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PART A: Safety precautions (VERY IMPORTANT)

1. This experiments involves high pressure and temperatures. Procedures should be followed precisely, and caution should be constantly exercised.
2. Never open the reactor valves when the internal reactor temperature is above 100°C. This will cause the liquid phase to boil (flash) suddenly.
3. Only open the bottom draining valve when the pressure gauge is at ZERO gauge pressure. Failure to follow this will cause hot liquid to violently spray out the bottom.
4. Shut-off the gas cylinder before de-pressurizing reactor. This means loosening the pressure regulator, in addition to closing valves.
5. Avoid contact with hot reactor and heating jacket surfaces (especially metallic surfaces). Valve handles typically are safe to touch.
6. Caution when collecting and handling hot liquids from the reactor, to avoid burns. Use nitrile gloves, long sleeves and large container to catch the liquid.
7. The cooling water running through the cooling coil in the heating jacket can become vaporized due to excessive heating, especially when the cooling water valve is first opened. Therefore, open the cooling water slowly to avoid generation of high pressure steam. Eventually the cooling coil will cool enough that steam generation stops and liquid water will exit the cooling coil; then the cooling flow can be increased. You can look at the floor drain where the cooling fluid is discharged to determine its physical state.

PART B: Operating conditions

1. Determine which set of operating conditions (CO2 pressure and mixing rate) from Table 2 you will use (ask your instructor). Follow the chronological order of the lab schedule: the first group to perform the experiment will use E1, the second group will use E2, etc.
2. All other experimental conditions, common to all groups, are indicated in the preceding Process Parameters section.
3. Make note of all process conditions in lab notebook.

PART C: Loading the reactor

1. Heat approximately 1 L of ultrapure (ASTM) water in a beaker on a hot plate, upstairs, to about 90°C. Save this water for step 6. This pre-heating is meant to save time when operating the reactor.
2. Remove the reactor from the bench-top structure (if the reactor is mounted; if not, proceed to next step).
a. Lower the heating jacket by pulling out the locking pin (see Figure S1) and pulling the handle down. Do not let the jacket fall too fast, but the jacket fits tightly over the reactor body, so it may require some wiggling to get it to go all the way down.
b. Ensure that the mixer shaft is disconnected from the motor (see where “mixer shaft” is indicated in Figure S1). To disconnect, gently lift the upper part of the shaft, and the coupling will disengage.
c. Remove the thermocouple from the thermocouple well (on the reactor head), by lifting it out. Place it safely aside.
d. Make sure the gas cylinder valves (before and after the regulator) are closed, and that the regulator knob is loose (set to no pressure delivery). Make sure there is no pressure inside the reactor (look at reactor pressure gauge). If this is not the case, inform the instructor.
e. Disconnect the gas supply line from the gas inlet connection (on the reactor head, see Figure S4). Use a 5/8” wrench (or adjustable wrench) to disconnect the coupling at the reactor. Use another adjustable wrench to hold the fixed part of the assembly. Consult with the instructor if in doubt of how to use the wrenches. Place the gas supply line safely aside.
f. Manually loosen the locking screw that that locks the metal bar that secures the reactor in place (see Figure S1).
g. Pick up the reactor (note: it is somewhat heavy) and place it on the wooden stand, as pictured in Figure S5.
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Figure S1. Parr pressurized reactor, with main components indicated.

3. Remove the reactor head (reactor must not be pressurized) (if the reactor is assembled; if not, proceed to next step):
a. Manually loosen the locking screw on the drop band collar. The collar will drop (may require a wiggle), as pictured in Figure S5.
b. Loosen the bolts (counter-clockwise) on the split ring cover clamps using a 9/16” wrench (or adjustable wrench). Once they are loose enough, the clamps can be easily removed. Once the clamps are off (as pictured in Figure S5), the clamp washer will also be loose (it can remain on the reactor head).
c. Next, disengage the reactor head from the reactor cylinder body. This is done by lifting the reactor head while holding the body. At times, the head will stick to the body; if this is the case, lie the reactor sideways on the lab bench, and torque/wiggle the reactor head until it disengages. Hold the reactor body when placing it sideways as it may fall when loose. Ask for assistance if needed. Once the reactor head is off, lie it down safely on the bench, as pictured in Figure S3 (it may roll; do not let it fall on the floor).
d. The reactor may contain solid residues from the previous run. If so, take the reactor cylinder body to the sink and wash it with water. Use a sponge or paper towels to remove excess residues
e. Close the bottom drain (if open) using the drain plug and an adjustable wrench.
4. Take the reactor body, wooden support, pre-heated water, and wollastonite container to a fumehood (upstairs).
5. Weigh the required amount of wollastonite material using a weighing boat on an analytical balance (placed inside the fumehood). Weigh the exact amount, accurate to three significant digits (e.g. 30.0g). Record the weight to four significant digits (e.g. 30.02g).
6. Place the weighed solids, and the required volume of pre-heated water (from step 1) into the reactor body. Measure the water volume using a graduated cylinder and use caution since it is hot.
7. Take the filled reactor and wooden support back downstairs. Place the reactor body on the support on the bench.
8. Seal the reactor:
a. Place the reactor head back onto to the reactor body. Make sure that the PTFE flat gasket is still in place and correctly sitting on the groove (see Figure S3).
b. Ensure the clamp washer (which was on the reactor head) is back in place.
c. Put the two halves of the split ring cover clamps in place. Make sure the clamps are well in place and symmetrical (there will be a small gap between the rings). Position the clamps in such a way that the bolts are not too close to the reactor head fixtures, otherwise it will be difficult to turn the bolts.
d. Pull drop band collar up and secure it with the locking screw (there is a dimple on the split ring for the locking screw. The collar should go over the split ring clamps rather easily. If it does not, it is because the clamps are not well installed. Ask for assistance if needed.
e. Using a 9/16” wrench (or adjustable wrench), tighten the bolts on the split rings. Alternate between tightening bolts on opposite sides. Once all bolts have been tightened once, tighten each bolt again until you can no longer turn the bolts by hand. The bolts should be hand-tight, but do not use excessive force. Ask the instructor to verify that the reactor is properly sealed.
9. Return reactor to bench-top structure:
a. Place the sealed reactor back on the support and lock it in place using the locking bar and screw.
b. Connect the gas supply line to the gas inlet connection (on the reactor head, see Figure S4). Use a 5/8” wrench (or adjustable wrench) to connect the coupling at the reactor. Use another wrench to hold the fixed part of the assembly and prevent loosening of other threaded connections. Make sure the thread lines up well; there should be little resistance to turning at first, otherwise the thread is not well aligned. Hand-tighten until it cannot be reasonably turned.
c. Place the thermocouple back into the thermocouple well (hole on reactor cover).
d. Connect the mixer shaft back to the motor. Raise the upper part of the shaft and drop into place. Gently turn the lower portion of the shaft until you note that the connection has been made (you will feel resistance to turn more).
e. Raise the heating jacket by pulling out the locking pin and pulling the handle up. The jacket fits tightly over the reactor body, so it may require some wiggling to get it to go all the way up. The top of the jacket should be very close to the reactor support, there should be only a small space between the upper part of the jacket and the locking bar (see Figure S1). If this is not the case, the jacket is not in the correct position. Ask for assistance if needed.
f. Ensure all three needle valves (with black handles) on the reactor head are closed (clockwise for closing).

PART D: Running the reaction

1. Start-up the reactor (heating and mixing):
a. Switch on the power to the controller (Figure S2); the main power switch is in the back of the controller. The lights on the unit will illuminate.
b. Switch on the mixer by toggling the “MOTOR” switch to the on (I) position.
c. Turn the “SPEED” knob until the desired rpm value is displayed in the “RPM” indicator.
d. Adjust the heater “primary temperature” set-point to the desired temperature using the up and down arrows. Once the desired temperature value is indicated (in degrees Celcius), press the “set” button. The temperature value will stop blinking and brighten up to confirm.
e. Switch on the heater by toggling the “HEATER” switch to the maximum power (II) position.
f. The reactor will take 15-20 minutes to heat up to the set temperature. Monitor the temperature indicator.
g. While waiting, start preparing for the sample analysis (PART E) and run Step 2 using 5 grams of dry original wollastonite material (to compare to the carbonated material).
h. When the reactor temperature reaches the set-point, record the pressure inside the reactor by reading the pressure gauge (Figure S1). This will indicate the steam pressure inside the reactor.
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Figure S2. Heating, cooling and stirring controller.
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Figure S3. Internal mixing elements.

2. Start-up the reaction (CO2 introduction):
a. Make sure the regulator knob is loose, on the cylinder regulator.
b. Open the main valve on the CO2 cylinder and the secondary valve past the pressure regulator. The internal pressure gauge (right-hand) will indicate the pressure inside the cylinder.
c. Open the needle valve (black handle) that lets CO2 into the reactor. Leave it fully open.
d. Turn the regulator knob clockwise until you start feeling some resistance to turning, which indicates gas is starting to flow. Look at the reactor pressure gauge to confirm CO2 is entering it. Stop when the pressure gauge reads approximately 2 barg.
e. Check for pressure leaks. Using a solution of soapy water in a water wash bottle, spray water onto the connections on the reactor head and watch for bubbling. If bubbling is observed, which is a sign of leakage, report to the instructor for assistance. Once the problem is rectified, or if no bubbling is observed, continue.
f. Increase the delivery pressure from the cylinder using the regulator valve until the desired CO2 pressure is indicated in the reactor pressure gauge. Note that the desired CO2 partial pressure should be in addition to the steam pressure, so the total pressure will be slightly higher than the CO2 pressure alone. Do not overshoot the pressure, as it cannot be reduced back before the end of the experiment.
g. Check for leaks again.
h. Let the reaction run for the desired time. Monitor the reactor pressure and adjust the delivery pressure from the cylinder if you see the pressure dropping. Observe the reactor temperature and pressure; since the reaction is exothermic, the temperature and pressure may increase slightly in the first minutes.

3. Shut-down the reaction and collect slurry:
a. Turn off power to the heater (set “HEATER” to 0).
b. Make sure that the cooling water control valve (black knob) is off (clockwise).
c. Open the valve at the water tap, only slightly, the water has high pressure.
d. Very slowly, open the cooling water control valve, and leave it open very slightly. Water will now flow through the heating jacket. Since the heating jacket is above the boiling point of water, as water passes through it, it will rapidly evaporate. This causes a sudden pressure jump within the cooling coil, causing steam to rapidly flow to the drain. Watch the floor drain for signs of steam.
e. Once steam stops flowing into the drain, hot liquid water will flow, indicating that the jacket temperature has dropped and the cooling water is no longer boiling. Now you can increase the flow of cooling water: open the control valve half a turn. Check that the flow of water going into the drain is sufficient (it should be a steady stream).
f. Monitor the reactor temperature for several minutes. Once the temperature drops below 90°C, the reactor can be depressurized and drained (see next steps).
g. Before depressurizing the reactor, close all valves at the CO2 cylinder, and relieve (loosen) the regulator (turn the knob counter-clockwise).
h. Now you can depressurize the reactor: slowly open the pressure outlet needle valve (black handle) on the reactor head (the one coming off of the pressure gauge connection, see Figure S4). Do not open too fast or it may cause liquid to spray out. Watch the pressure: it should reduce to exactly 0 barg. If it does not, inform the instructor. Do not drain the reactor if the pressure reading is not zero!
i. Open the capped opening (see Figure S4) to let more air into the reactor. Use two adjustable wrenches, one to hold the fixed connector closer to the reactor head, and one to remove the cap (counter-clockwise).
j. Lower the heating jacket (pulling out the locking pin).
k. Hold a collection bucket under the reactor and using an adjustable wrench, open the drain plug at the bottom of the reactor. It will take a few turns until the plug falls; let it fall into the bucket. Once the plug falls, liquid (caution: hot) will drain out. Use gloves to avoid contact with the hot liquid, and avoid contact with the heating jacket as it will still be hot.
l. Once all slurry is drained, use a wash bottle to rinse the plug area, screw the plug back in and use an adjustable wrench to tighten well (by hand), close all needle valves on the reactor head, raise the heating jacket back into place, close the cooling water valves (in line and at tap), turn off the power to the mixer (set “MOTOR” to 0), and turn off the main power to the controller (on back). The reactor system should now be in the same state as you found it.
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Figure S4. Reactor cover plate, with ports and fittings indicated (thermowell opening is on opposite side of cover plate).
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Figure S5. Reactor component for pressure sealing.

PART E: Analysing the product

1. Filtering the solids:
a. Record the combined weight of the filter paper in a crucible before starting; this will be used later to determine the solids mass.
b. Use the Büchner funnel, Büchner flask and filter paper provided to filter the slurry.
i. Connect the flask to the vacuum pump using the vacuum hose. Place the funnel on the flask and the filter paper on the funnel.
ii. Turn on the vacuum pump. Use a water wash bottle to moisten the filter paper. Ensure the filter paper covers all holes on the funnel.
iii. Slowly pour the slurry onto the filter paper. The filtration should be relatively fast, and one filter paper should be enough to collect all solids.
iv. Once liquid stops dripping into the flask, use the wash bottle to wash the solids (this will remove porewater from the cake) and let the filter cake dry again under vacuum.
v. The filtrate can be disposed of in the sink.
c. Transfer the cake solids with the filter paper into the weighed crucible. Measure the mass of the filled crucible to determine the wet solids mass.
d. Save approximately 5 grams of filter cake for the analysis. Record the weight of the saved cake, and the remaining weight of the crucible with the filter paper and remaining cake.
e. Place the filled crucible in a drying oven (105°C) to dry overnight. Record the dry weight of the filled crucible to determine the dry solids weight and the moisture content of the filter cake. Use the moisture content to determine the dry weight of the sampled cake, and add the two dry weights together to obtain the total dry weight of reacted solids.

2. Solids acidification:

Objective:
To determine mass loss when acid is added to wollastonite solids, which is proportional to CO2 content.

Safety prospects:
Read proper use of fume hood procedure posted.
Concentrated acids: use Neoprene gloves, lab coat, full face cover when exposed to test tube, safety goggles.
Careful consideration of environment and your colleagues as you will be walking with concentrated acid solutions around to weigh.
Transfer solids to test tubes or any other container only in fume hood, as fine mineral may irritate respiratory tract (consult MSDS for more information). Wipe closed containers (to be taken outside of fume hood, and at end of your work) with wet paper to ensure that there are no mineral fibers on the container.

Procedure:
i. In the fume hood, add approximately 5 grams of wollastonite material to a pre-weighed large test tube, and weigh the exact mass of solids added to the tube. Cover the test tube with film when walking to the balance. Place the tube in a beaker for weighing. When adding wet solids, use the to-be-determined moisture content to calculate the exact dry weight.
ii. Place the test tube in a large beaker with water and ice.
iii. Using a 1ml glass pipette and bulb, add 6M HCl to the test tube. Note that gas and heat are generated, so adding the acid slowly is best.
iv. Add a total of 15ml acid to the test tube, in 1ml increments. The volume should be as exact as possible, since you will use the added acid mass in your calculation.
v. Remove the tube from the ice bath, dry the outside of the tube, and weigh the tube in the same balance and beaker previously used.
vi. In a small pre-weighed beaker, measure the mass of 1ml 6M HCl, to determine its density.
vii. Compare the total mass of the tube contents weighed to the value of mass added to the tube (solids + acid). The difference is the CO2(g) lost during acidification. Note that if the sample overheats, H2O(g) can also be lost, which will lead to overestimation of CO2 content.
viii. Dispose of residual acids and acidified slurry in the proper waste container.
Clean-up: clean all filtration and acidification equipment and return them to their storage location, and record all analysis data in your lab notebook. Record all analysis data in Table S1.
Table S1. Data Table.
	Temperature Set-point
	°C

	CO2 Partial Pressure
	barg

	Total Pressure
	barg

	Mixing Rate
	rpm

	Carbonation Time
	min

	Liquid Volume
	L

	Initial Mass of Dry Solids
	g

	Final (total) Mass of Dry Solids (calculated)
	g

	Volume of Acid (0.02 N) Added (total)
	ml

	Volume of Base (0.02 N) Added (total)
	ml

	Initial Titration pH
	

	Lowest Titration pH
	

	Amount of Acid Added to Decompose Carbonate (calculated)
	mEq/L

	Amount of CO2 that was released from the reacted solids (calculated)
	mol/g

	Fractional extent of carbonation conversion (calculated)
	%

	Acid Titration Graph (pH versus mEq/L)
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