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ABSTRACT 

To ensure the safety and efficiency of engineered subsurface operations, it is vital to 

understand impacts of aqueous chemistries on brine−mineral interactions in subsurface 

environments. In this study, using biotite as a model phyllosilicate, we investigated the 

effects of sulfate on its interfacial reactions under subsurface relevant conditions (95 °C and 

102 atm of CO2). By making monodentate mononuclear complexes with biotite surface sites, 

50 mM sulfate enhanced biotite dissolution by 40% compared to that without sulfate. 

However, sulfate at lower concentrations than 50 mM did not obviously affect biotite 

dissolution. In addition, sulfate did not impact secondary mineral precipitation. However, 

even without any discernible surface morphological change, sulfate adsorption made biotite 

surfaces more hydrophilic. To provide a more comprehensive perspective on 

environmentally-abundant ligands, we further comparatively examined the effects of various 

inorganic (e.g., sulfate and phosphate) and organic ligands (e.g., acetate, oxalate, and 

phosphonates) on biotite interfacial interactions and assessed their impacts on physico-

chemical properties. We found that the presence of phosphate and phosphonates significantly 

promoted precipitation of Fe- and Al-bearing secondary minerals, but sulfate, acetate, and 

oxalate did not. Biotite surface wettability was also altered as a result of changes in biotite 

surface functional groups and surface charges by ligand adsorption: sulfate, oxalate, 

phosphate, and phosphonate made biotite more hydrophilic, while acetate made it more 

hydrophobic. This study provides useful, new insights into the effects of brine chemistries 

on brine–mineral interactions, enabling more efficient and safer engineered subsurface 

operations. 
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1. Introduction 

Subsurface energy sources satisfy over 80% of total U.S. energy needs,1 and the 

subsurface also provides ample reservoirs for CO2 storage, environmental management, 

waste disposal, and energy storage.1 Hence, engineered subsurface operations have recently 

received increasing attention to meet energy demands, mitigate global warming, and manage 

wastes. The field sites for these operations are usually deeper than 800 m, where the 

temperature and pressure can range from 31 °C to 110 °C and from 73.8 atm to 600 atm, 

respectively.2-4 Because geophysical properties of the reservoirs, such as their wettability, 

porosity, and permeability, affect the fate, transport, and distribution of related fluids, they 

are important factors determining the safety and efficiency of subsurface operations. Recent 

studies found that geochemical processes, such as mineral dissolution and secondary mineral 

precipitation, can change the geophysical properties of reservoirs.5-10 Therefore, we need a 

deeper understanding of geochemical processes of reservoir minerals under subsurface 

conditions.  

Shales are abundant in reservoirs and play key roles in subsurface engineered 

processes because of their low permeability for trapping and sealing.11-15 Clay minerals 

(phyllosilicates) are main constituents of shales, with a minimum mass fraction of about 

40%.16-19 Phyllosilicates have layered structures, containing framework cations occupying 

tetrahedral and octahedral sheets, and interlayer cations to balance charge.20-21 During their 

dissolution, the release of interlayer cations is mainly through ion-exchange reactions with 

aqueous protons or cations,22 and the release of framework cations is through proton-

mediated or ligand-mediated reactions.23 Moreover, the dissolution of minerals and 

consequential release of metal ions will change saturation conditions of the solutions, leading 
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to secondary mineral precipitation. Thus, the dissolution of phyllosilicates strongly depends 

on the aqueous chemistry conditions, and further affects subsequent secondary mineral 

precipitation. 

Among many aqueous ions in formation brine, sulfate (SO4
2−) concentrations range 

from 0.01 M to 0.05 M.24-27 For example, the sulfate concentration is around 0.03 M in the 

Weyburn CO2-injection enhanced oil recovery site and is around 0.04 M in the Ketzin CO2 

storage site.26-27 Moreover, through numerical simulations, Xu et al. predicted that sulfate 

concentrations become even higher (~0.8 M) during co-injection of CO2 and H2S or SO2.
28 

Under high temperature and high CO2 pressure conditions, previous studies have reported 

promotion effects by sulfate on anorthite dissolution29 and less wellbore cement deterioration 

with sulfate.30 However, the effects of sulfate on phyllosilicate dissolution have not been 

fully investigated yet. In addition, regarding the wettability alteration effects of sulfate, it has 

been reported that the introduction of seawater containing SO4
2− ions can modify oil-wet 

calcite to a more water-wet state, thus reducing the capillary pressure barrier and improving 

the oil recovery efficiency in carbonate formations.31-35 It has also been reported that as 

temperature increased, sulfate increased the wettability of chalk, and, thus, the efficiency of 

enhanced oil recovery.33 However, we still have limited information about the influence of 

sulfate on the wettability of phyllosilicates, which are the main components of the shales 

typical of unconventional oil/gas recovery sites, especially under relevant subsurface 

conditions. 

Along with sulfate, phosphate (0–0.02 mM), acetate (16–250 mM), and oxalate (0–5 

mM) are also naturally found in formation brines.25, 36-37 Moreover, because supercritical CO2 

(scCO2) is a good organic solvent, the concentrations of some organic compounds in brines 
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(mainly formate and acetate) can increase after scCO2 injection, as reported in a recent study 

on the Frio formation37. In addition to these naturally existing aqueous species, chemical 

additives are injected into subsurface sites during engineered operations, such as geologic 

CO2 storage, conventional/unconventional enhanced oil/gas recovery (EOR), and geothermal 

applications.38-39 Among the chemical additives, phosphonate-based scale inhibitors, with an 

average concentration of ~0.5 mM, are utilized to inhibit the formation of scale minerals that 

can reduce the porosity and permeability of wellbores and the cracked reservoir rocks, or can 

block flow in production wells.40-44 Further, degradation of these phosphonate-based scale 

inhibitors can release phosphate and increase phosphate concentrations in brines to around 

1–2 mM,45-49 impacting the performance of scale inhibitors. As described above, the diverse 

brine chemistries significantly affect the dissolution/precipitation of minerals and their 

subsequent responses to fluid interactions (e.g., wettability), affecting fluid transport. It will 

be critically useful to have a systematic comparison of the effects of different ligands on 

brine–mineral interactions under conditions relevant to subsurface environments.  

Hence, the goal of this study was to provide insights into the effects of sulfate on 

brine−phyllosilicate interactions and the subsequent wettability alterations under conditions 

relevant to subsurface environments. Biotite was used as a model phyllosilicate mineral, and 

the sulfate concentrations were chosen to be relevant field site conditions.24-27 Moreover, 

based on our previously published work, we systematically analyzed and compared the 

effects of sulfate with other environmentally-abundant inorganic and organic ligands in brine. 

Then, we discussed the underlying mechanisms of their effects on mineral dissolution, 

secondary precipitation, and alterations of mineral surface morphology and wettability. For 

this comparison, to broadly apply our findings to the diverse properties of brines in multiple 
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field sites, we focused on investigating individual anion/ligand effects (not mixtures of them) 

on brine−phyllosilicate interactions. Our findings will benefit future studies on the effects of 

multiple ions/ligands on brine−phyllosilicate interactions. Ultimately, the information 

presented in this study can help us better assess the roles of a wide spectrum of ligands in 

brines in the geochemical processes of minerals, and predict their subsequent impacts on the 

wettability, porosity, and permeability of subsurface reservoirs. 

2. Experimental 

2.1 Chemicals and Minerals 

All chemicals used were American Chemical Society (ACS) grade or higher. To 

simulate subsurface brine conditions, sulfate solutions with different concentrations, 0 

(control), 1 mM, 10 mM, and 50 mM, were prepared in 1.0 M NaCl with deionized (DI) 

water (resistivity > 18.2 MΩ·cm, Barnstead Ultrapure Water Systems). Detailed chemical 

information about all the ligands can be found in Table S1 in the ESI. 

The biotite used in this study originated from Bancroft, Ontario, Canada, and was 

purchased from Ward’s Natural Science. The chemical composition of the biotite was 

K0.91Na0.08Ca0.005(Mg0.57Mn0.02Fe0.37Ti0.04)3(Al1.00Si3.00)O10(F0.51(OH)0.49)2, as analyzed by X-

ray fluorescence (XRF).50 Biotite flakes freshly cleaved along the {001} basal planes were 

cut into 2.0 cm × 0.8 cm rectangles with a thickness of 80 ± 10 m (measured with a Vernier 

caliper). The biotite flakes were sonicated successively in acetone, ethanol, and isopropanol 

for 5 mins each to remove organic contaminants, then rinsed with DI water and dried with 

high purity nitrogen gas. The prepared biotite flakes were stored in dust-free tubes for further 

dissolution experiments. 
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2.2 High Temperature and High Pressure Reactions 

Laboratory biotite dissolution experiments were conducted in a 300 mL high-

temperature and high-pressure reactor (Parr Instrument Co., IL), as used in our previous 

studies (Figure S1, ESI).50-53 To mimic field site pressure (73.8–600 atm) and temperature 

(31–110 °C) conditions and to obtain results comparable with previous reports,2-4, 50-55 the 

experimental pressure was 102 atm CO2 and the temperature was 95 °C. The initial pH of the 

control solution (without sulfate) at the experimental pressure and temperature conditions 

was around 3.2, calculated by Geochemist’s Workbench (GWB, Release 8.0). Detailed 

information about the thermodynamic calculations can be found in S2 in the ESI. Hence, the 

pH of the sulfate solutions was adjusted to give the systems the same initial pH as the control 

system at 95 °C and 102 atm CO2. Due to the high salinity (1.0 M NaCl) in the solutions, the 

additions of hydrochloric acid (HCl) and sodium hydroxide (NaOH) during pH adjustment 

did not much affect the ionic strength. Duplicate biotite flakes were reacted in the prepared 

solutions for desired time intervals (3, 8, 22, 70, and 96 h). Triplicate experiments were 

conducted. The experiments provided information on brine−biotite interactions in the early 

period of scCO2-enhanced engineered subsurface operations.  

After the reactions, the reactor was slowly degassed by releasing the pressure valve 

and allowed to cool. The degassing process took about 0.5 h, which was controlled to be the 

same for different reaction conditions. According to our previous studies, the decrease of 

temperature and degassing of CO2 should not affect the surface properties/secondary 

precipitate formation.50, 56 The obtained solution samples were filtered through 0.2 m 

polypropylene membranes and acidified in 1% trace metal nitric acid (HNO3). The aqueous 

solutions were then analyzed with inductively coupled plasma-optical emission spectrometry 
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(ICP-OES, PerkinElmer Optima 7300 DV) to determine their dissolved ion concentrations, 

and measured with ion chromatography (IC, Thermo Scientific Dionex ICS-1600) to get the 

residual sulfate concentrations in the solutions. The sulfate adsorption in each system was 

calculated as the difference between the initial and residual sulfate concentrations (from IC 

results) normalized by the initial biotite geometric surface areas. The pH values after 96 h 

reaction were calculated by taking ICP-OES and IC results as input for GWB calculations 

(S2, ESI).  

2.3 Characterization of the Surface Morphology of Reacted Biotite 

The reacted biotite flakes were rinsed with DI water to remove extra ions from brine, 

dried with high purity nitrogen, and then used for further characterizations. For surface 

morphology, the rinsed reacted biotite flakes were mounted onto steel pucks for imaging with 

atomic force microscopy (AFM, Nanoscope V Multimode SPS, Veeco). AFM measurements 

were conducted under ambient conditions in contact mode. Using nonconductive silicon 

nitride probes (tip radius of 10 nm, DNP-S10, Bruker), the biotite’s basal surface was scanned 

at a rate of 0.999 Hz and a deflection setpoint of 1.975 V. The collected AFM images were 

analyzed with Nanoscope software (v7.20). Statistical information about height, crack depth, 

and root-mean-square surface roughness (Rq) was obtained through the analyses and is shown 

in S3 in the ESI. 

2.4 Measurement of Water Contact Angles 

Wettability alteration is indicated by changes in water contact angles. Under ambient 

conditions, using a contact analyzer (Surface Electro Optics, Phoenix 300), contact angles 

were measured for biotite samples reacted without and with sulfate in the high temperature 
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and high pressure systems. Additionally, biotite samples reacted with 10 mM acetate and 10 

mM oxalate, as described in a previous study,50 were also characterized for contact angles. 

Droplets of DI water, minimizing potential effects of ionic strength on contact angle 

measurements, were placed on reacted biotite basal surfaces, and images were taken with a 

high-resolution camera (Zoom 7000, Navitar). At least six measurements were made on 

every biotite sample. Contact angles were then obtained by analyzing the images 

(Surfaceware 8.0).52 Note that the absolute values of contact angles measured under ambient 

conditions can be different from those measured at high temperature and CO2 pressure. 

However, in our previous report, we found that the contact angle results obtained under 

ambient conditions followed the same trend in contact angles biotite samples reacted in 

different systems (high CO2 pressure and high temperature).52  

2.5 Analysis of Sulfate Complexation by Fourier Transformation Infrared (FTIR) 

Spectroscopy  

To investigate the types of sulfate−biotite surface complexes, attenuated total 

reflectance (ATR)-FTIR spectra were collected using a Thermo Scientific Nicolet iS10 

spectrometer with a horizontal Ge ATR crystal. Using a method described in our previous 

study,52 briefly, clean biotite flakes were ground with stainless steel blades, and particles in 

the size range of 53–106 µm were collected. The biotite particles were then sonicated in 

ethanol to detach tiny particles, and the suspension was allowed to settle for 3 hours. The 

supernatant was collected, and the size of the particles was measured by dynamic light 

scattering as around 100 nm. Then the biotite particles were deposited onto the Ge crystal, 

and allowed to dry. Solutions were prepared of (a) 1 M NaCl, (b) 1 M NaCl + 1 mM sulfate, 
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(c) 1 M NaCl + 10 mM sulfate, and (d) 1 M NaCl + 50 mM sulfate. All three solutions had 

an initial pH of 3.16, which was the initial pH of the same reaction solutions under 95 °C and 

102 atm of CO2. Next, 1 mL of the prepared solution was added to the crystal and allowed to 

contact the dried biotite particle film. Four hundred scans were collected with a resolution of 

1 cm-1. Then, the spectrum of biotite contacting solution (a) was used as a background and 

subtracted from the spectra of biotite contacting solutions (b), (c), and (d). 

3. Results and Discussion 

3.1 Effects of Sulfate on Biotite Dissolution 

The effects of sulfate on the evolutions of aqueous cation concentrations in the 

reaction systems are shown in Figure 1. Regarding interlayer K+, similar aqueous 

concentrations were observed in all the four reaction solutions. It is known that the release of 

interlayer cations (K+ in the case of biotite) is through ion-exchange reactions with cations in 

the solution.22 The ionic strength and initial pH were controlled to be the same for the 

different reaction solutions, and there were no significant differences in the final pH values 

of the solutions after reaction with biotite for 96 h. As calculated by GWB, the pH values 

were 3.4±0.1 for the control, 3.4±0.1 for 1 mM sulfate, 3.5±0.1 for 10 mM sulfate, and 

3.4±0.1 for 50 mM sulfate. Therefore, the concentration levels of H+ and Na+ in all the 

reaction systems should be close, resulting in similar extents of ion-exchange reactions 

between interlayer K+ and cations in the solutions.  
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Figure 1 Aqueous concentrations of Si, Al, Fe, Mg, and K from dissolution of biotite at 95 °C 

and 102 atm CO2, with an ionic strength of around 1.0 M and an initial pH of 3.16, in 0, 1, 

10, and 50 mM sulfate solutions. Error bars are the standard deviations of duplicate samples 

in triplicate experiments. 

However, the concentration evolutions of framework cations, i.e., Si, Mg, Fe, and Al, 

differed in response to concentrations of sulfate. The effects of low sulfate concentrations (1 

mM and 10 mM) were not discernable from that in the control experiment, while the presence 

of 50 mM sulfate promoted the release of framework cations by about 40%. Because the pH 

values of the reaction systems were close, the proton-mediated dissolution reaction cannot 

be the responsible dissolution pathway. Interestingly, in a recent study, Min et al. reported 

that the dissolution of anorthite (CaAl2Si2O8) was enhanced by 50 mM sulfate by 36%,29 a 

value very close to our finding in this study. In their system, aqueous complexation was not 

the main mechanism for the enhancement. In our experimental system, according to 
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thermodynamic calculations using GWB, the main aqueous species of sulfate was SO4
2−, and 

its aqueous complexation with metal ions (e.g., Fe2+/Fe3+, Al3+, Na+, and K+) was very weak 

due to low stability constants (less than 103).57 Hence, aqueous complexation was also not 

the mechanism for the promotion effects of 50 mM sulfate on biotite dissolution. Min et al. 

further explained that the formation of inner-sphere monodentate complexes between sulfate 

and the tetrahedral aluminum sites on anorthite surfaces was responsible for the enhancement 

effects of sulfate on anorthite dissolution. Thus, we hypothesized that the formation of 

surface complexes between sulfate and biotite tetrahedral aluminum sites could also occur to 

promote biotite dissolution in our reaction systems. 

3.2 Sulfate Complexation and Adsorption on Biotite Surfaces 

To test the hypothesis that sulfate forms surface complexes with biotite, ATR-FTIR 

spectra of sulfate contacted with biotite were measured and are shown in Figure 2. Although 

aqueous sulfate has an asymmetric stretching at 1100 cm-1, we observe that the band centered 

at 1100 cm-1 is broad between 1050 cm-1 and 1140 cm-1. Serna et al. reported that this feature 

corresponds to monodentate mononuclear surface complexes between sulfate and Al oxide,58 

which also occurred in our reaction systems. The sulfate adsorption geometry on biotite 

would likely have a corner shared oxygen between sulfate and Al-substituted tetrahedron, as 

suggested in a previous study.29 In addition, because the basal surface of biotite has a negative 

charge and the oxygen in the basal surface is fully saturated, sulfate adsorption will not occur 

easily on the basal surface. Therefore, it is most likely that sulfate adsorption occurs on the 

edges of biotite, where broken bonds result in the formation of unsaturated surface oxygen 

that can enable (de)protonation and (ligand) exchange.  Then, monodentate mononuclear 
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surface complexes can promote mineral dissolution by polarizing metal-oxygen bonds and 

can facilitate the detachment of surface metal species.59 Furthermore, we also observed 

similar intensities of monodentate mononuclear surface complexes in the presence of 1 mM 

and 10 mM sulfate, but a higher intensity was observed with 50 mM sulfate, indicating a 

more significant extent of surface complexation. Correspondingly, after 8 h high temperature 

and high pressure reaction, a larger amount of sulfate adsorption was observed as the initial 

sulfate concentrations increased (inset in Figure 2). The amounts of sulfate adsorption in the 

10 mM and 50 mM system were not significantly different, indicating that the biotite surface 

was almost saturated with sulfate. While the surface complexation with 1 mM and 10 mM 

sulfate was not sufficient to induce observable promotion effects on biotite dissolution, the 

enhancement effects were most obvious with 50 mM sulfate, as observed in Figure 1. Here, 

binuclear surface complexes are not expected on biotite, owing to the Al avoidance 

principle,29, 60 namely, there are no available Al sites adjacent to each other in biotite to form 

binuclear surface complexes. The peak at around 1025 cm-1 was attributed to the Si–O band 

of biotite,61 which was not fully subtracted, even after the background correction. The sulfate 

adsorption in the 1 mM system was very low, so the 1 mM sulfate system might be more 

sensitive to background subtraction, causing its absorbance spectrum to be closely similar to 

that of the 10 mM sulfate system.  
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Figure 2 ATR-FTIR spectra of biotite contacted with different concentrations of sulfate. The 

spectrum of biotite contacted with 1 M NaCl was used as background. Inset: Amount of 

sulfate adsorbed onto biotite after 8 h reaction with different initial concentrations of sulfate 

under 95 °C and 102 atm CO2. 

3.3 Effects of Sulfate on Biotite Surface Morphology and Wettability  

Based on AFM imaging, the presence of different concentrations of sulfate did not 

significantly affect the morphological evolutions of reacted biotite basal surfaces, shown in 

Figure S2 and Figure 3. Fibrous precipitates, identified to be fibrous illite formed by oriented 

aggregation of small hexagonal nanoparticles on samples after reaction in 1 M NaCl in a 

previous study,62 were also observed on biotite basal surfaces after 3 h reaction with sulfate 

(Figure S2). In addition, after reactions of 22 h and longer, cracks were formed on reacted 

biotite basal surfaces, as a result of ion-exchange reactions of aqueous Na+ with biotite 

interlayer K+, dissolution of framework cations, and CO2 intercalation.50, 62 The cracks 
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exposed new edge surface sites on the reacted biotite basal surfaces, where sulfate could also 

form complexes. 

 

Figure 3 Height mode AFM observations of biotite basal surfaces after reaction at 95 °C and 

102 atm CO2 with different brine chemistries. The AFM images are 50 µm × 50 µm. The 

height scale is 60 nm for images A, B, C, D, E-8 h, and F-8 h, is 100 nm for E-72 h, and is 

200 nm for F-70 h. The different height scales show the results more clearly. Inset in F-70 h 

is an SEM image of the corresponding sample. The arrows in the same colors point to similar 

surface features. The images of C, D, E, and F are reproduced from refs. 47, 49, 50, and 52. 

Copyright 2015 and 2018 American Chemical Society and Copyright 2017 Royal Society of 

Chemistry. 
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Figure 4 (A) Statistical crack depth and (B) roughness (Rq) of biotite basal surfaces after 

reaction with different concentrations of sulfate at 95 °C and 102 atm CO2. For each sample, 

at least four locations on the sample surface were measured to determine the roughness. The 

depth of the cracks in sample surfaces were also measured from the AFM images by taking 

the average of 20 spots from four representative AFM images (Figure S2).  

Figure 4A shows a statistical analyses of crack depths, made by taking the average of 

80 spots where cracks were located in four representative AFM images. Consistent with ICP-

OES results of indistinguishable biotite dissolution among the four reaction systems (Figure 

1), the depths of the cracks formed were close after 22 and 44 h reactions. After a longer 

reaction time of 70 h with 50 mM sulfate, the cracks formed on biotite basal surfaces were 

slightly deeper, suggesting more biotite dissolution (Figure 1). We should note that 

detachments of surface cracked layers into the solutions after 96 h reactions made the crack 

depths observed smaller than those on 70 h samples. We also analyzed the changes in surface 

roughness, indicating overall surface morphology and texture, of reacted biotite samples over 

time (Figure 4B). Due to the formation of fibrous illite and cracks on biotite, the surface 

roughness increased over time. However, among the control and sulfate samples, the surface 

roughness of the reacted biotite samples was almost same, reflecting the similar surface 

morphologies of the samples reacted in the four systems. 

Furthermore, the wettability alterations of reacted biotite basal surfaces were 

characterized and are shown in Figure 5. The contact angles for samples reacted in 1 mM 

sulfate systems were close to those of control samples (27°). While there were no significant 

differences in contact angles for samples reacted in 10 mM and 50 mM sulfate samples, they 
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were about 5° lower than for the control samples, indicating an enhanced biotite surface 

wettability. Based on our previous study,53 chemical reactions altered biotite surface 

wettability, by changing the surface roughness, surface functional groups, and surface charge. 

In this study, we found that the alterations of biotite surface wettability by sulfate were mainly 

attributed to sulfate surface adsorption. As shown in the inset in Figure 2, the amount of 

adsorbed sulfate is much smaller in the 1 mM sulfate system than in the 10 mM and 50 mM 

sulfate systems. Therefore, biotite reacted with 1 mM sulfate did not show different surface 

wettability from the control samples. In the 10 mM and 50 mM sulfate systems, the higher 

amounts of sulfate adsorption could expose hydrophilic sulfate functional groups on biotite 

surfaces.63-64 Moreover, the main aqueous sulfate species under the experimental pH was 

SO4
2−. Adsorption of SO4

2− onto edge sites exposed by cracks on biotite basal surfaces could 

also make more negatively charged surfaces. These two consequences of sulfate adsorption 

resulted in lower contact angles of the reacted biotite samples and enhanced their surface 

wettability. It has been reported that surface roughness contributed to more hydrophilic 

biotite surfaces.53 Nonetheless, in this study, surface roughness was not the dominant 

mechanism for the sulfate effects on biotite wettability alterations. As shown in Figure 4B, 

after the same reaction times, the surface roughness values were close for biotite samples in 

all the four systems.  
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Figure 5 Contact angles of biotite basal surfaces after reactions in solutions of various 

aqueous chemistries over time at 95 °C and 102 atm of CO2. The error bars are standard 

deviations of six measurements of duplicate samples in triplicate experiments. The data of 

phosphate and DTPMP are reproduced from refs. 52 (Copyright 2017 Royal Society of 

Chemistry), and refs 47, and 49 (Copyright 2018 American Chemical Society). 

3.4 A Systematic Comparison of Sulfate Effects with Those of Other Inorganic/Organic 

Ligands 

To better understand of the effects of complex brine compositions on surface 

chemistry changes, we compared sulfate (this study) with other inorganic/organic ligands 

(data obtained from our previous studies47, 49-53) (Figure 6). The relative M (M = K, Si, and 

Fe) indicates the ratios of M concentrations in the corresponding systems with various 

aqueous species to those in the control systems, and 70 h data is shown. Note that the aqueous 

ion concentrations are net concentrations (i.e., intrinsic biotite dissolution minus secondary 
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mineral precipitation). As shown in Figure 6, except for the 10 mM oxalate system, all other 

systems had interlayer K ratios close to 1, indicating no influence on K dissolution. These 

ratios of released K, mediated by ion exchange reactions, were the result of controlled ionic 

strengths and initial pH values.  

The dissolution of framework cations is through proton-mediated or ligand-mediated 

reactions. For framework Si (Figure 6B), the ratios were greater than 1 with 50 mM sulfate, 

10 mM phosphate, 10 mM oxalate, and 0.5 mM DTPMP (diethylenetriamine 

penta(methylene) phosphonate, a scale inhibitor), indicating their enhancement effects on 

biotite dissolution. Notably, oxalate significantly promoted biotite dissolution, suggested by 

the higher ratio of Si and Fe. The promoted mineral dissolution could create void spaces and 

increase reservoir porosity and affect the integrity of the shales. In the 10 mM oxalate system, 

the enhanced biotite dissolution released high concentrations of framework cations in 

solution, contributed to a final pH around 0.3 unit higher than for the control, and thus 

inhibited the release of interlayer K.50 Regarding surface complexation, monodentate 

mononuclear complexes formed between sulfate/phosphate and biotite surface sites, while 

bidentate mononuclear complexes formed between oxalate and biotite. The latter complex 

type can strongly promote mineral dissolution. In addition to surface complexation, aqueous 

complexation, revealed by UV–Vis spectroscopy analyses, plays a role in the DTPMP system 

facilitating biotite dissolution.47, 49  

For Fe (Figure 6C), ratios greater than 1 were observed with 50 mM sulfate and 10 

mM oxalate. Although 10 mM phosphate and 0.5 mM DTPMP enhanced biotite dissolution, 

as suggested by Si, the ratios for Fe were smaller than 1. The differences in Fe ratios in these 

sulfate, oxalate, phosphate, and DTPMP systems resulted from their propensity to precipitate 
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with Fe. Fe-bearing phosphate/phosphonate minerals, such as FePO4·2H2O, AlPO4, 

AlH2PO4(OH)2, and Fe2.5HNTMP (NTMP is a phosphonate), with solubility product 

constants (Ksp) lower than 10-19,65-67 are significantly less soluble than Fe-sulfate/oxalate. In 

our previous work,47, 52 After reaction with phosphate and DTPMP, we observed significant 

precipitation of strengite (FePO4·2H2O) on biotite basal surfaces and amorphous Fe-bearing 

minerals in the solutions. The precipitation of these Fe-bearing minerals led to Fe ratios 

smaller than 1 in the phosphate and DTPMP systems. Furthermore, Al-bearing secondary 

precipitates were also observed in the phosphate and DTPMP systems. The significant 

formation of secondary minerals may alter pores and their connectivity in reservoir rocks, 

thus affecting their porosity and permeability. On the other hand, in the 10 mM acetate system, 

we observed Si and Fe ratios slightly lower than 1 (Figures 6B and 6C), which indicated that 

acetate slightly inhibited biotite dissolution through adsorption of acetic acid onto surface Si 

and Al sites influencing the protonation of biotite surfaces. 

 

Figure 6 A comparison of sulfate effects with phosphate, acetate, oxalate, and DTPMP on 

cation concentrations during biotite dissolution at 95 °C and 102 atm CO2. The relative K 

(A), Si (B), and Fe (C) value indicate the ratios of concentrations of cations in the 

corresponding systems to those in the control system after 70 h reactions. The data for sulfate 
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is from this work, for phosphate is from ref. 52 (Copyright 2017 Royal Society of Chemistry), 

for acetate and oxalate is from ref. 50 (Copyright 2015 American Chemical Society), and for 

phosphonate is from ref. 47 (Copyright 2018 American Chemical Society). 

As a result of influenced biotite dissolution and secondary precipitation, different 

alterations of biotite surface morphology occurred. With 10 mM phosphate, 10 mM oxalate, 

and 0.5 mM DTPMP, formation of cracks was facilitated due to the enhanced biotite 

dissolution, observed within 8 h (Figure 3). The cracks on biotite surfaces made fibrous illite 

less observable (Figure 3C, E, F-8 h). Significant surface precipitation of Fe- and Al-bearing 

minerals was observed in the 10 mM phosphate and 0.5 mM DTPMP samples, resulting in 

rough surfaces (Figure 3C and 3F-70 h). Different from sulfate, phosphate, acetate, and 

oxalate, surface adsorption of large DTPMP molecules made the cracked biotite layers bend 

outwards (inset in Figure 3F-70 h).  

We further compared the wettability alterations of biotite surfaces after reaction with 

different aqueous inorganic/organic species (Figure 4). Sulfate, phosphate, oxalate, and 

DTPMP enhanced biotite surface wettability, with lower contact angles observed. The 

adsorption of these chemical species, resulting in exposure of hydrophilic functional groups 

on biotite surfaces and more negative surface charged surfaces, is dominant over surface 

roughness in enhancing surface wettability. Also, with oxalate, XPS O 1s results showed that 

significant biotite dissolution induced a slightly higher density of hydroxyl groups (~91.2%) 

on reacted biotite surfaces (Table S2 and a detailed experimental description is available in 

S4) than on control samples (~89.2%). Although the changes in hydroxyl groups were not 

significant, the increase in hydroxyl groups might contribute to the enhanced biotite surface 
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wettability by oxalate. Differently, 10 mM acetate induced higher contact angles than the 

control sample, suggesting that biotite was altered to be more hydrophobic. Acetic acid was 

the dominant aqueous species in the 10 mM acetate system under the experimental conditions 

(pH = 3.2), and its adsorption would have the carboxylic groups pointed toward the mineral 

surface and leave a hydrophobic methyl group in the outer surface.  

4. Conclusions 

In this study, we report the effects of sulfate ions on biotite interfacial interactions 

under high temperature and high pressure conditions relevant to engineered subsurface 

operations. A sulfate concentration of 50 mM promoted biotite dissolution by 40%, mainly 

through monodentate mononuclear surface complexation. Sulfate adsorption enhanced 

biotite surface wettability. To systematically compare sulfate effects with those of other 

inorganic/organic ligands, Table 1 summarizes what we learned from all the experiments in 

the presence of complex ligands, which are abundant in brine. The ligands examined showed 

different effects on biotite dissolutions. Ligands that could form monodentate mononuclear 

(sulfate and phosphate) or bidentate mononuclear (oxalate) surface complexes promoted 

biotite dissolution, and the latter configuration of surface complexation induced greater 

dissolution. In addition, DTPMP, a ligand with more functional groups, promoted biotite 

dissolution through both aqueous complexation and surface complexation. Different from 

sulfate, acetate, and oxalate, the presence of phosphate and DTPMP, both having phosphate 

functional groups, significantly promoted precipitation of Fe- and Al-bearing secondary 

minerals. For all the inorganic and organic ligands, their surface adsorption dominantly 
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affected biotite surface wettability by changing surface functional groups and surface charges 

rather than surface roughness.  

Table 1 A summary of field concentrations of abundant inorganic/organic ligands,24-27, 36-37, 

40-44 and their interactions with biotite, and consequent effects on dissolution, precipitation, 

and wettability.47, 49-53 

 

Note: Different pH conditions may affect the interactions between inorganic/organic ligands 

with biotite. The information summarized here was obtained from experiments with pH 

values lower than 4.5. The number of arrows indicates the extent of the influence of the 

specific interactions. The direction of the arrows indicates promotion (upward) or inhibition 

(downward). The data for sulfate is from this current work, for phosphate is from ref. 52 

(Copyright 2017 Royal Society of Chemistry), for acetate and oxalate (except for wettability, 

from the current work) is from ref. 50 (Copyright 2015 American Chemical Society), and for 

phosphonate is from refs. 47 and 49 (Copyright 2018 American Chemical Society). 

Subsurface brine contains a wide spectrum of inorganic and organic ligands. The 

results summarized in this study suggest that, as a starting point, we can examine the 

 Sulfate Phosphate Acetate Oxalate 
Phosphonate 

(DTPMP) 

Field 
concentration 

(mM) 
10–50  0–0.02  16–250  0–5 ~0.05 

Interaction 
surface 

complexation 

monodentate 
mononuclear 

surface 
complexation 

surface 
adsorption 
to Si & Al 

bidentate 

mononuclear 
surface 

complexation 

aqueous 
complexation 

& surface 
complexation 

Dissolution        

Precipitation --     

Wettability      
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functional groups in the ligands and consider their general effects on mineral dissolution and 

secondary precipitation. The extents of these dissolution and precipitation reactions will 

further affect the porosity and permeability of subsurface reservoirs. By analyzing the 

possible functional groups exposed on mineral surfaces as a result of adsorption of aqueous 

chemical species, we can also obtain a first understanding of their effects on mineral 

wettability. However, we also note that coexisting ligands may compete with each other to 

suppress the effects of other ligands, or they may show synergetic effects of geochemical 

reactions of minerals.29 Future studies investigating multi-ligand systems are needed. 

Furthermore, the results presented in this study, using biotite as a model phyllosilicate, can 

provide useful insights into interfacial reactions of other abundant phyllosilicates at 

subsurface sites. Although some other phyllosilicates are less reactive than biotite, the time 

scale of geologic CO2 storage is much longer than our experimental time. Those 

phyllosilicates may slowly react and ultimately result in similar alterations as biotite. 

Electronic Supplementary Information 

Details on the high temperature and high pressure experimental setup are in S1, 

thermodynamic calculations by GWB are in S2, AFM measurements are in S3, XPS 

measurements are in S4, and discussion on impact of CO2 on the effect of sulfate is in S5. 
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