the cost of reference equipment with capacity q0. In the present work, all basic costs were calculated as free on board (FOB) costs. Chemical Engineering Equipment Cost Index is employed to actualize FOB costs to the year 2016 (CE Index = 750.28). Table S4 explicitly shows the equations used to estimate basic costs of the single units.

Table S4 – Basic costs for single units
	Apparatus
	Base cost expression [k$2016]
	Reference capacity
	Reference

	Rotary dryer E01
	
	Ap: peripheral area [m2]; range: 8-100
	(Garrett, 1989)

	Heat Exchanger E02
	
	A: exchange area [m2]; range: 10-1000
	(Garrett, 1989)

	Tube-axial fan P01 (*)
	
	: Volumetric flow rate [m3 h‒1]; range: <500,000
	(Garrett, 1989)

	Bucket elevator T01
	
	WxH: Bucket width and height product [in2]; range: <128
	(Garrett, 1989)

	Vibrating screen D01
	
	A: screen area [m2]; range: <65
	(Garrett, 1989)

	Elliptical mill R01 (**)
	
	V: chamber volume [L]
Range: <300
	This work

	Vibrating mill R01 (**)
	
	V: chamber volume [L]
Range: <3,000
	This work

	Stirred mill R01 (**)
	
	V: chamber volume [L]
Range: <50,000
	This work

	Bucket elevator T02
	
	WxH: Bucket width and height product [in2]; range: <128
	(Garrett, 1989)

	Cyclone D02
	
	: Volumetric rate [m3 h‒1]
Range: <110,000
	(Green and Perry, 2007)

	Centrifugal fan P02
	 (*)
	: Volumetric flow rate [m3 h‒1]; range: <500,000
	(Garrett, 1989)


(*) the expression between squared brackets is the mathematical expression that interpolates the graphical curve of Garrett (1989).
(**) The feeding system is estimated as 15% of the milling equipment base cost (not included in the formula).

Installed cost was estimated by multiplying the summation of FOB costs by a typical factor (f):

where CI is the total investment, CB,i is the base cost of each main apparatus, and f is equal to 3.8, which is a representative value for solid processing plants (Green and Perry, 2007).

S3.1. High energy mill base cost estimation
Since high energy mills are relatively new devices, cost data of large scale equipment are not available in specialized literature. In order to estimate the investment, a cost survey on the three kinds of mills was executed in China and in Russia among mill constructors. Appropriate location factors (Table S2) are used to infer cost in the US (taken as reference in literature, i.e. with unitary location factor). Accordingly, opportune year-averaged currency exchange rate has been utilized to convert local prices in US dollars.
Power consumption data and free on board unitary costs (achieved from various constructors) are shown in Fig. S3. Interpolation of such data has been utilized to achieve the mathematical expression reported in Tables S3 and S4.
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[image: ]
[image: ]
Fig. S3 – Data on power consumption and base unit cost of various large-scale high energy ball mill and the corresponding interpolating curves (mathematical expression are reported in Tables S3 and S4)

S3.1.1. Additional figures
[image: ]
Fig. S4 – Total investment interpolating curves with the three milling devices

[image: ]
Fig. S5 – Mill investment percentage over the total one
S4. Treatment costs
Treatment costs include all expenses related to pollutant destruction/immobilization in the contaminated soil. In general, they can be divided in variable and fixed costs. Fixed costs are independent from inlet soil throughput; usually they include insurance, rents, taxation, etc. In the present study, this kind of expenses are not evaluated because they are strongly dependent on local conditions. Explicitly, soil decontamination projects are often of governmental interest (at local or national level), so fixed costs are mainly determined by the legal framework of the project. On contrary, variable costs are directly determined by real decontamination expenses, and are proportional to plant productivity. Here we include the following items: Energy and raw materials, operating labor, and utilities. All variable costs are referred to unitary volume of treated soil (they are expressed as $2016 m‒3)
With regard to energy and raw materials, power consumption is certainly the preponderant expense. It is evaluated from total power consumption, considering an industrial electric energy cost of 6.74 c$2016 kWh‒1 (US Energy Information Administration, monthly data report, June 2017). The sole raw material is the reagent. It is taken to be calcium oxide (>85% purity), with a cost of 100 $2016 t‒1.
Concerning operating labor costs, it was related to the number of apparatuses of the plant. Specifically, they are divided in main units, i.e. dryer (E01), vibrating screen (D01), and high energy mill R01, which are hypothesized to require 0.1 h of work per unit and per ton of treated soil [h t‒1 unit‒1]. Secondary units, i.e. bucket elevators (T01 and T02), fans (P01 and P02), heat exchanger (E02), feeder (T03), and dust removal cyclone (D02), are assumed to necessitate 0.05 h t‒1 unit‒1 of work. In the US, labor hour cost is estimated to be of 23.59 $2016 h‒1. It is taken from the national wage data (chemical equipment operators and tenders, code: 51-9011) of the Bureau of Labor Statistics (datum of March 2017, redefined by the Employment Cost Index for manufacturing operators: March 2017=127.1, Mar2016=124.0).
The sole utility of the studied plant is steam for the heat exchanger. Energy requirement for steam production is calculated directly as energy cost, considering a price of natural gas of 1.64 $2016 GJ‒1 (US Energy Information Administration, monthly data report, June 2017).
Essential information on main apparatus dimensions and power requirements, corresponding to the minimum of treatment costs, are reported in Table S5.

Table S5 – Optimal plant configuration and treatment cost details for each type of mill
	Plant Configuration
	Treatment cost

	Mill (R01):
Type;
[bookmark: _GoBack]No. x Chamber volume;
Power

	Soil throughput;
RTS [-]

	Dryer (E01):

No. x Exchange area;
Heating Power
	Vibrating screen (D01):
No. x Screening area
	Cyclone (D02):

No. x Volumetric rate;
Power
	Total power;
Total labor;
Reagent
	Total cost [$2016 m‒3]

	Elliptical mill
3 x 260 L
215 kW
	1.0 t h‒1
0

	1 x 45 m2
165.0 kW
	1 x 0.11 m2

	1 x 5,620 m3 h‒1
7.8 kW
	387.5 kW t‒1
0.8 h t‒1
0 kg t‒1
	68.37

	Vibrating mill
1 x 2340 L
145.9 kW
	0.5 t h‒1
0
	1 x 25.4 m2
92.8 kW
	1 x 0.05 m2
	1 x 3,150 m3 h‒1
4.4 kW
	486.2 kW t‒1
0.6 h t‒1
0 kg t‒1

	71.38

	Stirred mill
1 x 25,935 L
5541.9 kW
	19.0 t h‒1
0
	3 x 282.6 m2
3,092.9 kW
	1 x 3.00 m2
	1 x 105,380 m3 h‒1
146.1 kW
	462.2 kW t‒1
0.8 h t‒1
0 kg t‒1
	75.91

	Stirred mill
1 x 11,846 L
3109.2 kW
	12.0 t h‒1
0.125
	2 x 268.5 m2
1967.1 kW
	1 x 1.27 m2
	1 x 70,140 m3 h‒1
97.3 kW
	431.1 kW t‒1
0.7 h t‒1
12.5 kg t‒1
	87.99

	Stirred mill
1 x 3,199 L
1026.1 kW
	6.0 t h‒1
0.250
	1 x 282.6 m2
1,031.0 kW
	1 x 0.63 m2
	1 x 35,070 m3 h‒1
48.6 kW
	351.0 kW t‒1
0.6 t‒1
25.0 kg t‒1
	95.14




S4.1. Variable cost structure
Variable cost estimation is necessary to determine the contaminated soil throughput that realizes minimum cost. Therefore, a tentative variable cost interpolation is carried out. Fig. S6 shows the variable costs obtained from the economic assessment of a MC treatment plant endowed with a stirred ball mill, which achieved the best economic and technical performance. It is clear that the curves can be decomposed in two basic components: a declining power curve (Fig. S6, dashed green line) and an increasing linear one (dashed black line). The power curve is determined by energy consumption costs (EC [$2016 m‒3]):
             (S13)
where  is the soil throughput [t h‒1], a and n are curve parameters. The linear curve takes into account all the other cost sources (OC [$2016 m‒3]), i.e. labor and reagent:
          (S14)
where b and c are curve parameters. The total variable cost (VC [$2016 m‒3]) are estimated by summing both curves:
         (S15)          
Similar trends are found for the other milling devices (Fig. 8c of the main article). Interpolation of economic data gives the parameter values reported in Table S6.

[image: ]
Fig. S6 – Variable cost interpolation for a MC plant with stirred ball mill, for various RTS (see text for details).

Table S6 – Parameter values of variable cost curve for various mills and RTS.
	
	a
	n
	b
	c

	Stirred ball mill (RTS=0.000)
	16
	0.82
	0.13
	47

	Stirred ball mill (RTS=0.125)
	16
	0.82
	0.22
	53

	Stirred ball mill (RTS=0.250)
	16
	0.82
	0.33
	58

	Vibrating ball mill
	3
	0.30
	4.10
	42

	Elliptical ball mill
	10
	0.26
	6.80
	30



Numerical results demonstrate the tight correlation of the power curve with the type of mill, thus corroborating its relationship with power consumption. On contrary, the parameters of the linear component OV are very likely dependent on the milling device and reaction conditions (since they vary also with the RTS).
Interestingly, satisfying linear relationships are found between 3 out of 4 curve parameters and some mill and reaction characteristics. Specifically, the exponent n has a good linearity (R2=0.99) with the natural logarithm of the electric power of the mill (P [kW]), while the coefficient a has a poor but acceptable linear relationship (R2=0.65) with the same mill characteristic. This confirms the dependence of the power curve on the energy consumption. Equation S13 becomes:
     (S16)
The linear curve is satisfactorily correlated with the natural logarithm of the milling chamber volume (V [L]), i.e. mill characteristic (R2=0.93), and the product  [-], i.e. reaction condition (R2=0.99). Equation S14 turns into:

Summing S16 and S17 gives a useful tool to estimate optimal soil throughput that realizes minimum treatment costs for a generic soil MC treatment plant (with the configuration of Fig. S1).
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