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Abstract
This communication briefly highlights our preliminary work on building a lab-scale, two-step CO2 mineralization process plant.
Thermally activated serpentine was dissolved in one reactor to release Mg2+ ions without the use of any additive. CO2 from a flue
gas (10 mol% CO2 in N2) was transformed into pure synthetic hydromagnesite at 90°C under ambient pressure conditions in a
second reactor. A novel design for a solid dosing system was developed that allows for continuous feeding of activated
serpentine particles. The operation under ambient pressure conditions, however, was found to be problematic with regards to
liquid circulation between the reactors. Nevertheless, the experience from this work has allowed us to design a more robust
experimental set-up for CO2 mineralization.
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1. Introduction
Avoiding emissions of the carbon dioxide (CO2) to the atmosphere, by its safe and permanent storage is required
for all options within the carbon dioxide capture and storage (CCS) scheme. The proper monitoring of the
geologically stored CO2 is extremely critical in order to achieve the objective of long term CO2 storage. Any onshore
geosequestration project might face the opposition of local residents, under whose premises the CO 2 plume would
spread. Barriers such as public perception, regulatory issues, well bore integrity and risk of induced seismicity is
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slowing down the deployment of subsurface CO2 storage and in turn is helping alternative sequestration techniques
to gain momentum. Mineral trapping of CO2, where the injected CO2 reacts with the minerals underground to form a
stable solid carbonate phase, minimizes the risk of CO2 leakage significantly. Although basaltic rocks with good
cap-rock integrity have been shown to be excellent for mineral trapping of CO2 [1], the availability of large number
of such ideal basaltic sites is uncertain. Ex-situ CO2 mineralization (or mineral carbonation) offers an alternative to
mineral trapping of geologically sequestered CO2 where reactive minerals are reacted with CO2 in an industrial
reactor. Mineralization is often viewed with scepticism due to its higher costs and energy demand in comparison to
short term operational costs of geological storage operation. However, the advantage mineralization is that the risk
of CO2 seepage, e.g. due to a failure in the cap-rock structure, is completely minimized [2]. Therefore costs
associated to long term monitoring CO2 leakage and the opposition from local residents can be avoided.
Traditionally, aqueous mineralization was studied at high temperature with the acidifying help of high CO 2 partial
pressures to extract alkaline earth metals from a solid feed, which then form carbonates by precipitation [3]. Recent
developments in mineralization research have seen process concepts that accept dilute CO 2 streams as input, thus
avoiding the cost associated with a preliminary capture step. More simply, the CO2 absorption, feed dissolution, and
carbonate precipitation could take place simultaneously in a single reactor without the use of any additives [4, 5].
This, however, requires special feed materials, such as alkaline industrial residues (fly ashes, cement kiln dust etc.)
or the magnesium (Mg) silicate serpentine in its activated form. Alkaline residues are highly reactive, but suffer from
limited availability. Natural serpentine is abundant worldwide, but needs to be thermally pretreated to maximize its
reactivity [4].
In our group, we have experimentally measured and modelled the dissolution kinetics of thermally activated
serpentine [6, 7, 8], and the precipitation kinetics of synthetic hydromagnesite [9]. We have also reported
experimental evidences for CO2 mineralization with thermally activated serpentine at low CO2 partial pressures
(pCO2 ≤ 1 atm) and at low temperatures (T ≤ 90°C) [5]. In that study, we had demonstrated though preliminary
conceptual experiments that a combined pCO2 - and T- swing, two-step process could have a higher dissolution and
carbonation efficiency than a single-step batch process under identical activated serpentine dissolution conditions. A
two-step process is one in which the dissolution of activated serpentine and the precipitation of magnesium
carbonates occur in two different reactors that operate at different temperatures (T) and total pressures (Ptot).
In order to further develop on the two-step process, we have designed and built a semi- continuous two step labscale plant. As a first preliminary step, we designed a set-up that would operate at atmospheric pressure conditions,
in order to understand the issues related to building a continuous set-up with three phase operation. We take this
opportunity to communicate the results from this preliminary experimental work, which have later helped us design
a more robust, high pressure set-up.
2. Experimental Set-up
A schematic diagram of the experimental set-up is shown in Fig. 1. It consists of a 140 mL glass reactor (R1)
equipped with a magnetic stirrer that serves as the activated serpentine dissolution reactor. The reactor lid made of
PTFE has ports for a thermocouple, a gas-dip tube, a reflux condenser, a liquid-inlet pipe, a liquid-outlet pipe fitted
with a 2 micron inlet filter, a conductivity probe (InLab® 731 connected to SevenMulti™ , Mettler
Toledo,Switzerland), and a custom solid injection system. A 140 mL PTFE reactor (R2) is chosen as the carbonate
precipitation reactor with a lid identical to reactor R1. Both reactors operate at atmospheric pressure conditions
(~0.95 bar) in an EasyMax™ synthesis workstation (Mettler Toledo, Switzerland) which acts as the thermostat.
Synthetic flue-gas of 10 mol% CO2 in N2 (Pangas AG, Switzerland) was bubbled into reactor R1 at a controlled
flow rate using a mass flow meter, MFM, (F-201-CV, Bronkhorst High-Tech BV, The Netherlands). The gas leaves
reactor R1 through the reflux condenser and enters reactor R2. The gas finally leaves reactor R2 through its reflux
condenser and the downstream gas flow rate and composition are measured using a mass flow meter, MFM, (F-111C, Bronkhorst High-Tech BV, The Netherlands) and mass spectrometer, MS, (Thermostar™ GSD 301 C, Pfeiffer
Vacuum Schweiz AG, Switzerland).
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Fig. 1. Schematic diagram of the experimental set-up

The liquid in the two reactors are exchanged between each other using a modified liquid pump. Fig. 2a shows a
schematic diagram of this liquid pump. It consists of a HPLC pump (Waters 510) whose piston chambers are
replaced with 20 mL syringes. Check valves are placed at the inlet and outlet of the syringe piston heads. Each
syringe piston head transports liquid from one reactor to another in pulses as shown in Fig. 2a. The liquid stream
entering that leaves a reactor is cooled down to room temperature using a cooler before it is sent to the pump. This
allows each piston head to deliver identical liquid mass flow rates. The piston heads were then verified to deliver
identical liquid flow rates. A modified liquid pump is necessary as ordinary HPLC pumps were found not to be
capable of withdrawing liquid from the reactor at ambient pressure conditions, eventually resulting in the cavitation
of the pump head.
In order to emulate a continuous process, continuous feeding of serpentine particles into R1 was realized through
a custom made solid injection system. Fig. 2b shows a design sketch of the solid injection system for activated
serpentine particles. The design of this system is inspired from that of a high pressure syringe pump. It consists of
two syringes, a 20 mL syringe and a 5 mL syringe. The plungers of the two syringes are mechanically coupled as
shown in Fig. 2b. The nozzle end of the 5 mL syringe in cut open, and solid activated serpentine powder is tightly
packed into the syringe. A wire mesh ring is placed at the open end of this syringe, and is connected to an L-shaped
tube on the reactor lid. In order to feed solids continuously, water is pumped at a constant flow rate into the 20 mL
syringe using a liquid pump. This moves the plungers of both syringes which in turn push the solids into the reactor.
The wired mesh at the end of the 5 mL syringe loosens up the packed solid powder in order to deliver a smooth
continuous solid flow. The resistance offered by the solids to their flow was found to be very high, therefore a
HPLC pump was used to deliver the liquid flow into the 20 mL syringe. The solid injection system was designed
with the intent of being able to use it to deliver solids into a pressurized reactor as well. It can dose up to a total of 5
g of activated serpentine powder at any desired flow rate. Fig. 2b also shows the results from three calibration
experiments where the solid feed rate (of 0.16 g/min) was measured using a balance. The plot shows that there is a
time delay of about 10 min, until the steady flow of solids is achieved. The plot also shows that this solid injection
system is capable of dosing solids continuously and reproducibly. Commercial solid dosing systems were not
considered for the following reasons:
a. Helical screw designs were not considered as the particles sizes of activated serpentine were very low.
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Fig. 2. Schematic diagrams of a) the modified liquid pump and b) the solid injection system and exemplary calibration experiments of the solid
injection system.

b.

Feeding solids as a slurry solution is undesirable as we intend to keep the solids dry before it enters the
reactor.
This design of the solid injection system was however found to have a problem in dosing solids under humid
environments.

3. Experimental methods and results
In accordance with the suggestion in Werner et al. [5], reactor R2 was operated at 90°C in order to have high
hydromagnesite precipitation rates. Although it is favorable to operate reactor R1 at moderate temperatures (30°C –
60°C), the inability of solid injection system to operate in humid environments constrained the temperature of R1 to
be low and equal to 15°C. 100 g of saturated solutions of synthetic hydromagnesite at 90°C and fugacity fCO2 =
0.025 bar (corresponding to Ptot = 0.95 bar and 10 mol% CO2 in N2 dry gas composition) were taken in each reactor
and were heated up to their respective temperatures. The gas flow rate was set to 50 mg/min and the liquid flow rate
was set to 5.6 g/min. Once the desired temperatures were attained, 0.2 g of synthetic hydromagnesite seeds were
added to reactor R2. The entire system was allowed to reach equilibrium, which was identified by a constant
conductivity value in either reactor. Then at time t = 0, the solid injection system was switched on in order to feed
activated serpentine particles into reactor R1 at a flow rate of 100 mg/min. Fig. 3 shows the results from three such
experiments that were performed in order to verify the reproducibility of the set-up. The figure shows the measured
conductivity profiles in the two reactors and the measured downstream gas composition. After the 10 min delay due
to solid injection, the conductivity in reactor R1 increases corresponding to an increase in Mg 2+ concentrations due
to the dissolution of activated serpentine. The rapid precipitation of magnesium carbonate in the precipitation reactor
R2 results in its solution conductivity remaining more or less constant. The transformation of gaseous CO 2 into
carbonates can be determined from the downstream gas composition, yCO2, which changes from 10% to about 8.8%.
However, two of these three experiments developed problems with liquid circulation. The inlet filters in reactor R1
developed a filter cake of serpentine particles, which reduced the net positive suction head (NPSH) available for the

5407

5408

Subrahmaniam Hariharan et al. / Energy Procedia 114 (2017) 5404 – 5408

Fig. 3. Experimental data from three replicates (red, blue, and green) in order to verify the reproducibility of the experimental set-up. The
figure shows the experimental conductivity profile in reactor R1 (left), conductivity profile in reactor R2 (centre), and downstream gas
composition (right). The rapid fall of conductivity profiles in reactor R2 and in the downstream gas composition arise from experimental
failure.

pump. As a result, the liquid circulation between the two reactors failed after a duration of 30 min and 47 min in two
of these experiments.
The designed set-up operating at atmospheric pressure conditions, although having a simple design, offers only a
limited carbonation efficiency and is not reliable. In order to improve the reliability of the experimental set-up,
reactor R1 will have to be pressurized resulting in a higher NPSH being available to the pump. Pressuring reactor R1
will also have the added advantage of a higher process efficiency through a higher CO2 fugacity, fCO2 [5]. A second
limitation to the process efficiency arises from the fact that reactor R1 is operated at a low temperature of 15°C.
Modifications to the solid injection system will have to be made that allows it to operate under humid environments,
thereby allowing R1 to operate at higher temperature. The experimental issues arising from this preliminary design
of a two-step CO2 mineralization process were tackled in a newer and more robust experimental set-up. The details
and results from the new experimental set-up are beyond the scope of this communication will be published in the
future.
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