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The “complete equilibrium” limit

Complete equilibrium limit: = » all reactions are infinitely fast

@ > slow reactions over infinite time

Almost never attained at Earth surface conditions!

Metastable components: > N, gas in the Earth atmosphere (4+10° years)

» Any dissolving or growing solid
> > Any solid with non-reactive surface
> Any solid phase with large surface

Metastable phases:

% How to account for the time-dependent metastability of mineral phases and minor element
uptake in them in thermodynamic models and in coupled reactive transport simulations?

= Use principles of partial and local equilibria!
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Phase metastability and kinetics

TYPICAL ASSUMPTIONS:

> There is a process-extent variable
» Aqueous and gaseous species are in
chemical equilibrium with each other

> At least one phase (species) is inert or out

of equilibrium with the rest of the system

L

U —

> Dissolution of primary minerals is slow http.’//serc.carleton.edu/NATWokshops/complexs.
ystems/workshop2010/participants/dutrow.html

» Precipitation of secondary minerals is fast

Implementations using time-dependent:

ReaCtiO”-Path and + Amount constraints on metastable species or phases

progelss'e)(tent ¢ Mineral specific surface areas and sorption capacities

MOGEIS % Phase metastability linked to surface area of other phases
3 GEMS3 Training (DK) Empa 7.05-8.05 2014

GEM: Solving for constrained equilibria

Details on http://gems.web_psi.ch

Gibbs Energy Minimization: Method and Software

» GEMS finds amounts of chemical components in phases with stability indexes Q in
an equilibrium state defined by T, P, bulk elemental composition, thermodynamic data

» Any computed chemical speciation is subject to the mass balance relative to bulk
elemental composition of the system (+ trivial non-negative amounts of species)

» Amount of any component in any phase can be constrained from in mass balance
by Additional Metastability Restriction (AMR) from below and/or from above

> Lower AMRs allow stepwise simulation of mineral dissolution
> Upper AMRs allow stepwise simulation of mineral precipitation

Any AMR can cause a partial equilibrium state!
TSolMod library of models of mixing in fluids / aqueous / solid / liquid solutions

A (new) TKinMet library of models for metastability and kinetics of mineral-aqueous reactions?

GEMS3 Training (DK) Empa 7.05-8.05 2014




The simplest form of GEM IPM

A (x)

The IPM algorithm finds simultaneously the primal 7" and the dual © solutions

of the problem (F) using Karush-Kuhn-Tucker necessary and sufficient conditions:

v—ATy> (); ~——— Stability (dual thermodynamics)

AR = 5@ ﬁ(x)z(), '«<——= Mole balance, non-negativity

ﬁ(X) (U _ ATM)= 0 Orthogonality (DC selection)
Metastability can be

controlled here !
The first condition, re-written with indexes, is

g4],+lnC +ln7/ + 5 — Zaljl 0, jelL, ie N implying that

v;2n,,jeL,ie N where 7]; = Zay u,jel,ie N isthedual
chemical potential
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Metastability restrictions in GEM IPM 3

Extended KKT conditions

ALENED 5 2, 1 &2 ETE) [PEENTERDE @ for a partial equilibrium state

mixing in solution phases, find

v —-n 20,
such amounts of species (dependent j ’71 o - JL jeDb, n
components) n® = {n®, je L} that (v, —77,)n;” =0, ;7”20
AND v,—1, 20, Dissolution
~ (x) A(x) > J“r € Dl Ej
G(I’l(x)) = min st Mole (Uj _qj)('—?j —n; )=0
An® =pb < palance v,~#,>0, Precipitation
, jJeD 7
(Uj - ﬁj)(ﬁﬁx) _ﬁ;x)) =0 / ’ "
Total Gibbs energy function: n
) ) R =0 Both 1,
G(n )=an v,, jeL (v 77}+pj)(n” AN)=0, r, jeD, n,
j X
pj—on pj(nj _n} )):0
U; is primal chemical potential of j-th species za A(x) —n( ) jeN, jel Common
i balance

p Lagrange multiplier conjugate to

0
v, = g/RT+ 111(1 + lny += J € L jth non-trivial two-side constraints

(Karpov et al., 2001, Geochemistry International)
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Kinetics as series of partial equilibria

Time step duration 4t, time t, net kinetic rate R, :
Ai\ﬂ ROy fa A, of k-th solid (solution) phase TKinMet

n, =n,,+A4 R At 1if log ,Q >¢
k., t+At k.t k.t n,k,t 10 k .
— Ak,t = AS,kMM,knk,t

Ryone =Wy — Ak,tRn,k,tAt if log,,Q, <—¢

mass; n,, : amount (mol) of k-th phase Standard-state  coefficient
Gibbs energy

|

. g° _
n — %T_lnli —f.:k

Dual-solution A =Za 7® To-mole-fraction
chemical potential /= ¥ conversion term

ﬂ As,. : specific surface area; My, : molar Activity

Stability index R
of kthphase  $% = Zx ' Zexp
j j
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For a single-component (pure substance) phase, the saturation index Sl:

1 g’ .
QS’p—EKZaipui— pRT)’ pELp, ieN

i

Proof: For an ionic solid BL, 10955 = QSJ% = (%ﬂL%
compare with usual definition KS,BL KS,BL

Activities of aqueous ions and their product Qs g, can be found as:
1n QS,BL = |:uB + Z’tCharge _ gB%Ti| + I:uL - uCharge - gL%Ti| = uB + uL - (gg+ + gZ— )/(RT)
solubility product K g, is defined as InKg, = —(g§+ +g7 )/(RT)+ gs”,BL/(RT)

Substitution 1 0 1 g;’ which is
results in Qqp = lo 1“( S’%(S,BJ ~1nl0 (“B U ’B%T] the proof
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Phase stability indices in GEM IPM output

Chemical potential A Za 7 SysEq Recipe 2: ‘Calcitesw at400bar3C
of j-th compound from © = VAt
GEM dual solution u: ieN -mC l:[_m_m% Calculate stability index of:
Q Ca .. -318.7148%
. . cr - -21.618519)  Calcite Cal CaCoO;,
Stability (sgturatlon) |nQex for a k-th 5 -s2.113%67  Aragonite Arg CaCO,
phase-solution of I, species: va_ . ~143.752 portlandite  Ca(OH),
Hit .. 2.860531%
g o 1.8574335
a sr . -327.7s95|  and compare with ‘EqPh’ ‘Fa’
o Zz .. 35.4426%9
Q=) % =) exp| 7, —ﬁ—]ny.—E
k J I RT J k) ‘Mtparm’ window gTP
J€h \ J€h T 63 [= caco arg + -1125074.6
\duall estima[e Of | =] CaCo Cal —|d |+ -1125730.2
. ‘primal’ activity coefficient 65 |[s CaOcH  Portlandite .. d|+ -893931.09
mole fraction
O ‘EqPh’ page in ‘EgDemo’ window
Stability (saturation) ,\ 0 pe— [ [ra
index for a k-th pure Qk =exp| 7. — J 0 |a  ag gen 54.809148 -7.0994752e-012
phase (4 species TRr) | o e
s |= nragonite 0 -0.12401373
‘1—3 Calcite 0.09381742| -2.7511445e-008
Iog1OQk < =€n > 7o) & <+gg > te, zs Portlandite 0 -12.98278
phase: under-stable stable over-stable |6 |5 Sstrontianite 0 -1.0188954
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Metastable vs ‘excluded’

MB = mass balance in system bulk composition;

mineral phase

TDB = chemical thermodynamic data base

Phase/species present: (Over-)stable phase

Under-stable phase

Unknown (maybe large)

ACHHLTIZE 1122 metastability artifact

No effect on system state

Not in MB (by r‘:}.:() )
but in TDB

Known metastability
(2> 1); effect on MB

No effect on system state
(@<1)

System ‘oversaturated’
(€2 > 1, precipitation)

In TDB; amount ﬁj
constraint in MB

No effect on system state
(Q<1)

In TDB; amount 72
constraint in MB

No effect on MB
(Q2>=1, stable)

System ‘undersaturated’
(©2 < 1, dissolution)

Effect on MB, metastability
(Q >=1, ‘oversaturation’ )

In TDB; two-side amoEnt

constraintin MB 72 ;

Effect on MB, metastability
(Q <1, ‘undersaturation’ )

Assuming all species formulae to be consistent with the bulk system stoichiometry;

£ is phase stability index.

10
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Setting additional metastability restrictions

System: Portlandite + 1 kg water + N,-O, air
(data from PSI/Nagra TDB)

Recipe 0: “PortlKin’ at 1 bar 25 C, var. 0

Property Name Quantity  Units
xa_ Aqua 1 kg

xd_ Portlandite 0.05 mol
bi_ Nit 0.0016 mol
bi (o) 0.0004 mol

Recipe 0: ‘PortlKin’ at 1 bar 25 C, var. 1

Property Name Quantity  Units

xa_ Aqua 1 kg

xd_ Portlandite 0.05 mol

bi_ Nit 0.0016 mol

bi_ o 0.0004 mol
T E T EEEEEEE S,

dul Portlandite 0.01 mo1

on T ——

Saturation
Complete equilibrium:

pH=12.47;1S=0.05m

> [Cal,=0.0203m

n(Portlandite) = 0.02971 mol

Q(Portlandite) = 1.0
Oversaturation

Partial equilibrium:

pH =12.73;1S=0.096 m

[Ca],, =0.04 m

n(Portlandite) = 0.01 mol

Q(Portlandite) = 4.75

Empa 7.05-8.05 2014

System: Portlandite + 1 kg water + N,-O, air

Recipe 1: “PortlKin’ at 1 bar 25 C, var. 0

Property Name Quantity  Units
xXa_ Aqua 1 kg

xd_ Portlandite 0.02 mol
bi_ Nit 0.0016 mol
bi_ (] 0.0004 mol

Recipe 1: ‘PortlKin’ at 1 bar 25 C, var. 1

Property Name Quantity ~ Units
xa_ Aqua 1 kg
xd_ Portlandite 0.02 mol |::> |::>
bi_ Nit 0.0016 mol
bi_ (] 0.0004 mol
A e e e ~,
dll Portlandite 0.01 mol

N

——————————————————————————————————

Undersaturation
Complete equilibrium:
pH=12.47;1S=0.05m

= [Cal,,=0.02m

n(Portlandite) = 0 mol
Q(Portlandite) = 0.967

Undersaturation

Partial equilibrium:

pH =12.20; 1S=0.027 m
[Ca],,=0.01m
n(Portlandite) = 0.01 mol
Q(Portlandite) = 0.183

GEMS3 Training (DK)
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Kinetic rate expression and its terms

N(r), = 1 parallel reactions” Reactive fraction of surface Activation
R Reaction rate energy
Rn,k,t - Z {eka",ff(K’ E)k’rf(na)k’”f(Q)k’”} constant at T \4
r
mol/m/s ’ =I5
"D ) f(,E)=Kk; A, e*"
P N e ’ krkr
Sf(Ma),, =1"*pH ™ pe™ Eh l_[ as, Arrhenius term
Reaction activity product term J

TKinMet Input kinetic parameters for r-th parallel reaction

f (Q)k,r — (1 + uk,r — sz’r )mk 4 M| (Gomment Symbol 3;?:“

K K;(,.

0 Net rate constant (mol/m?/s) at T, Ee e |

Reaction afﬂmty term (ChOiceS) 1 Gross rate constant (molim2s) at T, K K kro

2 Arrhenius factor Aiﬁr 1

. 3 Activation energy (J mol) E, 0

Length rate of surface propagatlon (m/s) 4 Empirical parameter for IS B 0

5 Empirical parameter for pH Boryir 0

6 Empirical parameter for pe Byer 0

R — V R 7 Empirical parameter for Eh Dy, 0

L.k ,t M .k k.t 8 Parameter for the activity product Pir 1

9 Reaction order parameter in affinity term Gy, 1

10 Parameter in the affinity term my, 0

|V|0|ar mass 1 Optional constant in the affinity term Uy, 0

MOIar volume DenSIty 12 «Effectiven saturation index for nucleation ngﬁ 1
13 Parameter for nucleation (reserved) 0 =
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Simple simulations for portlandite

Kinetics of Portlandite Ca(OH),
(1 bar, 25 °C):

Ag = 1.482 m?/mol = 0.02 m?/g

Rate constants (mol/m2s):

k= 0.0000323
[Bullard, JACS 91, 2091 (2008)]

Kgro = 0.000036
[fit, data Tadros_ea, JCIS,1976)

Rate —(x,r+) (xr) ) r) (r)
equation 2 Poru = Npory — As portM pora * Kpora (1 =250 )- AT
(M is the ) | A
mass of 4D 4@ MPM; Change in Ag upon growth
phase) S,Portl S, Portl (r) (no nucleation), B.Thien 2011.
M
Portl
14
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Creating a simulator for a dissolution process

CarbSulf:G:PortlKin:0:0:1:25:0:dissolution:S:

Step 2 - Process Simulation Controls (click 'Next' to retain the old script)

Sampling script

iTm iv iP iTC NV iTau ipXi xp[J] =: cTau;
Fm'f" 1000 0 1 5 0 0 0 VpLI110] —: ph/10;
Until 1300 0 1 25 0 300 0 yp[I] [1] =: m_t[{Ca}]*10;
Step ! 0 0 0 0 ! 0 yp[J1[2] =: 10~ (lga[{Portlandite}]);

* Titration cNu (linear) " Diagram logD vs linear x

= Titration cpXi logarithmic

Skip assembling a
script at Step 2

Dimensions of sampled and experimental data -

101 nPS - Mumber of steps (1 to 9999 ) t

|1 3: Number of 'modC' array columns (1

Simulation of portlandita Ca(OH)2 dissolution kinetics

E|

rows will be nPS.

Enter Control script

$ Rate equation for portlandite as
S f(time) surface area * kp * (1-IAP/KSO)
S AsO 2 m2/g 148.2 m2/mol;
$ (k+ from Bullard, JACS 2008)
Aalp [{Portlandite}] 2 * (J=0? 1:
(xd_[{Portlandite}]/x[{Portlandite}])”" (1/3)
modC [J] ( J=0? xd_[{Portlandite}]*le-7
* phM[{Portlandite}]*Aalp [{Portlandite}]
* (1 - 10"lgal[{Portlandite}] ) * iTaul2]
$ Dissolution from almost initial amount of Ca (OH)
dll [{Portlandite}] =: ( J 0? xd [{Portlandite}]
x[{Portlandite}] ) - modC[J];
dul [{Portlandite}] dll [{Portlandite}];

* dTau

(
= = k =

);

Mumber of columns in the 'yp' table ( 1

3.23e-5 mol/m2/s

: 3.23e-

Ome(Portl)

0.5

5

0.25

’

)
2

() GEMS

15 GEMS3 Training (DK)

Clone a Proces record
CarbSulf:G:PortlKin:0:0:1:25:0:dissol-sens:S:
Skip all Process Wizard steps

Change time stepping:

Re-run with remake to set 1001 steps;
In Control script, change As to 1.0 m?/g graphic output ~ setiTau[2]t0 0.3 s, thento 15 s
L a
125 Simulation of portlandite Ca(OH)2 dissolution kinetics 125 Simulation of portlandite Ca(OH)2 dissolution kinetics
10
pH/10
M/W ’/,/‘—-/""’_—==
/ Ome(Portl) /
0.75 0.75
4 - /

= S s

] ]

£ " Ome(Portl) E

0.5 0.5 /
0.25 0.25 /i
rrerermrres Ca*10
- qu&uc;l::;:)
.216e-17 .216e-17
0 180 240 300 0 60 120 180 240 300
cTau,s (c) GEMS cTau,s (c) GEMS
16 -
GEMS3 Training (DK)
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A process simulator for precipitation

Open the ‘dissolution’ Proces record and clone it to
CarbSulf:G:PortlKin:0:0:1:25:0:precipitation:S:

Skip all Process Wizard steps, change iTm[1] = 1000,
iTm[2] =10 s.

No nucleation assumed; Precipitation starts by
adding 0.007 mol seed crystals with Ag = 0.7 m2ky

To simulate this: in the Control script, modify the lines:

modC[J] = ( J=0? xd_ [{Portlandite}]*le-7 : 0.01
to

modC[J] =: ( J=0? xd [{Portlandite}]*(-2e-2) : 0.01
and

S Dissolution from almost initial amount of Ca (OH)2
dll [{Portlandite}] =: ( J = 0? xd [{Portlandite}]

to

$ Precipitation from 0.001 mol seed Ca(OH)2 crystals
dll [{Portlandite}] =: ( J = 02 0.001 :

=

Run the process simulator with graphic output

molal

Modify the Control script

and re-run to explore sensitivity to:
rate constant; seed amount and
specific surface area;

initial addition of Ca(OH),

Simulation of portlandite Ca(OH)2 precipitation kinetics

[=]

me(Portl)

\ pH/10

T — Ca*10
S

0 200

600 1000

cTau,s () GEMS

17 GEMS3 Training (DK)
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1. Create SysEq record

CarbSulf:G:PortlKinExp:0:0:1:25:0:
Run and check: pH = 12.54; IS = 0.062 m;

Experimental data (after
Tadros et al., JCIS 1976)

xa_ Aqua 299.26 g m_t(Ca) = 0.0244 m; Fa(Portlandite) = 0.186 cTau Ca*10

xa_ caCl2 0.0105 M 26.88 0.2457

Xa NaOH 0.021 M Sampling script 125.32 0.2408

xd_ Portlandite 0.01 g 189.69 0.2390

bi Nit 0.0016 M xp[J] =: cTau; 254.41 0.2367

bi_ o 0.0004 M yp[J1[0] =: Ralp[{Portlandite}]; 331.49 0.2347

dul Portlandite 0.00135 M yp[JI[1] =: m t[{Ca}]*10; I83Ioa7 02327

— yp[I1[2] = 448.00 0.2307

10.~1ga[{Portlandite}]; 499.62 0.2291

575.37 0.2285

. . 639.43 0.2270

Clone a Process (order 30 experimental points) 678.20 0.2257

CarbSulf:G:PortIKinExp:0:0:1:25:0:precipTadros_ea:S: Assume ;2222 82222
, 20. .22

Control script nucleation; ;SSi 8,2283

Growth occurs in 1048.04 0.2189

$ f(time) = surface area * kp * (1-IAP/KSO) * dTau . 1112131.95 0.2181

S B0 = 2.1 m2/g = 155.6 m2/mol; k = 0.000036 mol/m2/s 300 MiSohuion 1197.38 0.2173

Aalp [{Portlandite}] =: 2.1 * ( J=0? 1: on 10 mg seed Len o 0 51

(0.000135/x[{Portlandlte}])A(1/3) ),' mm“sz 1358.48 0.2153

modC[J] =: ( J=0? 0.000135*(-0.2) 0.000036 21#@_1-0!&" 1409.21 0.2147

* phM[{Portlandite}]*RAalp [{Portlandite}] N " u 1472.58 0.2139

* (1 - 10~lga[{Portlandite}] ) * iTau(2] ); tirme < 100 miv 1807.31 0.2112

$ Growth from 10 mg (=0.000135 mol) seed crystals 2222@2 giég;

dll [{Portlandite}] =: ( J = 0? 0.000135 324829 0.2054

x[{Portlandite}] ) - modC[J]; 3838.17 0.2049

dul [{Portlandite}] =: dll [{Portlandite}]; 4434.47 0.2041

5670.34 0.2033
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Portlandite growth: data fit and its sensitivity

G
CarbSulf:G:PortlKinExp:0:0:1:25:0:precipTadros_ea:S: E '
M

SELEKTOR]

Effect of time step duration (*10)
- e O e oM e BRen B DD

Simple “cubic root” SSA correction

Portiandite Ga(OH)2 growth kinetics (exper. Tadros ea, 1976)
40 :

Experimental data: Tadros et al.

(1978) JCIS 55, 20-24

20

[(ols 03

T T T T T

[ as

3000 4000

times

Reasonable fit at k. =-0.000021 mol/m?/s

0 100 200

Wrong shape of the model curve.

0 00 200 3000 4000 500 60X

5000 6000 times

Specific surface area Ag: initial 2.1 to 0.97 m?/g

Correction for particle morphology change needed?

1e GEMS3 Training (DK)
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Corrections for particle surface area

Internal SSA correction in TKinMet code library

Ag, = k/mk in m2-kg”

SSA Ay = k/Vk

inm-"

must be corrected for growth/
dissolution at time steps:

** externally by transport model;
or internally in kinetic model

*

R/
0‘0

Simple “mass-cubic-root”
correction

AS,k,t = AS,k,O 2

Does not account for the
shape (morphology) change

. l//k,t—At dVS,k,t—At
AV,k,t _ AV,k,t—At d IR A
l//k,t VS, k.t + L.kt 4
%
l// = 72'% (6Vp) = 6Vp
. k
Growth: Ap dp Ap

T V. A, n, m,

ﬂ AS'k' A'\/,k

Shape factor: Wadell sphericity

O<l// <1 1 3
k Vp—gﬂ'dp

Volume

v, 4
N:k A:k
AR

Number Surface area

20 GEMS3 Training (DK)
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Mean particle diameter and sphericity

Internal SSA correction in TKinMet code library AR . e & e 0

4 =4 Wi i-ae dVS,k,t—At o> o @ 0o
P S l//k,t dVS,k,t+2RL,k,tAt v sphenely I' - - - -
Diameter PDF [3,2] http://en.wikipedia.org/wiki/Sphericity
d :dVSk =y =d32 moment
P : vy, Wy (Sauter 0.671

diameter)

Input sphericity (shape) factor 0.806

%
4 (%,)" _ o, 0.846

Vi = A - d A — Mean
, oo particl O 0910
O<y, <I V =1rd’ el
Vi Y pVoIS n:fe » / / Shape factor functions:

1% 4 dVS,t v ()=, +‘//1,k”+‘//2,ku2+-"
N =k > A — 7k
P Vv, P N, d. 4R As eg. u=log,Q,,
Number Surface area VSt L Morphology change upon growth!
= GEMS3 Training (DK) Empa 7.05-8.05 2014

Seeded growth of Ca(OH), revisited

Initial recipe of chemical system “PortlKinExp" for Process simulation

Property  Name Quantity  Units Comment

xa_ Agua (H,0)  299.26 g 300 ml water H,0 at 1 bar, 25 C

Xa_ CaCl2 0.0105 mol 0.0105 moles of CaCl, (in 150 ml
of 0.07 M CaCl, solution)

xa NaOH 0.021 mol 0.021 moles of NaOH (in 150 ml
of 0.14 M NaOH solution)

xd Portlandite 0.01 g 10 mg Ca(CH);, “seed” crystals

bi_ Nit 0.0016 mol atmospheric nitrogen

bi_ 0] 0.0004 mol oxygen (for CO.-free atmosphere)

dul_ Portlandite 0.000135 mol Upper AMR for 10 mg of “seed”

http://www.resintec.it

Parameters of kinetic model for portlandite seeded growth

Ca(o H)2 PO rtland |te Parameter Value Comment

Netrate constantat 25 C (mol-m%.s) x;, -32310°  Fittodata

RPorr B K.E_’orr (1 - QPGH)

Arrhenius factor A, 10 Default

Yoo (1)= Y, tyu u= ]‘Og](} QPO?‘I,.' Activation energy Ep,, 0 Default

Reactive surface area fraction Opgy 10 Default

—(x.0) ; (0) T gy o
A pry = 0.135 mmol; Ag"=2.1m /lg: Ar=60s Sphericity factor dependence : W 083 Geometry;
W fit to data
L 18

Experimental conductance data: Initial specific surface area Agpoqg (M-g") 2.1 experiment
Tadros et al. {1 9?6) JCIS v. 55, 20-24 Initial portlandite “seed” mass mg.. (9) 0.01 experiment
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Impact of SSA and shape corrections

Internal SSA correction in TKinMet code library

Portlandite seeded growth (built-in, exper. Tadros e, 1976)

Experimental data: Tadros et al. (1978) JCIS 55, 20-24

Portlandite seeded growth (built-in, exper. Tadros ea,1976)

[Gal ol 1 _

2'0--:-- T R S I ) ol : | : Lo @S
0 10 200 300 400 S00 60X 0 1000 200 300 400 500 60X
times time.s
Good fit at k. = -0.0000323 mol/m?/s V por (1) =W T/ u=1log,,€,,,,

Correct shape of the model curve!
Morphology change indeed?

w,=0.83 y,=-1.6

disabled w, =0 (thin dotted curves)

23
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Initial recipe of chemical system “Calcite” for the GEM process simulation

Property Name  Quantity Units Comment
Xa Aqua 262 q 262 ml water H,O at 1 bar, 10°C
Xa_ CaCO; 000435 mol 0.00435 moles of CaCQ,.
Xa_ Cco, 0.0011 mol 0.011 mol CO,to set pCO,=1.10" bar
Xa_ 0, 1-10% mol O, to stabilize redox state
dil_ Calcite  0.00316 mol Lower AMR for 0.00316 mol of “seed”
dul_ Calcite  0.00316 mol Upper AMR for 0.00316 mol of “seed”
—0.35 -0.71
a_ , =
_ 7-0.004 -10.71 Ca** 0.5 2 _ 7036 -10.59 3 Ca” . 0.5 - 2
R!..Ca: =1 PH i - . ’ (Q = 1) RL,C‘m',SH’ =1 pH (Q 2)
In NaCl &5 In seawater Gl
(Wolthers et al., GCA , 2012) s 3 i
Parameters of the kinetic rate model for calcite precipitation
R Comment Value Reference
R =10° L.Cal Rate constant at 25°C (mol-m2s7)%cs 37800  From (Wolthers ea 2012)
n.Cal Arrhenius factor Acei 2671-0°  From activation energy
M Cal Activation energy E,, (kJ-mol) 481 (Inkseep and Bloom 1985)
Reactive surface fraction O, 1.0 Default
vM.c o= 36.934 cm3-mol- Sphericity factor we, 08 Geometry (as for cube)
Initial sp. surfaceareaAg ¢y (m*-g') 0184 Experiment
Initial calcite “seed” mass (g) 0.316 Experiment
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Simulation of seeded growth of calcite

Experimental data: Dreybrodt et al. (1997)

Caldte predpitation (Wdthers, 2012; data Dreybrodt ea 1957)

SSA correction with constant v = 0.8

Caldite predipitation (Wolthers, 2012; data Dreybrodt ea 1957)

[Ca+2]mmdlal
P00 oo—o <
[Ca+2)cond.
A5*10,m2/g
Ome(CH)
1 e E L ki T LD
0 " 1000 0 2000 30000 40000 0 100000 20000 30000 40000

time.s time.s
Good fit at longer times without
adjustment of rate law parameters!
Morphology may change at short times

Wolthers (2012) rate equation is also
useful for modeling Tr uptake kinetics

e Empa 7.05-8.05 2014
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Aqueous — solid solution systems

similibus

. . j'lII‘” . .
[s] o

Partitioning of an ion (element) M:

« at least two chemical components (species) of M,
* present in at least two different phases,
« at least one of which is a solution phase

similia
dnpunajos

Partitioning is closely related to equilibrium solubility

© IUPAC

Uptake is usually understood as a chemical transfer of minor (trace) element Tr
from aqueous solution into solid phase(s) upon equilibration of the system.

Measured by solid (solution) — aqueous Tr distribution ratios (e.g. in mole fraction)

ionic kd(Tr): 127 total Rd(Tr)z X1vL
m}"r“ mTr,tot

From known chemical speciation, all distribution ratios can always be obtained.

e Empa 7.05 - 8.05 2014
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Representing uptake in (B,C)L solid solution

Experimentally measurable

Distribution ratios =
M m.,v.y Fractionation (distribution) coefficient
L 1ol el I
dB == K ”0\
Mg 5.V kyp X M Kc};y el g

A=
B\ ke Xep M g, KB}?BI]/ .
/

subject to SS Kgp ratio
and non-ideality effects

&

L= Xep, MV Ve
4C — =

m... Koo
subject to speciation and
ligand concentration effects

m XprXCag = ABCxCLxB,aq

Define c = :

X S
C,aq
mBz+ + mcz+

X =X,
CL C,aq ! !
BC BCxC,aq I ‘xC,aq

NB: at very different end member solubility products, the “Kgp ratio effect” will
dominate the effects of non-ideal mixing in solid solution and in aqueous electrolyte
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Flow chart of TKinMet use in simulations

Solid phase

's ~

For each phase k
with input TKinMet
parameters

\

KM_Create(k)

v

Process init
t=0; init At

GEM IPM(0) run
(parent system)

Process start
t=0; At=1

=

TKinMet k-th
instance init

GEM IPM(1) run
(initialized system)

KM_ParPT(k) H KM_UpdateTime(k)

Process step
t>0; cur At

Y

v

KM_UpdateFSA(k) H KM_CalcRates(k) H KM_ReturnFSA(k) ]

¥

KM _SplitAMRs(ks)

KM_UptakeSS(ks)

—

KM_SetAMRs(k) ]

If ks phase is
solid solution

GEM IPM(step) run
(current system)

_/

=n, +A4.,R,, Al
if log,,Q, >¢

nk,H—At

Rprine =My — Ak,an,k,tAt

if log,,Q, <-¢

Solid solution
= nk,t - Ak,tRk,tAt

Ek,t+At

if log,Q, <—¢

x)  _ _(x)
R =N, + Xy (ﬂk,HAt - nk,t)

Uptake in solid solution

—(x) _ (%)
Py sine = Mt + Ak,tRk,tAt "X et

—(x) _ (%)
R ione = Mgy + Ak,tRk,tAt "X

Process output ~ Process end?
(currenttr'me's)tep) t>=t.g where X, = ATrHc,t [Tr]t
= 1]
Available in GEM-Selektor v.3.3 prototype (not yet fully documented) and x,, , =1-x;,
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Kinetics of Tr element uptake in calcite

Experimental facts

Equilibrium
2 fractionation can be
IAgRREE LR, Mn measured only at
(S I ERGREEY oV infinitely low R
+--m _h i._ - =
< Co TooN-amm Mn, Co, Cd:
g% elements compatible
with calcite structure
1 Sr A__-A _AAM_
A A AT Sr, Ba, Ra:
B - ' . . incompatible’
9 8 7 8 5 elements
log R (molim'ls) Opposite trends!

Data from Lorens, GCA 45,1981

? Partial equilibrium concept for modeling uptake kinetics in Ag-SS systems needed

29 GEMS3 Training (DK) Empa 7.05-8.05 2014

Unified Uptake Kinetics Model (UUKM)

Thien, Kulik and Curti (2013, Appl.Geochem. 2014), SKIN project

» Based on Growth Entrapment Model [Watson, GCA, 2004] and Surface Reaction Kinetic
Model [DePaolo, GCA, 2011]

» Considers equilibria between aqueous phase, bulk solid solution, and surface adsorption,
with the difference described by the enrichment factor Fy,

> Increase of mineral growth rate R, tends to produce a non-equilibrium sub-surface layer
composition (by entrapment or burial of the surface adsorbed composition)

» Sub-surface diffusivity D (or gross backward dissolution rate) tends to restore the Ag-SS
equilibrium sub-surface layer composition

» Competition between R, and D defines the Tr (trace) content in the Hc (host mineral)

F+. = surface enrichment factor

D _+R, ml D, = apparent sub-surface
ATr, He = ATF, He.eq R m ] diffusivity coefficient
D + Lk ml = length at which sub-surface
y S diffusivity occurs

R, = linear propagation rate of
mineral surface

> A always varies between 2 limits: A, o oq @nd FroAq 6 oq
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Simulations of Sr uptake in growing calcite

System: H,O + air + CaCO, + SrCO,4 P=1bar, T=25C Experiment: Lorens, GCA (1981)

Data (Lorens 1981), uptake of Srin caldte
015+ T T T

Deia (Lorens 1981), upiake of S in caldite

Qs
Experiment Increase of
duration alkalinity +
| Depletion
0.1 emDR(S) s _— - 0.14: . wg
! —3
§ @Cd_mg i DdSCa ep DelSiCa ovg
0,05
Dd&'Ca_aq
»
DelSiCa b
L =
0 100 20 400
time(s)
Sr-calcite solid solution: Fs, =6.2
< Host end-member Cal  CaCO; As =08 m?g; . ,
% Trace end-member SrCal SrCO, seed’ n,=0.0092 ¢ Ds = 0.02 nm?/s
Regular mixing Wg=4.4 kd/mol Initial rate: 3 -10 mol/m?s m=6:1=0.5nm
e =0.021
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System: H,O + air + CaCO, + CdCO, ~ P=1bar, T=25C  Experiment: Lorens, GCA (1981)

Data (Lorens 1981), uptake of Cd in calcite

Deta (Lorens 1981), uptake of Cd in caldite

100 T
_ Increase of
o Expe_rlment o] alkalinity +
duration | Dep|et|on |
sione0 > . DelCdCa ovg
! g

B
&

20 P | .

>
DelCdCa_ovg
[N 2 () SO SO o= o == S D)
DeiCCa b '
0 i e , .|§qm 0 - . : . - T T : T G;(“,
0 50 1000 0 20000 40000 €000 80000 100700¢
time(s) time(s)

Cd-calcite solid solution: F. =03

+» Host end-member Cal  CaCO, A = 0.8 m?g; s

% Trace end-member Otavite CdCO, ‘seed' n,=0.0031g Ds = 0.02 nm?/s

Regular mixing W;=2.98 kJ/mol FrfEl e £ A0St P
pea, = 33.0 : m=06;1=0.5nm
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Representation 1: One solid solution phase

t>0 A=Ag, ‘Homogeneous’
t=0, A= Aso crystals
nH 0 Average A,
0,
X(Tr), (Tr), X(Tr), for seed +
nTr 0 Q,>1 overgrowth

Time >

SS phase 'Cal-Sr_cal":

Cal CaCo,

W = 4400 J/mol
SrC03-cal SrCO,

Thermodynamic data:
Kulik et al., Phys.Chem.Earth, 2010

End-member amount constraints:
nHo,t+At — nHo,t + f(Ata rHat)
Norene = Ny + f(ry,1y,t)

host rate  uptake rate
‘seed' n, =0.0001 mol
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Sr coprecipitation

P=1 bar, T=25 C and 15 C (dotted curves)

Sr uptake in calcite from sw (one-ss built-in model)

in calcite from seawater

Rate law: Wolthers ea (2012) for seawater

0.1

AS_ss

<

Effect of

tempera

0.08

Seyef

ture

IgOmg

N\

0.06

DSr,IgR

0.04

Dy
", e
/ .
DelSrCa_ef /

0.02

lg-nCal_b

e
P

DelS_r;.('Z'éﬁss

v

(c) GEMS

Ig(RL)ss

(c) GEMS

1: Ag + one solid solution phase

1
200

As o = 0.09 m?g; ‘seed' AMRs at

e=o Ml a-a, T AT The same ny = 0.0001 mol (at trace Sr conc.)
- - o Rate control: addition of 0.05
o, g " SS phase ate control: addition of 0.

mmol/h Na,CO; to 1 kg nsw
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Representation 2 of the solid: two phases

‘Heterogeneous’ xr,=const for ‘seed’; A;, only for the overgrowth phase
SS over-growth
cryStaI = 3 ‘Zoned'’ crystal
=Ag,+0A
‘Seed’ crystal Ast = Asa*0Aoy . Mo oo Inert
X(1Ir)s o _ ’ ‘seed’
A=Ag Qs Rs 10 phase
End-member
s 100 Moty 0 ’((2( Tr)o, amount constraints:
-0 t>0, 0,t
Mg 0 Mo_gp =
_ _ oo pine =Mooy + f (A 1y 1)

'Str-Calcite": 'S’ ‘Calcite-Str': ‘0’ _

(seed) phase (overgrowth) phase o triiae = Bo—try +f (’}r: s t)

Cal-s CaCoO, Cal CaCO,

SrCal-s SrCO; SrCal SrCO; host rate  uptake rate
A<, =0.09 m?g; . . . .,
n:;’  0.0001 n?ol W, - 2400 Jimol  As linkage between phases; Metastability chain
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Sr in growing calcite: Two-ss-phase case

0.1

0.08

o
o
&

DTr,rates

o
IS)
r

P=1bar, T=25C “Ovg”: the same Cal — Sr-cal SS phase
Sr uptake in calcite from sw (built-in model, 2 phases) Sr uptake in calcite from sw (built-in model, 2 phases)
Increase of alkalinity —|—""
NG + Depletion N
DelSrCa_ef
N\
DelSrCa_ef m—
\ Ig-nCal_ovg /
/K \ % -5 Ig(Rn)ovg lg-nSr_ovg
/ . N s
S— T
Ig(Rn*A*dt)

0.02

DelSrCa_ovg

10

DelSrCa_b

[
/

(c) GEMS

2: Ag + two solid solution phases

‘Seed’ A

55 over-

0'

Inert ‘seed’ phase ¢>o0,

Ig(RL)ovg

(c) GEMS

: : :
0 50

As o =0.09 m?g; ‘seed":
Arg-Str SS (trace Sr) fixed by

SAgtA,,

AMR at n, = 0.0001 mol
; \\.\..\_m] Rate control: addition of 0.05
o o, mmol/h Na,CO, to 1 kg nsw

0

T T T T 1
100 150 200
Time,h

Can now follow the
changes of the "ovg"”
phase composition
separately from “seed”
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Conclusions and outlook

» Mineral dissolution and precipitation with concurrent trace element adsorption and
incorporation are chemical processes that deviate from “true” aqueous-mineral equilibrium

> We can model this beyond the “complete equilibrium” concept, invoking the principles of
local and partial equilibrium

» Changes in amount and composition of an “overgrowth” phase (solid solution, “surface
solution”, adsorbed layer solution) can be linked to the surface area or to volume of
another, “substrate” phase, which can itself be stable or metastable

> Mineral reaction kinetic rate laws and uptake models for separate- or metastablilty-linked
(layered) solution phases are implemented in the GEM-Selektor TKinMet code library,
structured similar to the TSolMod library for models of mixing

> TKinMet and TSolMod libraries in the GEMS3K code will make the application of
advanced reactive transport models of complex aqueous — solid solution systems
possible in various repository safety scenarios

> Further development of TKinMet code library is foreseen in on-going and future projects
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