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What is Induced Calcium Carbonate Precipitation (ICP)?

» Microbially (MICP) - Established models (Uni Stuttgart and others)
* Enzymatically (EICP) > New model

ureolysi

CO(NH,), + 2H,0 ———— 2NH} + CO%"

CO%™ + Ca*t —— CaCO05 |
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Why investigate ICP?

Engineered
Applications 5
of Ureolytic

Biomineralization

a) Hydraullc
Fracturing

b) Enhanced
Oil Recovery

c) Soil d) Dust
Stabilization Suppression

) g) Limestone
Remediation Remediation
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e) Concrete
Remediation

h) Pond/Reservoir
Sealing

1) Subsurface j) Groundwater 7 k) Carbon Dioxide
Barriers Remediation Sequestration

- reduce flow = leakage mitigation

- (increase mechanical strength)

Figures from:

Phillips et al. 2013

Engineered applications of ureolytic
biomineralization: A review.



Why not use only MICP?

Natural Gas, .
CH, or H, storage CO, sequestration
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Enhanced oil recovery
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Summarized History of (M)ICP Model Development

Lauchnor et al. 5: S. pasteurii ureolysis kinetics

redictive MICP MCE Batch Expe

Field-scale Application
2014

Column Experiments
olumn Experiments 2013-2014

2010-2011 measured: Bicycle Rim Figure from:
measured: final calcite (x) Experiment . . _
final calcite (x) NH. *(x,t), Ca?*(x,t) 2012 Cunningham et al. 2019. Field

scale modeling of microbially

3 /3 F— = measured:
X X . . - .
| final calcite (r induced calcite precipitation.
4 4

002

Computational Geosciences,
doi: 10.1007/s10596-018-9797-6

X3| | X3
X[ | X2

X1 Xl R
;Y_’ o
——
igbo et al. 2012: Hommel et al. 2015: First JArger scale sandstone Phillips et al. 2016:
| development———3 Model improvement P sealing experiment 9' First field-scale application
new insights into kinetics, first full 3D, uncertain of MICP
more data available, change in poroy#®media initial and boundary

irst radial flow experiment conditions, geometry

Similar development of the current EICP (and TICP) model,
starting at lab-scale with column and batch kinetics experiments
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EICP experiments used for model development

61 cm,
» Kinetics batch experiments at 20-80°C 2,4 cm diam.
. : sand filled
at various concentrations
« Calibration and validation to EICP Samp-
column experiments at 60°C: ling 40 64 cm
- 3 days, pulsed injection of ports
5 g/l crude enzyme, followed by 20g/I
. Urea
urea and 13.3 g/l calcium every 2h Ca2+
» Concentrations measured at 10.16 10.16 cm
and 40.64 cm over time after each
injection

 Final calcite measured over length
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Balance Equations

» Mass balance equation of components

> 2 (PpatiSa) + V  (pative) — V- (paDE 1 VIh) = ¢~

«

» Mass balance for the immobile components / solid phases:
o
5t (Pgo¢90) = q¥
« Energy balance:
% ((1 - CbO) psCsT) + Z [% (CbtppgoctpT)]
@
+ 2 [% (@pauasa) -V (pahozvoz)} - V- ()\pmVT) — qh
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Sources & Sinks: Ureolysis and Precipitation

f»ié;mSFB 1313

Urea:
Total nitrogen:

Calcium:
Total carbon:
Calcite:

Precipitation rate

Dissolution rate

Ureolysis rate

q =  —Turea
NH,, _
g et =  2Turea
Ca?t _
q (? — T'diss — T'precip
q et = Turea T Tdiss — T'precip
qc = Tprecip — Tdiss
, _ , _ [Ca*T][cOs]
Iprecip - f (Alnterfacea = Kep
[Ca?T][CO27]
T'diss — f (Ainterfacea = Kep .

Faren = KS(C + 6°5°) O S

kﬁ:ci.e( T
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Sources & Sinks: EICP, enzyme

- e,mob — __emob e e
Enzyme, mobile: q - Tin,activ Tattach + T detach
: . e,imm. _ _ .6, 1mim. e €
Enzyme, 1mim.. q - Tinactiv + Tattach — Tdetach
. < e,mob _ o e.
Inactivation: 7y =  Kia - 0SwCy;
. . o e,imm _ :
Inactivation: r "0 = Kja - Pee imm;
( Cia, T )
kia — G " €8 T
" e _ . e
Attachment: Tottach — Ca - ®SwCS,
. e _
Detachment: Tdetack — Cqd - pegbe,imm
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Supplementary Equations

» Updating permeability and porosity
o—derit \°
K = Ko (£=bo ) 0=d0- 39,

« Capillary pressure and relative permeability according to Brooks &
Corey

-+ Sw_swr
Pe = Pade s Se = F=g,

2432 9 Ay
kr,W:Se & akr,n: (1_Se) (1_86)\ )

« Elektroneutrality condition for the chemical system:

0= Z mv’fvz“’ and H*-dependent dissociation reactions
K

<=5 SFB 1313
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EICP experiments used for model development

61 cm,
» Kinetics batch experiments at 20-80°C 2,4 cm diam.
i E sand filled
« Calibration and validation to EICP
column experiments at 60°C: Samp-
- 3 days, pulsed injection of ling 40.64 cm
5 g/l crude enzyme, followed by 20g/I ports
urea and 13.3 g/l calcium every 2h U
« Concentrations measured at 10.16 C;e;
and 40.64 cm over time after each 10.16 cm
injection
 Final calcite measured over length
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Results: EICP model calibrati

 Calibration to
experiment:

* First port
(10.16 cm)

Figure from:

Hommel et al. 2020. A Numerical
Model for Enzymatically Induced
Calcium Carbonate Precipitation.
Applied Sciences,
https://doi.org/10.3390/app10134
538
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Summary and Outlook

* Developed a numerical model for EICP

* Next steps:
« Closer investigation of effect of EICP on hydraulic properties (permeability, p.-S,,, ---)
» Experiments in the Porous Media Lab at Stuttgart (collab. with SFB1313)

calcite ; 2. glass beads

N
N

Generated PN: pore diameter [um]

5.0e+01
R

pores 7 ©
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Sources & Sinks: Ureolysis, for EICP

MICP

MICP _

I'ires k™ by biofilm ( Pbiofilm Obiofilm)

EICP

T.EICP — ki (O\?v L @epe)cvl\l,reaSWCb

urea

ceT
ku—cu-e( T

TICP
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Results: EICP model calibration

. . Calcium at 0.4064 m
 Calibration to l
experiment: — Sorption only
%; 10 - = =Sorp. & concentrations
_ g ¢ x £ e YR | Sorp_ & pKa
g g - = =Sorp. & urease activity
5 | 3 + Measured
» Second port S i .
(40.64 cm) ; ‘ Py .
20 30 40
Time [h]
Urea at 0.4064 m
20 | T
-- +
+ Pt
1 5 i i s
Figure from: = T - 3
Hommel et al. 2020. A Numerical R k— . g h
Model for Enzymatically Induced o O] ' . ! ]
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Applied Sciences, 5 i
https://doi.org/10.3390/app10134
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Results: EICP model validation

* Final calcite over
column length

* Not used for
calibration!

» Good fit for outlet half,
inlet half overestimated

* 2 maybe some
unaccounted process?
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- - -Sorption & concentrations fitted
---------- Sorption & pKa fitted

Sorption & urease activity fitted
I Measured calcite
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Figure from: Length [m]

Hommel et al. 2020. A Numerical Model for Enzymatically Induced Calcium
Carbonate Precipitation. Applied Sciences, https://doi.org/10.3390/app10134538




Results: EICP model validation second column

» Validation to
second column
experiment

* Doubled
concentrations

* First port
(10.16 cm)

* Not used for
calibration!

4 SFB 1313
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Summary

» Concentrations are matched quite well,

urea and calcium are consumed very fast.

« Calcite precipitation overestimated in the
inlet half. > maybe some additional

process?
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