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1) Determination of calcite precipitation kinetics and critical saturation, as described in (Tobler et al., 2011) 

 

The precipitation of calcite was fitted to the following first-order saturation-dependent kinetic expression: 
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where kp represents the rate constant for calcite precipitation and S the saturation state with respect to calcite, 

which is defined by: 
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Where {Ca2+} and {CO3
2-} are the activities of dissolved Ca2+ and CO3

2-, respectively, and Ksp is the 

equilibrium calcite solubility product. Here, dissolved inorganic carbon (CT), i.e., total dissolved carbonate 

species (as produced by urea hydrolysis), increased over time according to the following mass balance 

relationship: 

TcalciteTureaTinitialT CCCC −+=    (3) 



Where CTinitial corresponds to the initial dissolved inorganic carbon concentrations, CTurea is the amount of 

dissolved carbon produced by ureolysis (CTurea = [NH4
+]t / 2) and CTcalcite equals the dissolved carbon removed 

from solution by calcite precipitation (CTcalcite = [Ca2+]intial - [Ca2+]t). 

The change in saturation state with respect to time can be described using following first-order mass action: 

tk

t
seSS

−

= 0      
(4) 

Where St is the saturation state at time t, S0 is the apparent saturation state if precipitation is expected at time 

zero, and ks is a first order rate constant. The geochemical code PHREEQC (version 2.13.3; (Parkhurst and 

Appelo, 1999) and the wateq4 database (Ball and Nordstrom, 1992) were utilised to calculate S values for each 

sampling point. S0 and ks were then determined from a plot of Ln S(t)  vs. Ln S0 - kst.  

The rate constant for calcite precipitation (kp) and Scrit, the critical saturation at which precipitation initiates, 

can be determined from the following first order reaction (Tobler et al., 2011). 
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where [Ca2+]crit is the dissolved Ca concentration at Scrit (i.e., initial dissolved Ca2+ concentration). To estimate 

Scrit and kp, Equation 2 was fitted to the experimental data (i.e., S and [Ca2+] over time) using unconstrained 

nonlinear regression and a quasi-Newton optimization routine for parameter estimation in the STATISTICA 

v.6.0 software package (Ferris et al., 2004) 

 

 

2) DLVO calculations: 

In the classical DLVO model, the total interaction (Utotal) between two surfaces can be described as the sum of 

the van der Waals (UvdW) and electrostatic double layer (Uelec) forces: 
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For the calculations, we assume the NP is a sphere of dextran (ignoring the iron oxide core) because the surface 

interactions will occur between calcite and the dextran layer. The VvdW component is based on a sphere (NP) 

– plate (calcite surface) interaction because the NP is infinitely smaller than the calcite crystal. The Debye 

length (���) is inversely related to the thickness of the diffuse double layer and was calculated using the 

equation adapted from (Bradford and Torkzaban, 2008): 



��� =	������	�2�����  

where �� is the permittivity of free space (8.854x10-12F/m), � is the dielectric constant of water (78.5), �� is 

the Boltzmann constant, � is the temperature (298 K), �� is the Avogadro’s number, � is the electronic charge 

(1.6 x10-23 C), and � is the ionic strength of the medium.  

The sum of the interaction energies is described below as documented by (Hong et al., 2009) 
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where �� is the NP radius, !� and !� are the zeta potentials of the NP and calcite precipitates respectively, h 

is the separation distance between NP and mineral surface and < is the characteristic wavelength of the medium 

(100 nm).  7�8� denotes the Hamaker constant for the system described as follows:  

7�8� = (>7�� −	>788, × )>7�� −	>788,   
Where 7�� is the Hamaker constant of NPs, 7�� is the Hamaker constant for calcite and 788	is the Hamaker 

constant for water. All used parameters are given in Table S1.  The Hamaker constant for NPs, A11, was 

calculated from (Hu et al., 2010), for organic coated iron-oxide nanoparticles. 

We also included an extended DLVO model (XDVLO) which incorporated forces generated by Lewis acid-

base interactions, UAB, (Hoek and Agarwal, 2006). 
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Where ∆GAB is the acid-base free energy between nanoparticle and calcite and h0 is the minimum separation 

distance (15.7 nm), (Hoek and Agarwal, 2006).  ∆GAB is calculated as follows (Hoek and Agarwal, 2006): 

∆GAB = 2>TU%V>T�� +	>TW�� +	>TU�, + 2>TU� X>T�% +	YTW�% +	>TU%, − 2)YT�%	TW�� − YT��	TW�% 	,  
Where γ+ and γ- are the electron accepting and electron donating parameter of the acid-base component 

respectively, while subscripts w, np and c refer to water, nanoparticle and calcite respectively.  For np values, 

we used those for dextran as this is the component of the nanoparticle which interacts with the calcite surface. 

 



Table S1: Summary of the parameters used for DLVO modelling. 

Parameter Value Reference 

s-neg/pos NP radius (�Q) 1.75 x10-8 m Manufacturers guidelines (Biopal, Inc.™) 

l-negNP radius (�Q) 5.25 x10-8 m Manufacturers guidelines (Biopal, Inc.™) 

s-negNP zeta potential -0.038 V Manufacturers guidelines (Biopal, Inc.™) 

s-posNP zeta potential 

 

0.048 V 

 

Manufacturers guidelines (Biopal, Inc.™) 

l-negNP zeta potential -0.030 V Manufacturers guidelines (Biopal, Inc.™) 

Calcite zeta potential 0.04 V (Kurlanda-Witek et al., 2014) 

Hamaker constant of NPs (7��) 1.76 x 10-19 J Hu et al., 2010 

Hamaker constant of calcite 

(7��) 

8.02 x 10-20 J (Kurlanda-Witek et al., 2014) 

Hamaker constant of water (788) 3.07 x 10-20 J (Kurlanda-Witek et al., 2014) 

     TU�     25.5  (Hoek and Agarwal, 2006) 

TU�     25.5  (Hoek and Agarwal, 2006) 

T�%     1.3  (Chibowski and Perea-Carpio, 2002) 

T��     54.4  (Chibowski and Perea-Carpio, 2002) 

TW��      57  (Van Oss, 2008) 

TW�%      2  (Van Oss, 2008) 

 

 

Figure S1: Percentage of precipitated Ca2+ compared to % NP captured from solution for s-neg and s-posNPs.  

In terms of chronological order of data points, the origin of the graph corresponds to time zero, and the finish 

of each experiment is labelled F. 
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