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shale grains shale grains + CO2 + CaSiO3

Tao, et al. (2016), Env. Eng. Sci., 10/16
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benefit to the program 
– Program goals 

– >99% storage permanence
– predict storage capacity to +/-30% 
– improve storage efficiency. 

– Project benefits: This project will produce new 
materials and a novel method to seal leakage 
pathways that transect the primary caprock seal and 
are associated with active injection, extraction or 
monitoring wells (e.g., wellbore casing and cement, 
and proximal caprock matrix)
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project overview:   
goals and objectives

– Project management and planning
– Coated silicate development, characterization and interaction in porous 

media
– Fluid mixing and buoyancy experiments at formation T/P to optimize 

material properties
– Evaluate the performance of coated mineral silicates in packed columns
– Targeted carbonation in porous media flow
– Targeted Carbonation of fractured wellbore-zone materials

– Imaging quantification of carbonation in pore networks and fractures 
– 3D imaging of targeted carbonation in porous media 
– 3D Imaging of targeted carbonation in fractured wellbore-zone materials

– Modeling Targeted Carbonation
– Multiphase fluid mixing and flow modeling 
– Pore network/fracture reactive transport modeling
– Forward modeling of mitigated wellbore integrity
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Ma et al. 2013
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MSiO3(s) + CO2(l,sc) → MCO3(s) + SiO2(s)

where M = Ca, Mg

adapted from http://www.co2crc.com.au
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mineral reaction Ea (kJ/mol)

basaltic glass MgSiO3 + CO2 = MgCO3 + SiO2 80.0

olivine MgSiO4 + 2CO2 = 2MgCO3 + 2SiO2 76.2

serpentine Mg3Si2O5(OH)4 + 3CO2 = 3MgCO3 + 2SiO2 + 2H2O 70.1

albite 2NaAlSi2O8 + CO2 = Na2CO3 + 6SiO2 + Al2O3 65.0

wollastonite CaSiO3 + CO2 = CaCO3 + SiO2 54.7

talc Mg3Si4O10(OH)2 + 3CO2 = 3MgCO3 + 4SiO2 + H2O 51.4

anorthite CaAl2Si2O8 + CO2 = CaCO3 + 2SiO2 + Al2O3 48.4
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nanoparticle core



nanoparticle coating
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On the basis of our previous works,24,32,33 we developed a
new “polydopamine-graf t-polymer brush” to realize thermor-
esponsive release of a coated fertilizer. The Pdop layer was first
deposited on the salty core, providing copper, potassium, and
phosphorus. Subsequently, the SI-ATRP was employed to graft
NIPAm on the Pdop layer. The effect of the temperature on the
release behavior of elements from the coated fertilizer is
systematically studied in water. The results revealed that the
Pdop-g-PNIPAm coating, composed of a Pdop inner layer and
a thermosensitive PNIPAm outer shell, has excellent thermor-
esponsive release properties, and such thermo-induced switch-
ing can be used to control the release kinetics of the entrapped
nutrients. This technology is facile and effective, and this
strategy will be promising in development of SCRFs.

■ EXPERIMENTAL SECTION
Materials. Dopamine hydrochloride (Aldrich), copper(I) bromide

(98%, Aldrich), N,N,N′,N″,N″-pentamethyldiethylenetriamine
(PMDETA, 99%, Aldrich), 2-bromoisobutyryl bromide (BIBB, 97%,
Alfa Aesar), and N,N-dimethylaminopyridine (DMAP, 99%, Alfa
Aesar) were used as received, without further purification. N-
Isopropylacrylamide (NIPAm, 97%, Aldrich) was recrystallized twice
from a toluene/hexane solution (50%, v/v) and dried under vacuum
prior to use. Triethylamine (TEA, 97%, Tianjin Shengmiao Fine
Chemical, Ltd.) was dried over calcium hydride for 12 h prior to
distillation under nitrogen. All of the water used was deionized, and all
other chemicals were analytical-grade and used as received.
Preparation of Multi-element Compound Fertilizer (MCF).

The procedure for the synthesis of the double copper potassium
pyrophosphate trihydrate, a multi-element compound fertilizer
(MCF), is in accordance with the reported procedure.34 The synthesis
was carried out by adding the copper sulfate solution (0.1 M) to the
potassium pyrophosphate solution (0.1 M) under vigorous stirring at
25 °C. After aging for 24 h, the solid was filtered and dried.
Preparation of Pdop-Coated Multi-element Compound

Fertilizer (PCMCF). A total of 200 mg of dopamine hydrochloride
was dissolved in 200 mL of Tris-HCl (10 mM, pH 8.5). Then, 2 g of
MCF powder was added. The reaction solution was stirred for 24 h.
The resultant product was centrifuged, washed with water several
times, and dried under vacuum at 45 °C. To obtain PCMCF with a
certain thickness of the Pdop layer, the number of inner-coating
deposition cycles was designed 3 times.33 The coating procedure was
repeated the same way.
Preparation of Pdop-Coated Multi-element Compound

Fertilizer Supported Initiator (PCMCF−Br). A 100 mL round-

bottom flask containing PCMCF (2.0 g), CH2Cl2 (20.0 mL), TEA
(1.0 mL), and DMAP (0.5 g) was evacuated and filled with argon 3
times. Subsequently, 20.0 mL of CH2Cl2 containing 1.0 mL of BIBB
was added dropwise at 0 °C for 1 h. The mixture was reacted for 23 h
at room temperature to produce the supported initiator. After
centrifugation and thoroughly washing with acetone and then with a
methanol/water (1:1 v/v) mixture, the solid was dried under vacuum.
These coated fertilizers with a supported initiator were denoted as
PCMCF−Br.

Preparation of Pdop-g-PNIPAm-Coated Multi-element Com-
pound Fertilizer (PPCMCF). A Schlenk flask containing PCMCF−
Br (1.0 g) and CuBr (50.2 mg, 0.36 mmol) was sealed with a rubber
plug and evacuated and filled 3 times with Ar. A solution of NIPAm
(3.96 g, 36.0 mmol) and PMDETA (220 μL, 1.05 mmol) in a mixed
solvent of H2O/MeOH (6.3 mL, 1:1, v/v) was added in a flask,
degassed by a freeze−pump−thaw cycle 3 times, and injected to the
Schlenk flask with double-ended needles performed under inert gases.
The flask was immersed in an oil bath at 65 °C, and its contents were
stirred for 24 h. The polymerization was terminated by exposing the
reaction flask to air and exhaustively rinsed with water and methanol to
remove residual catalyst. PPCMCF was obtained by centrifugation,
washing, and drying overnight under vacuum.

Techniques of Characterization. Transmission electron micros-
copy (TEM) measurements were carried out on a Hitachi H-600
microscope. Fourier transform infrared spectroscopy (FTIR) studies
were recorded on KBr pellets with a Nicolet Avata360 spectropho-
tometer. Thermogravimetric analysis (TGA) was conducted on a
Netzsch STA449F3 instrument with a heating rate of 10 °C/min in a
N2 flow. Molecular weights and molecular weight distributions of the
polymer coating were determined by a gel permeation chromatog-
raphy (GPC) system equipped with a Waters 2414 refractive index
detector and PLgel 5 μm Mixed-C columns, eluted with tetrahy-
drofuran (THF) at 40 °C (1 mL/min). The content of Cu, K, and P
were analyzed by an inductively coupled plasma (ICP) emission
spectrometer using Thermo Scientific 6000 Series.

Release Behavior of PPCMCF in Water. The release behavior of
copper (Cu), potassium (K2O), and phosphorus (P2O5) from different
fertilizers in water was determined as follows: 0.2 g of fertilizer was
enclosed into dialysis bags [molecular weight cut-off (MWCO) = 15
000]. Then, the bags were put into conical bottles with 200 mL of
aqueous solution and shaken at the temperatures of 25 °C (T <
LCST) and 37 °C (T > LCST). During 80 days, 5.0 mL of the
solution was withdrawn from conical bottles every 5 days. After
microwave-assisted digestion in the presence of catalyst, the contents
of Cu, K, and P in the solution were determined with ICP and the
same volume of fresh medium was added to the incubated system to
maintain a constant amount of solvent.

Scheme 1. Schematic Illustration of the ATRP Grafted with PNIPAm from Pdop-Coated Fertilizers

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf4038826 | J. Agric. Food Chem. 2013, 61, 12232−1223712233

Ma et al. 2013
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mercury intrusion porosimetry
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precipitate relationship to flow
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close to inlet close to outletCO2 + H2O

CaSiO3 + CO2 = CaCO3 + SiO2



synchrotron xCT images of columns
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2D grey scale segmented 2D slice 3D volume
colors depict 
connectivity



synchrotron xCT images of columns
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2D grey scale 
slice collected 
above the Xe 

k-edge 

below the Xe k-edge the subtracted image 



synchrotron xCT images of columns
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SiO3 particles 
visible

15.5 MPa, 95ºC, Wollastonite:Shale = 20:80, flow rate = 0.1 ml/min

before reaction after reaction

SiO3 particles mostly 
dissolved creating new pores, 

some of matrix cemented
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pore network modeling
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• Flow field 

• Species 

• Solid phase volume fractions 

• Calcite precipitation/dissolution 

• Source/sink
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the subscripts i and ij denote the pore body and pore throat
Qij [L3/T] is the volumetric flow rate of water from pore body i to j 
Gij [L5T/M] is the pore throat conductivity
p [M/LT2] is the water pressure at pore body
Ni is the number of pore throats connected to pore body i,
Lij [L] is the pore throat length 

m denotes the species
C is the species mass/molar concentration
ε is the calcite volume fraction
Vo [L3] is the volume of pore body in the absence of calcite
Dwiij [L2/T] is the species dispersivity in water phase 
Aw and Af ij ij ij [L2] are the cross-sectional areas of water phase and calcite in the 
pore throat
R is the sink/source term 

k1 , k2 , and k3 are the reaction rate 
constants
a is the species activity
Ksp is the solubility of product of calcite
np is an empirical parameter
Sc is the available specific area for calcite 
precipitation in a pore element 
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pore network modeling
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accomplishments to date
– Synthesized wollastonite nanoparticles (10s of nm to μms)
– Synthesized coatings with a LCST of 25ºC
– Measured permeability change in packed columns reacted 

with uncoated wollastonite
– Obtained xCT images of columns at APS
– Processed data using segmentation analysis to measure 

connectivity of pores
– Imaged cores using μCT at UVa
– Used SEM and EDS to begin exploring connections between 

flow and precipitation
– Developed pore network modeling framework
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synergy opportunities
– w/ other PIs in this program:

– Experience with nanoparticles use in fractures 
and porous media

– Functionalization
– Transport
– Modeling

– w/ other PIs in Basalt storage area:
– Reaction of carbonates in high PCO2 environments 

where the interplay between dissolution and 
precipitation needs to be controlled 
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summary
– Mineral silicates can be used to cement porous media and reduce its 

permeability when delivered as nanoparticles and exposed to a high PCO2 
environment

– These reactions would leverage the favorable kinetic conditions of the deep 
subsurface

– Our focus on developing temperature sensitive coatings is to control the 
location (depth) where these reactions occur

– Ongoing experiments are showing the temperature sensitivity of these 
functionalized nanoparticles

– The carbonation of these silicates and precipitation of the carbonates is 
dependent on both CO2 concentration (as a reactant) and H2CO3* (as an acid) 

– Models are being developed to help us optimize the conditions under which 
maximum carbonation will occur
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Organization Chart
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Gantt Chart
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