Supplementary Information

Modelling and Feasibility Assessment of Mineral Carbonation Based
on Biological pH Swing for Atmospheric CO, Removal

Yukun Zhang 2, Spencer Long ®, Manon T Duret ¢ 9, Liam A. Bullock ¢, Phyllis Lam ®*, Aidong Yang "
aDepartment of Engineering Science, University of Oxford, Oxford, OX1 3PJ, UK
®School of Ocean and Earth Science, University of Southampton, Southampton, SO14 3ZH, UK
¢ Department of the Geophysical Sciences, University of Chicago, IL, USA
dClimate Systems Engineering Initiative, University of Chicago, IL, USA
¢ Geological and Mining Institute of Spain, IGME C/Rios Rosas 23, Madrid, 28003, Spain

* Corresponding authors. E-mails: p.lam@southampton.ac.uk; aidong.yang@eng.ox.ac.uk

Number of pages: 11
Number of figures: 4
Number of tables: 7

page S1


mailto:p.lam@southampton.ac.uk
mailto:aidong.yang@eng.ox.ac.uk

Supplementary Data

S1. Model parameters

Table S1. Model parameters for oxidation bioreactor.

NOTATIO PARAMETER VALUE UNIT SOURCE
N
Mo Maximum specific growth rate of A. thiooxidans 0.037 h! [1]
kg Decay rate of A. thiooxidans 0.003 h! Assumed
Kg Half saturation constant 0.150 mg L™! [1]
Ko Kinetic constant of oxygen for microbial growth 1.100 mgL™! [1]
Hg Henry’s law constant for H,S 0.427 - 2]
Hg Henry’s law constant for oxygen 32.300 - [2]
N Impeller speed 1.667 rev s’ Assumed
D Impeller diameter 0.376 m Assumed
D; Width of the impeller blade 0.075 m Assumed
vV, Liquid volume of reactor 1.000 m3 Assumed
UL Liquid viscosity 0.001 Pas -
Yxs Yield coefficient for oxidation 0.093 - [1]
M Molar mass of forsterite 1.41E+05  mg mol! [3]
Pr Average density of forsterite particles 3.27E+09 mg m™ [3]
Table S2. Model parameters for reduction bioreactor.
NOTATIO PARAMETER VALUE UNIT SOURCE
N
Hy Henry constant for hydrogen 1.364 - [4]
Yu,ss Moles of sulphate ion would be needed to generate 1 - -
one mole of H,S ions
Ys,0.5 Moles of sulphate ion would be needed to generate 0.5 - -
one mole of S,05% ions
H Henry’s law constant for CO, 28.6651  atm L mol! [5]
D; Molecular diffusivities of CO, in liquid 1.92E-09 m?2 s [6]
o Surface tension of liquid 0.072 Nm! [7]
KH,5aq Equilibrium constant 10E+6.99 - [8]
Ky,s.g Equilibrium constant 1.00E-07 - [8]
Muygco, Molar mass for MgCOs3 84.3139 g mol! [9]
PMgcos Density for MgCO; 2.96E+06 gm3 [9]

S2. Composition of the culture medium
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To support the growth of 4. thiooxidans, we prepared a medium and adjusted its pH to a range between 4.4 and
4.7. Subsequently, the medium was autoclaved at 121 Celsius degrees for 15 minutes. The composition of the

medium is as follows:

Table S3. Composition of the medium prepared for A. thiooxidans.

Chemicals Amount Unit
KH,PO4 3 g
MgSO, x 7 H,O 0.5 g
(NH4),SO4 3 g
CaCl, x 2 H,O 0.25 g
Na,S,0;3 x 5 H,O 5 g
Distilled water 1000 ml

S3. Minerals in the tailing

Table S4. Dissolution reactions and parameters for different mineral in the mine tailings [14].

Mineral Name Dissolution reaction A (@molm2h') EWmol!') n()
Plagioclase Plagioclase + 8H* & 2A13% 4 Ca?t + 2H,Si0, 9.29E+02 1.66E+04 1.41
Clinopyroxene Clinopyroxene + 4H*©Mg2t + Ca?* + 2H,Si0, 7.31E+07 8.80E+04 0.50
Orthopyroxene Orthopyroxene + 2H* + H,00M g%+ + H,Si04 3.60E+08 8.00E+04 0.60
Serpentine Serpentine + 6Ht<3M g2t + 2H,Si04 + H,0 7.20E+05 7.35E+04 0.21
Mica Mica + 8HT AT + K+ + 3M g2t + 3H,Si0, 4.51E+13 8.50E+04 0.7
Calcite Calcite + Ht&Ca?* + HCO3™ 3.13E+28 1.44E+05 1
Dolomite Dolomite + 2H*&Ca?* + Mg?+ + 2HCO3~ 4.93E+6 3.61E+04 0.5

Table S5. Abundance of minerals in the mine tailings.

Mineral Formulae Modal abundance (%)
Amphibole Cay,(Mg,Fe,Al)s(ALSi)g0,,(0H), 6
Calcite CaC0s3 1
Plagioclase CaAl,Si,0g 17
Clinopyroxene MgCaSi,0¢ 17
Orthopyroxene MgSiO3 25
Quartz Si0, 3
Chlorite MgsAl(AlSi30419)(0H)g 6
Serpentine Mg3(Si05)(0OH)4 12
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Mica Ca(Mg,Al)3(AlgSl)Olo(OH)z 4

Talc Mg3Si4010(0H)2 8

Dolomite CaMg(C03), 1

S4. The initial conditions for simulations

Table S6. The initial conditions adopted for each simulation run in the oxidation bioreactor.
Oxidation Bioreactor

Forsterite (mg L) Crs (mgL™) Cro (mgL™) Microbe density (mg L)
H,S cycle 200000 0 5.9 1000
S,0; cycle 200000 124050 5.9 1000

Table S7. The initial conditions adopted for each simulation run in the reduction bioreactor.
Reduction Bioreactor

Mg?* ions (mol L) SO,* ions (mol L) Microbe density (mg
L™
H,S cycle 0.5 0.5 20
S,0; cycle 1 1 20

S5. Sensitivity analysis

m-50% m+50%

kLa (via changing impeller speed) - Reduction -.-
kLa (via changing impeller speed) - Oxidation -_
Mineral particle radius - Reduction 0.0 0.0
Mineral particle radius - Oxidation --
Concentration of hydrogen sulphide - Reduction _—
Concentration of hydrogen sulphide - Oxidation --

Microbal growth rate - Reduction 0.0 0.0
Microbal growth rate - Oxidation -1.2|| 0.4
-60.00 -40.00 -20.00 0.00 20.00 40.00 60.00

Percentage change in processing time (%)

Fig. S1. Sensitivity analysis for mineral carbonation efficiency in hydrogen sulphide cycle.
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m-50% m+50%

kLa (via changing impeller speed) -0.2 |0.4
Mineral particle radius 0.0 0.0

Concentration of hydrogen SUIphide __

Microbal growth rate -0.6| 0.1

-60.00 -40.00 -20.00 0.00 20.00 40.00 60.00
Percentage change in CO, capture efficiency (%)

Fig. S2. Sensitivity analysis for CO, capture efficiency in hydrogen sulphide cycle.

m-50% m+50%

kLa (via changing impeller speed) - Reduction -_

kLa (via changing impeller speed) - Oxidation 0.0 0.0

Mineral particle radius - Reduction 0.0 0.0

Mineral particle radius - Oxidation -_
Concentration of thiosulphate - Oxidation _—

Microbal growth rate - Reduction O.GIO.G
Microbal growth rate - Oxidation .‘
-60.00 -40.00 -20.00 0.00 20.00 40.00 60.00

Percentage change in processing time (%)

Fig. S3. Sensitivity analysis for mineral carbonation efficiency in thiosulphate cycle.
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Mineral particle radius 0.0 0.0
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Percentage change in CO, capture efficiency (%)

Fig. S4. Sensitivity analysis for CO, capture efficiency in thiosulphate cycle.

S6. Calculation of k;a

1.44
— N 1.12
kpa=6.48* (ch) * Vg (S1)
0 ,-0-54)0.25
ch — 4xQ>*D7 (SZ)

D2

As shown in Egs. (S1) and (S2), we apply the method introduced by Smith to estimate the k;a value in stirred
tank reactors [10, 11]. In these equations, N (rev s') refers to impeller speed, N4 (rev s) refers to the
minimum impeller speed for complete suspension of all the solid particles in stirred tank reactors, vg (m s)
is gas velocity, Qg (L h™')is volumetric gas flow rate, D and D; (m) refer to diameters of the reactor and the
impeller, respectively.

Note that for simulating the experimental oxidation reactor, as there was no active gas supply to the reactor, the
gas phase mass balance for O, was excluded from the bioreactor model, while a modest kya value (0.4 h')

was assumed to approximate the mass transfer of oxygen into the culture medium at the top of the reactor.

S7. Calculation of £¢

_&_( 1.98%v; ) p; 021
&= Ve T 1+40.9*vg * ( Vy ) (S3)
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—0.2
~ Q NZeD?
P;=0.1%*Py* (N*VL) * <g*Dz*VL§> .

In Eq. (S3) and (S4), & (-) refers to fractional gas hold up, P; (W) refers to power consumption and Py (W)
refers to power consumption in absence of gas. We can calculate Py by using following equations [12, 13]:

Po=py*N3xD5xN, (S5)
1
Np =min (19.5 x Re,~%%;24 * (Rey, » Fr1)73) (S6)

*N*D?2
Re, =252 (S7)

N2
Fry=""" (S8)

In Eq. (S5), (S6), (S7) and (S8), p; (kg m™)is density of liquid, N, (-)is power number, Re; (-)is Reynolds

number, Fry (-) is Froude number, y; (Pas) is liquid viscosity and g (m s) is acceleration of gravity.

S8. Calculation of FE

—1.357~1.35
Herl67Con-) o> JDikaCon
E=1 (u) Lk2Con— -1
* 2C6c,in + <J0Lk2cOH—> (S9)
ki tanh 5
logk, = 11.895 — =2 +0.2211, —0.016I2 (S10)
kraco,
1 0.592 0.187

kL=1_38*(g5L)°-5*(Ng_gL)3*<sz> <_> (s11)
g*D*V 3 oxV; 3
5.5*0’*85%

T
2
Dy = N2.p3 (512)
grour| — 55—
g*Di*VL3*<P—g)3

We apply Eq. (S9 — S12) to calculate enhancement factor E. In these equations, Cop- (mol L) refers to
concentration of hydroxide in liquid, Cgc i (atm) refers to concentration of CO; in supplied air, Dy (m?s™)
refers to molecular diffusivities of CO, in liquid, I, (mol L) refers to ionic strength, o (N s) refers to
surface tension of liquid, D;, (m) refers to diameter of bubbles.

S9. Liquid phase mass balance in the oxidation bioreactor

c
T6—Ls = Kpas * (HLSS —Crs) (S13)

c
T6—1,0 = kirap * (HLDO— Cro) (S14)
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In Egs. (S13) (only applicable to H,S, not to S,05*) and (S14), r6_s and 76— 0 (mgL™") refer to the rates
of dissolution for H,S and oxygen; kpas and kpa, (h™') represent volumetric mass-transfer coefficient for
H,S and oxygen; Cgs and Cgp (mg L7!) refer to the concentrations of H,S and oxygen in gas; Hs and Hgp
(-) refer to Henry’s law constant for H,S and oxygen. The k;a wvalues are calculated using previously
established correlations for aerated and agitated reactors; details are provided in the section S6.

Eqgs. (S15) and (S16), supported by Eq. (S17), represent the rates of change in the concentrations of dissolved
H,S and DO, respectively:

dCrshys Vr

—_— * T —
— T6-Ls*y, —TsH,s (S15)
dCro Vr

% —T6-Lo*y, —To (S16)

VR = VL + VG (817)

Vg, Vi and Vi (L) represent the total reaction volume of the bioreactor (excluding the volume of the solid
particles), liquid volume and gas volume, respectively. 7sp,s (mg L") refers to rate of H,S oxidation by A.
thiooxidans, and ro (mg L") refers to microbial consumption of oxygen in liquid, which could be calculated
by the following Egs. (S18) and (S19):

.“max*X*y
rs ==L (S18)
llmax*X*y
ro=""5""(S19)

In these two equations, Yys (-) refers to the yield coefficient for oxidation of H,S or S,03%. Unlike H,S, the
supply of S,052- ions do not involve gas-liquid mass transfer from gas to liquid; therefore, the change in
concentration of S,032- ions can be represented with following modified equation, as opposed to Eq. (S15):

dCLS,SZOS
1 = —T'ss203 (520)

In this equation, Cyss203 (mg L") refers to concentration of S,0,% ions, and 755203 (mg L") refers to rate
of S,05% oxidation by 4. thiooxidans, which can be calculated by applying Eq. (S18) to thiosulphate.

S10. Gas phase mass balance in the oxidation bioreactor

For mass balance in the gas phase, Eq. (S21) and (S22) correspondingly represent the rates of change in
concentrations of gaseous H,S and oxygen:

dCes,s  Q*(Cosin—Ceshys)  T6-LS 391
dt - VG - &g ( )
dCqo _ Qs*(Cs0,in—Cs0)  TG6-LS

dt - VG - &G (822)
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In these equations, Qg (L h!') refers to gas flow rate in the bioreactor, Cgs;, (mg L7!) refers to concentration
of H,S in feed gas, V¢ (L) refers to effective gas volume, and &5 (-) refers to fractional gas hold up; details
of &¢ calculation are provided in section S7.

S11. Liquid phase mass balance in the reduction bioreactor

For simplicity, the hydrogen supply in the reactor was assumed to be via a liquid phase that was in equilibrium
with a hydrogen gas phase at 1 bar, using Eq. (S23) to simulate the concentration of aqueous hydrogen (Cy) in
the reduction bioreactor:

Cry=Cen*Hpy (S23)

where Cgy (atm) refers to the concentration of H, in gas, Hy (mol L' atm™!) refers to the Henry constant for
H,. Note that the supply of hydrogen takes place at a stage different from (more precisely, earlier than) that for
the supply of air and removal of H,S (in the sulphide cycle), thus the operation of the reactor does not involve
mixing H, with any gas flow through the reactor and avoids the loss of H,.

For concentrations of reduced sulphur compounds (Cys), due to the different natures of hydrogen sulphide and
thiosulphate, we apply separate equations to simulate the rates of change in concentrations:

dCrs,m,s Vg
= YHss*Ts =T gHs * 3, (S24)

dCpss203
— = ~Ys2035*71s (825)

T1—GH,s = Cas,h,s * @ (S26)

where Yp,ss and Ys,0,s (-) correspondingly refer to how many moles of H,S or S,0;* ions would be
generated when one mole of sulphate ions are reduced, 7, n,s (mol h™') refers to the rate of H,S gas released
from liquid, Cgs p,s (mol L") refers to concentration of H,S in the gas phase, and Q@ (L h™') refers to air flow
rate in the reduction bioreactor. For simplicity, chemical and phase equilibria are assumed for the H,S-H,O
system, which allows Cgs y,s to be determined based on the concentration of total dissolved H,S in the liquid
phase, Cisn,s (further explained in Section S12).

We use Eq. (S27) to simulate the change in liquid phase CO, concentration:

dCrc _ 4
2 = TG-L,co, ¥y, —Teap (527)

where 7.qp (mol L' h') refers to the rate of CO, capture. For the replenishment rate of CO, in the liquid
phase, 76_1,co, (mol L""hT), we apply Eq. (S28).

c
TG-L,co, = kiaco, * E (Hicc - CLC) (528)
In this equation, kjacp, (h™')refers to the volumetric mass-transfer coefficient value for CO,, Cs¢ (atm) and
Crc (mol L) correspondingly refer to the concentration of CO, in gas and liquid, H¢ (atm L mol™') refers to

Henry’s law constant for CO,, E (-) is the enhancement factor to account for the chemical effect on mass
transfer [12, 15]. The details for calculating E are provided section S8.
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S12. Gas phase mass balance in the reduction bioreactor
H,S can be present the reactor in both gaseous and dissolved states, with their ratio depending on the pH of the
liquid phase. The split of H,S in the two phases is modelled based on phase and dissociation equilibria:
Crs,H,s = CHyS,aq + Cus— (S29)
Ch,s,aq = Ki,$,aq * Cus—* 107 (S30)

10-PH
Cos,H,s = Chs=* T, 5, (S31)

where Cgs p,s is the concentration of gaseous H,S, Cys— and Cp,s4q (mol L7') refer to concentrations of
HS™ ions and H,S in solution, Kp,s4q and Kp,s4 (-) refer to equilibrium constants for two reactions. The
gaseous portion of H,S will be removed with the air flowing through the reactor; this gas mixture subsequently
feeds into the oxidation bioreactor.

For CO,, we apply Eq. (S32) to simulate its gas phase concentration in reduction bioreactor:

dCsc _ Q*(Cocin—Csc)  T6-LCO,

a = Ve 6 (532

S13. Aqueous phase CO,-H,O equilibrium and charge balance

Complementary to the model equations introduced in sections 2.2 and 2.3, the model for each bioreactor
further includes the following chemical reaction equilibria:

CO, + H,0HCO3~ + HT  (S33)
HCO3~<C03*~ + HY (S34)
H,0-HY +OH~ (S35)
Finally, charge balance is included to complete the model, particularly to allow pH to be calculated:

Zi(ccationi * 7)) + Z/(Canionj * Zj) =0 (S36)

In this equation, Ccgtion, and C anion; (mol L") refer to concentration of specific cation or anion

respectively; z; and z; (C) refer to the charge number for the cation or anion.
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