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ABSTRACT: Carbonic anhydrase (CA) enzymes have gained considerable
attention for their potential use in carbon dioxide (CO2) capture technologies
because they are able to catalyze rapidly the interconversion of aqueous CO2 and
bicarbonate. However, there are challenges for widespread implementation
including the need to develop mineralization process routes for permanent carbon
storage. Mineral carbonation of highly reactive feedstocks may be limited by the
supply rate of CO2. This rate limitation can be directly addressed by incorporating
enzyme-catalyzed CO2 hydration. This study examined the effects of bovine
carbonic anhydrase (BCA) and CO2-rich gas streams on the carbonation rate of
brucite [Mg(OH)2], a highly reactive mineral. Alkaline brucite slurries were
amended with BCA and supplied with 10% CO2 gas while aqueous chemistry and solids were monitored throughout the
experiments (hours to days). In comparison to controls, brucite carbonation using BCA was accelerated by up to 240%.
Nesquehonite [MgCO3·3H2O] precipitation limited the accumulation of hydrated CO2 species, apparently preventing BCA from
catalyzing the dehydration reaction. Geochemical models reproduce observed reaction progress in all experiments, revealing a
linear correlation between CO2 uptake and carbonation rate. Data demonstrates that carbonation in BCA-amended reactors
remained limited by CO2 supply, implying further acceleration is possible.

■ INTRODUCTION

Anthropogenic greenhouse gas (GHG) emissions continue to
rise and are having widespread impacts on human-made and
natural systems.1 Limiting climate change will require substantial
and sustained reductions in GHG emissions.1 Mitigation options
include reducing energy use and the GHG intensity of end-use
sectors, decarbonizing energy supplies, reducing net emissions
and enhancing carbon sinks.1 Furthermore, continued wide-
spread use of fossil fuels will likely require deployment of carbon
sequestration technologies.2−5

Metalloenzymes offer an array of opportunities for addressing
energy and environmental issues, including reducing GHG
emissions through carbon sequestration.6 Carbonic anhydrase
(CA) enzymes are able to catalyze the hydration of aqueous CO2
and have gained widespread interest for their potential role in
CO2 sequestration.7−13 CO2 capture with the use of CA or
CA-like compounds is viewed as a potential alternative to
chemical sorbents such as monoethanolamine (MEA) that
require considerable energy input for subsequent CO2 desorp-
tion.14,15 Yet, there remain key challenges, mainly the develop-
ment of (1) economically viable materials for enzyme immo-
bilization to prevent activity loss, (2) better assessment of
enzyme performance at larger spatial and temporal scales, (3)
bacterially produced CA that may operate under favorable
chemical conditions for carbonate formation, and (4) efficient
process routes for mineralization.14,16 The present study aims to
address the development of mineralization process routes by
examining the impact of CA on the rates of mineral carbonation.
Mineral carbonation is a promising strategy for seques-

tering CO2 that involves the reaction of silicates, hydroxides,

and oxides with CO2 to form carbonate minerals.17−19 Carbon
storage within carbonate minerals is environmentally safe,
reducing the need for poststorage monitoring.18−20 Although
mineral carbonation was originally envisaged as an industrial
process operating at elevated temperatures and pres-
sures (e.g., 185 °C, 150 atm), the costs for pretreatment,
energy use, and chemical inputs (∼$50−300/t CO2) far exceed
current carbon prices (e.g., California Carbon Allowance
∼$13 US/t).18,21−24 To minimize these costs, there has been
considerable research into carbonation processes operating
at low temperature and pressure conditions.25−40 Aqueous
carbonation of brucite [Mg(OH)2] has recently gained interest
due to the fast reaction rates.38,39,41−45 The rate of CO2 supply
from the gas to the aqueous phase has been identified as the key
rate limitation in the carbonation of highly reactive minerals
such as brucite.39 This rate limitation can directly be addressed
using CA.46 Although CA has been shown to facilitate
Ca-carbonate10,11,47,48 and Mg-carbonate precipitation,46,49 this
is the first study to our knowledge that reports enzyme-mediated
mineral carbonation. Experiments were conducted to deter-
mine brucite carbonation rates using CO2-rich gas streams
in combination with CA. Carbonation rates were determined
using solution chemistry and mineral precipitates were
characterized using X-ray diffraction and scanning electron
microscopy. Geochemical modeling was used to facilitate

Received: September 29, 2015
Revised: January 23, 2016
Accepted: February 1, 2016
Published: February 1, 2016

Article

pubs.acs.org/est

© 2016 American Chemical Society 2610 DOI: 10.1021/acs.est.5b04779
Environ. Sci. Technol. 2016, 50, 2610−2618

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.5b04779


comparison between the rate of CO2 uptake into solution and the
rate of gaseous CO2 supply.

■ MATERIALS AND METHODS

Batch reactors were used to investigate the effects of elevated
pCO2 (0.1 atm) and carbonic anhydrase on the rate of brucite
carbonation. Batch reactors consisted of brucite slurries prepared
in 4.0 L side arm flasks (Supporting Information (SI) Figure S1).
Slurries were prepared by the addition of 61.0 g MgCl2·6H2O
(0.1 M Mg) in 3.0 L of deionized-distilled water and 150 g of
pulverized brucite ore obtained from Brucite Mine, Gabbs
District, Nye County, Nevada. Rietveld refinement of X-ray
diffraction (XRD) data showed the brucite ore was between
89 and 95% pure, with aminor abundance of dolomite and calcite
(SI Figure S2). On the basis of X-ray fluorescence spectroscopy,
the oxides present in the brucite ore at ≥1.00% abundance were
MgO (61.6%), CaO (2.5%), and SiO2 (1.7%) with 32.5% loss on
ignition (SI Table S1). Initial surface area and grain size of
pulverized brucite ore were 6.6 m2/g and 2−40 μm diameter,
respectively (SI Table S1).
Slurries were stirred at ∼400 rpm using magnetic stir plates.

Flasks were sealed with rubber stoppers that were fitted with
resealable glass sampling ports and coarse porosity (40−60 μm)
glass sparge tubes that were used to bubble gas into slurries
(SI Figure S1). Experiments were conducted using three
different flow rates: 108, 540, and 5400 mL/min (Table 1),
which were divided evenly between a reactor amended with
600 mg of bovine carbonic anhydrase (BCA) and a control
lacking the enzyme (54, 270, and 2700 mL/min to each reactor).
Experiments were conducted under atmospheric pressure in a
fume hood to vent CO2 gas. BCA was purchased from Sigma-
Aldrich as a lyophilized powder from bovine erythrocytes and
had an activity of ≥2500 Wilbur−Anderson (W-A) units/mg
protein. The structure of BCA by Saito et al.50 is shown in the
abstract art. Experiments are henceforth referred to as low,
medium, and high flow controls and BCA reactors. A gas tank
of certified 10% CO2/90% N2 was used for the low flow
experiments. A CO2 concentration of 10% was chosen because it
is within the typical range of flue gas.51,52 For the medium and
high flow experiments, CO2 andN2 gases were drawn from liquid
CO2 andN2 tanks at a delivery pressure of 10 psig and blended to
10%CO2 using a Series 150 two tube gas blender fromMatheson
with high accuracy valves andModel E401 tubes with an accuracy
of ±5% of the full 150 mm scale.
A portable Thermo Scientific Orion 4-Star pH/ISE probe was

calibrated daily and was used to measure pH routinely. Slurry
samples (∼30 mL) were collected at regular intervals and
centrifuged to separate out solids that were dried at room
temperature. Water samples for dissolved inorganic carbon
(DIC) and Mg concentrations ([Mg]) were collected routinely.
These samples were filtered (0.22 μm) into 2 mL borosilicate

glass vials, leaving no headspace, and were stored at ∼4 °C to
inhibit precipitation of solids. Samples for Mg analysis were
acidified with ultrapure nitric acid (2% v/v). Solid samples were
analyzed for their mineralogical compositions and carbon
abundances (%C), and imaged using scanning electron
microscopy (SEM). Refer to the SI for details regarding the
analytical methods.
Experiments were stopped after reaching steady-state

conditions, i.e., when pH stabilized. The experimental durations
were approximately 11, 7, and 3 days for the low, medium, and
high flow experiments, respectively. Geochemical modeling
of experimental conditions using PHREEQC53 was used to
ascertain the rate of CO2 uptake into solution required to account
for the observed trends in experimental solution chemistry. An
experimentally determined, HCO3

− concentration-dependent
kinetic dissolution rate law was used to model brucite dissolution
kinetics.54 Initial brucite surface area was fitted for the medium
flow control experiment. CO2 uptake was simulated as a kinetic
process while nesquehonite [MgCO3·3H2O] was allowed to
precipitate at equilibrium. An example model input is provided
in the SI.

■ RESULTS AND DISCUSSION

Water Chemistry. The key factors required for carbon
mineralization at ambient temperature are (1) the supply of CO2
and its availability as a form that can be mineralized (e.g.,
HCO3

−), (2) the supply of cations (e.g., Mg2+ and Ca2+), and
(3) an alkaline pH. In all experimental reactors, initial pH values
following brucite addition were approximately 9.5 and initial DIC
concentrations ranged from 18 to 42mg/L, which is attributed to
dissolution of CO2 from laboratory air into experimental slurries
prior to commencement of the experiments. After the 10% CO2
supply was initiated, pH declined rapidly and was followed
by a period of relatively constant pH before declining to a final
stable pH of approximately 7.6 (Figure 1A). These trends are
most evident in the low flow reactors and medium flow control
(Figure 1A). The decline to a stable pH occurred between days 5
and 9 for the low flow control and between days 3 and 6 for the
corresponding BCA reactor. The medium flow control exhibited
a similar trend in pH in comparison to the low flow BCA reactor,
yet the decline to a stable pH occurred earlier, from between days
3 and 4. The pH of the medium flow BCA reactor declined
rapidly with only a brief stabilization at pH 8 followed by a
decline to a stable pH of 7.6 (Figure 1A). The high flow reactors
followed similar pH trends as the medium flow BCA reactor with
notably faster declines to a stable pH after approximately 1 day.
The pH value during the first pH stabilization depended on the
gas flow and the presence or absence of BCA (Figure 1A).
This stabilization represents a period when acid-generating
and neutralizing processes are balanced. Importantly, CO2
dissolution and hydration generates acidity, which if not buffered,

Table 1. CO2 Delivery Rates, Carbonation Rates and Efficiencies for Controls and BCA Reactors

reactor
flow rate
(mL/min)

experimental CO2 flux
(mmol/L/h)

modeled CO2 flux
(mmol/L/h)

carbonation rate
(mmol CO2/L/h) efficiencya (%)

control low: 54 4.5 4.0 5.2 90
BCA 4.5 5.8 6.4 ∼100
control medium: 270 22 9.0 8.7 40
BCA 22 29 29 ∼100
control high: 2700 220 36 36 20
BCA 220 40 49 20

aEfficiency was calculated as modeled CO2 flux ÷ experimental CO2 flux.
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impedes the precipitation of carbonate minerals.55,56 For the
large-scale application of CA-driven carbonation, this pH
decrease necessitates a means of buffering pH.56 In this study,
brucite sufficiently buffered the acidity generated by CO2 uptake.
Initial declines in pH coincided with rapid increases in [Mg]

and DIC in all reactors, and are a result of CO2(g) and brucite
dissolution, respectively (Figure 1B,C). DIC and [Mg] positively
covaried and essentially mirrored the trends in pH. During the
first 12 h of the low flow experiments, DIC and [Mg] first
increased and then declined slightly to stable concentrations
for 7 days for the control and 3 days for the BCA reactors
(Figure 1B,C). An induction time (i.e., time for nucleation) for
Mg-carbonate is expected to be brief; nevertheless, it may
partially explain the spikes in [Mg] and DIC prior to the period
of stabilization.42 As previously mentioned, this quasi-steady-
state occurs when there is a balance between CO2 uptake into

solution, brucite dissolution, and carbonate precipitation.39,44

The medium flow control followed a similar trend, yet had a
shorter stabilization period than those of the low flow reactors
(Figure 1B,C). The quasi-steady-state in the high flow reactors,
and the medium flow BCA reactor were scarcely resolved in the
DIC and [Mg] data; rather, dips were noted for both parameters
during the first day (Figure 1B,C). The final stable pH, [Mg] and
DIC values were similar among all the reactors and were
approximately at equilibrium with 10% CO2 and the hydrated
Mg-carbonate mineral, nesquehonite, as calculated with
PHREEQC53 using the LLNL database (Figure 1). The presence
of BCA clearly reduced the time required to carbonate
completely the brucite slurry in comparison to controls as
evidenced by the aqueous chemical data. The experiments
demonstrate that brucite carbonation, which combines both
mineral dissolution and carbonate precipitation, was accelerated

Figure 1. Plots are of pH (A), [Mg] (B), DIC (C), and carbon abundances of solids (D) versus time. Open and solid symbols represent control and BCA
reactors, respectively. Dashed (controls) and solid (BCA reactors) lines (A, B, and C) are results from PHREEQCmodeling.53 CO2 uptake and brucite
dissolution were modeled as kinetic processes with nesquehonite precipitating at equilibrium.
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with the use of BCA coupled with high CO2 gas streams at
atmospheric pressure and temperature.
Carbonation Products. SEM of the initial brucite surfaces

reveals its basal cleavage and high surface areas that rapidly
carbonate when exposed to CO2 (Figure 2A).45 Only trace
amounts of brucite were detectable using XRD in the final solids
of each experiment (SI Figures S3−S6). XRD analysis of the low
and medium flow experiments showed that brucite was replaced
by nesquehonite (eq 1), which is consistent with previous brucite
carbonation studies.39,42

+ + +

→ ·

− +Mg(OH) HCO H H O

MgCO 3H O

2(s) 3 (aq) (aq) 2 (l)

3 2 (s) (1)

In the low flow experiment, nesquehonite was detected by XRD
after 24 h in both the control and BCA reactors. Nesquehonite
was first detected within 2 h in themedium control reactor and 4 h
in the corresponding BCA reactor. As observed by SEM, nesque-
honite appears as elongated prismatic crystals (Figure 2B).57,58

Experimental precipitates from the high flow experiment were
stored for months under laboratory air prior to analysis, which
resulted in a flaky, poorly crystalline material forming on the
surface of nesquehonite crystals (Figure 2C). This morphology
is characteristic of dypingite [Mg5(CO3)4(OH)2·5H2O],

58 and
upon extended storage (∼2 years) had transformed to
hydromagnesite [Mg5(CO3)4(OH)2·4H2O] (SI Figure S7).
The hydromagnesite had a more crystalline appearance than
the earlier formed flakey material, appearing as platelets with
growth steps being visible on crystal faces (Figure 2D,E).
Hydrated Mg-carbonate minerals are metastable and are

known to transform under ambient conditions to less hydrated,
more stable phases over relatively short periods of time.59−61

Consequently, mineral identification must be done expedi-
tiously. Transformations of the experimental products may have

resulted from dissolution of the less stable phase (e.g.,
nesquehonite) and precipitation of a more stable phase (e.g.,
dypingite) within the interfacial water layers on the mineral
surfaces.62 From a carbon sequestration perspective, nesque-
honite has a favorable Mg:C molar ratio of 1:1, yet dypingite and
hydromagnesite (Mg:C of 5:4) are more stable.63 For long-term
carbon security, it is advantageous that these minerals undergo
transformation into phases that are likely to be stable for 1000s of
years.59 In an enzyme-mediated mineral carbonation scenario,
modifying temperature and pCO2 should allow for initial
precipitation of more stable phases such as hydromagnesite.60

For example, brucite carbonation at higher temperatures results
in hydromagnesite (150 °C) or magnesite (200 °C) formation.42

Initial carbon abundances in the brucite ore ranged from 0.76
to 1.10% due to the presence of primary calcite and dolomite. In
the medium and high flow experiments, carbon abundance in
solid samples increased with time, followed by stabilization
between 8.2% and 8.5% (Figure 1D). These stable values are
slightly lower than the carbon abundance of stoichiometric
nesquehonite (8.68%), the product of brucite carbonation. The
increase in carbon abundance was more rapid in the high flow
and medium flow BCA experiment, than in the medium flow
control. The carbon abundances in the low flow experiments
increased more slowly, and it was noted that carbon abundances
were greater in the low flow control than in the BCA reactor
at 2−3 days. This was due to poor mixing during this time as
brucite appeared to have been exhausted in XRD patterns, yet
reappeared in subsequent days (Figure S3). Final carbon
abundances of the solids from the low flow experiments were
noticeably lower than those of the medium and high flow, despite
experiments reaching steady-state, suggesting that the brucite ore
was of lower purity. Precipitates may also have contained greater
abundances of carbonate with a lower carbon abundance, such
as an amorphous phase not detected by XRD.44 The presence
of BCA significantly increases carbonation rate, but has no

Figure 2. Representative SEM micrographs of the initial brucite and final precipitates from the carbonation experiments. (A) Micrograph showing the
high surface area of the initial brucite. (B) Elongated prismatic crystals of nesquehonite, the main product of the brucite carbonation experiments.
(C) Flakey dypingite formed on the surface of nesquehonite crystals. (D) Elongated arrangement of dypingite flakes and hydromagnesite platelets
(E) developed from the transformation from nesquehonite (B).
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noticeable impact on the mineralogy or the final carbon
abundances of the products.
CO2 Sequestration Rate and Geochemical Modeling. In

contrast to carbonation rates of silicate minerals, brucite reacts
rapidly with CO2 in aqueous solution.39 Times for complete
reaction of the low, medium and high flow control experiments
were 121, 70, and 12 h, respectively. In the low, medium, and
high flow BCA experiments, complete reaction required 80, 21,
and 10 h, respectively. Reaction end points were inferred by the
attainment of the final, steady-state pH. The CO2 sequestration
rate in the experiments was calculated using the time required for
the bulk of the reaction based on the aqueous chemical data.
The carbon content due to the minor abundance of calcite and
dolomite was considered to be negligible. Carbonation rates
(mmol CO2/L/h) in the experiments were calculated as follows
(eq 2):

= × − ×

÷ ÷

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥

C

C
m
M

n

V t

carbonation rate
%

%
1000solids

nsq

ibrc

brc
Mg

f

(2)

where %Csolidsf and %Cnsq are the carbon abundances (%C) of the
final solids and of stoichiometric nesquehonite, respectively.
This term gives an approximation for the extent of carbonation.
mibrc and Mbrc are the initial mass (g) and molar mass of brucite
(g/mol), respectively, and nMg is the moles of dissolved Mg
during the reaction period. This term provides the upper capacity
for sequestering CO2, as the moles of brucite are equivalent to
themoles of sequestered CO2 based on the stoichiometry of eq 1.
V (L) and t (h) are the slurry volume (3.0 L) and the time
required for the bulk of the reaction prior to pH decline. The rates
of CO2 sequestration in the low, medium and high flow control
experiments were 5, 9, and 36 mmol CO2/L/h, respectively.
In the low, medium, and high flow BCA experiments, CO2
sequestration rates were 6, 29, and 49 mmol CO2/L/h,
respectively (Table 1). Rates of brucite carbonation increased
logarithmically with experimental CO2 flux in the BCA experi-
ments, yet were linear in the control experiments (Figure 3A).
For comparison, Harrison et al.39 noted that brucite carbonation
rates increase linearly with pCO2, resulting in a ∼2400-fold
increase with an increase from atmospheric pCO2 (∼0.04%) to
100% CO2. The presence of BCA increased carbonation rates by
approximately 20%, 240%, and 30% over controls for the low,

medium and high flow experiments, respectively. These increases
indicate that BCA was most optimally used in the medium flow
experiments. Using a fixed bed reactor containing ∼7 wt %
brucite, Assima et al.64 concluded that BCA (0.016 and
0.072 mg/L) inhibited brucite carbonation. However, in our
previous experiments that used variable concentrations of BCA
(50 and 200 mg/L), there was no indication that very low BCA
concentrations (≪1 mg/L) would affect brucite carbonation
rates.46 The high surface area of the gas−water interface provided
in a bed reactor could mask the effect of BCA by increasing
CO2(g) dissolution rates, as was the case in the high flow
experiments in this study.
PHREEQC modeling of experiments was used to determine

the rate of CO2 uptake into solution, i.e., the combined rate of
CO2 dissolution and hydration required to account for the
measured changes in pH, which correlates to the carbonation
rate in each experiment. Geochemical models (Figure 1A−C)
did not capture the gradual shifts toward equilibrium values of
pH and Mg and DIC concentrations due brucite surface area not
being updated during model simulations. Furthermore, models
overestimated the equilibrium Mg and DIC concentrations and
underestimate equilibrium pH.
Experimental CO2 fluxes for the low, medium, and high

gas flows were 4.5, 22, and 220 mmol CO2/L/h (Figure 3A;
Table 1). The modeled CO2 flux differs from the experimental
one, as not all the gaseous CO2 would dissolve into slurries. CO2
fluxes used in geochemical models to match experimental
pH data of the low, medium, and high flow controls were 4, 9, and
36 mmol/CO2/L/h and for the BCA reactors were 6, 29, and
40 mmol CO2/L/h, respectively (Table 1). Modeled CO2 fluxes
closely matched the calculated carbonation rates, i.e., CO2
sequestration rate, (Figure 3B) as indicated by a slope of nearly
1. Thus, the carbonation rate may be calculated based on pH data
that can be fitted by adjusting the CO2 flux in the model. Note
that the estimated CO2 fluxes used in the models for both low
flow systems and the medium flow BCA reactor were nearly
equal to the experimental CO2 gas flows. This comparison
indicates that CO2 removal efficiency was nearly 100% in those
reactors, whereas removal efficiencies of the high flow reactors
were <20% (Table 1). Flow rate has a significant impact on the
CO2 removal efficiency. As noted by Li et al.,

38 increased gas flow
rate enhances turbulence and mixing, which in turn aids in gas−
liquid transfer of CO2; however, the increased flow rate decreases
the brucite:CO2 molar ratio and therefore decreases CO2 removal

Figure 3. Experimentally determined carbonation rates versus experimental (A) and modeled (B) CO2 fluxes. Open symbols and solid symbols
represent control and BCA amended reactors, respectively. Data from Harrison et al.39 are shown as open green diamonds.
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efficiency. In addition to flow rate, CO2 gas concentration
has a dramatic effect on carbonation rates.38,39 Geochemical
modeling of experiments and those conducted by Harrison
et al.39 reveal that carbonation rates increase linearly with CO2
flux (Figure 3B). Clearly, carbonation rates can be accelerated by
increasing CO2 concentration in the gas stream, flow rates,
hydration rates, and through various combinations of these
processes.
Processes and Implications. Experiments conducted by

Harrison et al.39 at 22 °C, 10−100% CO2 at 1 atm, and those
conducted by Fricker and Park42 at 30−200 °C at 15 atm of CO2,
both demonstrated that brucite carbonation rates under these
conditions were CO2 supply limited as opposed to either mineral
dissolution or precipitation limited. Carbonation of other
feedstocks possessing highly reactive phases (e.g., oxides) may
also be limited by the supply rate of CO2. The same would be true
for carbonation of waste brines where mineral dissolution is
not required.65,66 CO2 uptake (dissolution + hydration) into
aqueous solution is often slower than the reactions that pro-
duce or consume CO2, such as carbonate precipitation.67 More
specifically, the hydration of aqueous CO2 is generally considered
the rate-limiting step for CO2 uptake.

67 In the present study, the
CO2 supply limitation was directly addressed using carbonic
anhydrase coupled with 10% CO2 gas streams.
Carbonic anhydrase enzymes are among the fastest known in

nature, operating at rates that are typically between 104 and 106

reactions per CA molecule per second.9,68,69 CA operates via
nucleophilic attack on the carbon atom of CO2(aq) by a zinc-
bound hydroxyl that produces HCO3

−, which is then displaced
by a water molecule (eqs 3−5).9

· ↔ · +− +E ZnH O E ZnOH H2 (3)

· + ↔ ·− −E ZnOH CO E ZnHCO2(aq) 3 (4)

· + ↔ · +− −E ZnHCO H O E ZnH O HCO3 2 2 3 (5)

From a chemical perspective, carbonic anhydrase reduces the
time required for solutions to reach equilibrium with gaseous
CO2. Because CA will also catalyze the dehydration reaction
(e.g., HCO3

− → CO2(aq)), there needs to be a sink for hydrated
species to ensure optimal enzyme efficiency for the hydration
reaction.16 In a similar fashion, the activity of zinc cyclen, a
molecule that mimics CA, is significantly reduced at high
bicarbonate concentrations.70

Despite the use of CO2-rich gases and BCA, DIC concen-
trations remained belowCO2(g)↔DIC equilibrium levels during
brucite reaction (Figure 1C), indicating that carbonation rates
remained CO2 supply limited.39 On the other hand, the
maintenance of subequilibrium DIC concentrations via relatively
rapid carbonate precipitation likely had a positive effect on CA
activity, preventing activity loss due to accumulation of
bicarbonate ions. Only in the case of coarse grain sizes (e.g.,
coarse sand) will brucite carbonation be limited by mineral
dissolution under CO2-rich conditions, as the lower intrinsic
surface area and increased surface passivation effects due to
carbonate mineral precipitation strongly attenuate carbonation
rates.44 CA also inadvertently enhanced the rate of brucite
dissolution by catalyzing CO2 hydration. In addition to increased
acidity due to CO2 uptake, brucite dissolution is enhanced
by certain inorganic ligands, such as HCO3

−, the dominant
aqueous carbonate species in the experimental pH range.54,71

The presence of HCO3
− may also accelerate dissolution of some

silicate minerals. For instance, Daval et al.72 demonstrated that

lizardite dissolution is increased by 5 times in CO2-equilibrated
solutions compared to CO2-free solutions at the same pH.
Because CO2 dissolution generates acidity, solutions must be
buffered tomaintain an alkaline pH for carbonate precipitation to
occur.73

It is likely that over the course of the longer low flow
experiment that the efficiency of BCA decreased substantially
and therefore the overall impact of BCA on carbonation rates was
diminished. On the other hand, high flow rates partially masked
the effect of BCA, as carbonation rates appeared to be mainly
accelerated by increased CO2 flux as opposed to increased
CO2(aq) hydration rates. The medium flow experiments appeared
to optimize the use of BCA, as there was the greatest increase in
carbonation rate in comparison to controls. There has been
substantial progress for increasing the lifespan of CA such as by
immobilizing enzymes onto solid media to minimize exposure to
denaturing conditions.11,12,68,74−82 Encapsulating CA within
biosilica nanocomposites has been shown to be effective at
enhancing calcium carbonate precipitation.83 Further work is
needed to study the effects of carbonate precipitation on the
efficiency of immobilized CA as the reaction medium may
become passivated. Estimated costs of producing enzymes for
industrial applications range from approximately $10−40/kg
enzyme.84−86 Inexpensive synthetic molecules able to mimic CA
may offer an alternative.87

The capacity and rates of mineral carbonation have the
potential to offset significantly industrial and possibly global
GHG emissions.19 Alkaline feedstocks such as fly ash, cement
kiln dust, steel slag, and naturally occurring serpentine and
olivine could offset nearly one-quarter of USCO2 emissions.

88 As
an example, ultramafic mine tailings are a source of fine grained
brucite and could meaningfully offset carbon emissions from
mine sites.39 Highly reactive phases such as brucite offer less
capacity than the more abundant Mg-silicates but have more
favorable reaction kinetics. Challenges exist in the slow
carbonation rates and the economics of implementing carbon
mineralization technologies. These challenges can partly be
overcome by the use of waste alkaline feedstock,19,89 production
of value-added end products,27,90 and by incorporating carbon
mineralization into pre-existing industrial operations.39,91 Large
scale, inexpensive technologies employing CA to mediate CO2
sequestration via mineral carbonation would be an important
breakthrough for tackling climate change.16 One possible
technology would involve developing CO2 scrubbers using CA
as a catalyst for the conversion of CO2 to carbonate minerals as a
means of reducing CO2 emissions from point sources.16

Carbonation could be coupled to desulfurization, as magnesium
hydroxide (e.g., brucite) is a product of magnesium-enhanced
lime flue gas desulfurization (MEL FGD), and thus, may be
readily available as a substrate for carbonation of flue gas from
power plants.38,91

CA effectively facilitates both CO2 capture and mineral
carbonation. We have shown that CA accelerates mineral
carbonation of a highly reactive phase, yet reactions remain
limited by the supply of CO2, suggesting further acceleration is
possible. Carbonate precipitation provides a secure sink for CO2
while also preventing the accumulation of hydrated CO2 species
that reduce CA activity.
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Combining experimental and theoretical methods to learn about the
reactivity of gas-processing metalloenzymes. Energy Environ. Sci. 2014, 7
(11), 3543−3573.
(7) Bond, G. M.; Stringer, J.; Brandvold, D. K.; Simsek, F. A.; Medina,
M. G.; Egeland, G. Development of integrated system for biomimetic
CO2 sequestration using the enzyme carbonic anhydrase. Energy Fuels
2001, 15 (2), 309−316.
(8) Lee, S. W.; Park, S. B.; Jeong, S. K.; Lim, K. S.; Lee, S. H.;
Trachtenberg, M. C. On carbon dioxide storage based on biomineraliza-
tion strategies. Micron 2010, 41 (4), 273−282.
(9) Mirjafari, P.; Asghari, K.; Mahinpey, N. Investigating the
application of enzyme carbonic anhydrase for CO2 sequestration
purposes. Ind. Eng. Chem. Res. 2007, 46 (3), 921−926.
(10) Sharma, A.; Bhattacharya, A. Enhanced biomimetic sequestration
of CO2 into CaCO3 using purified carbonic anhydrase from indigenous
bacterial strains. J. Mol. Catal. B: Enzym. 2010, 67 (1−2), 122−128.
(11) Vinoba, M.; Kim, D. H.; Lim, K. S.; Jeong, S. K.; Lee, S.W.; Alagar,
M. Biomimetic Sequestration of CO2 and Reformation to CaCO3 Using
Bovine Carbonic Anhydrase Immobilized on SBA-15. Energy Fuels
2011, 25, 438−445.
(12) Dilmore, R.; Griffith, C.; Liu, Z.; Soong, Y.; Hedges, S. W.;
Koepsel, R.; Ataai, M. Carbonic anhydrase-facilitated CO2 absorption
with polyacrylamide buffering bead capture. Int. J. Greenhouse Gas
Control 2009, 3 (4), 401−410.

(13) Patel, T. N.; Park, A. H. A.; Banta, S. Surface Display of Small
Peptides on Escherichia coli for Enhanced Calcite Precipitation Rates.
Biopolymers 2014, 102 (2), 191−196.
(14) Yong, J. K. J.; Stevens, G. W.; Caruso, F.; Kentish, S. E. The use of
carbonic anhydrase to accelerate carbon dioxide capture processes. J.
Chem. Technol. Biotechnol. 2015, 90 (1), 3−10.
(15) Sivanesan, D.; Choi, Y.; Lee, J.; Youn, M. H.; Park, K. T.; Grace, A.
N.; Kim, H. J.; Jeong, S. K. Carbon dioxide sequestration by using a
model carbonic anhydrase complex in tertiary amine medium.
ChemSusChem 2015, 8 (23), 3977−3982.
(16) Yadav, R. R.; Krishnamurthi, K.; Mudliar, S. N.; Devi, S. S.;
Naoghare, P. K.; Bafana, A.; Chakrabarti, T. Carbonic anhydrase
mediated carbon dioxide sequestration: Promises, challenges and future
prospects. J. Basic Microbiol. 2014, 54 (6), 472−481.
(17) Seifritz, W. CO2 disposal by means of silicates. Nature 1990, 345
(6275), 486.
(18) Lackner, K. S.; Wendt, C. H.; Butt, D. P.; Joyce, E. L., Jr.; Sharp, D.
H. Carbon dioxide disposal in carbonate minerals. Energy 1995, 20 (11),
1153−1170.
(19) Power, I. M.; Harrison, A. L.; Dipple, G. M.; Wilson, S. A.;
Kelemen, P. B.; Hitch, M.; Southam, G. Carbon mineralization: From
natural analogues to engineered systems. In Geochemistry of Geologic
CO2 Sequestration; DePaolo, D. J.; Cole, D. R.; Navrotsky, A.; Bourg, I.
C., Eds.; The Mineralogical Society of America: Chantilly, VA, 2013;
Vol. 77, pp 305−360.
(20) Boot-Handford, M. E.; Abanades, J. C.; Anthony, E. J.; Blunt, M.
J.; Brandani, S.; Mac Dowell, N.; Fernańdez, J. R.; Ferrari, M. C.; Gross,
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