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20
21 SUMMARY:
22  Bench-scale, axenic cultivation facilitates microalgal characterization and productivity
23 optimization before subsequent process scale-up. Photobioreactors provide the necessary
24 control for reliable and reproducible microalgal experiments and can be adapted to safely
25  cultivate microalgae with the corrosive gases (CO2, SOz, NO2) from municipal or industrial
26  combustion emissions.
27
28  ABSTRACT:
29  Photobioreactors are illuminated cultivation systems for experiments on phototrophic
30 microorganisms. These systems provide a sterile environment for microalgal cultivation with
31 temperature, pH, and gas composition and flow rate control. At bench-scale, photobioreactors
32  are advantageous to researchers studying microalgal properties, productivity, and growth
33  optimization. At industrial scales, photobioreactors can maintain product purity and improve
34  production efficiency. The video describes the preparation and use of a bench-scale
35 photobioreactor for microalgal cultivation, including the safe use of corrosive gas inputs, and
36 details relevant biomass measurements and biomass productivity calculations. Specifically, the
37 video illustrates microalgal culture storage and preparation for inoculation, photobioreactor
38 assembly and sterilization, biomass concentration measurements, and a logistic model for
39  microalgal biomass productivity with rate calculations including maximum and overall biomass
40  productivities. Additionally, since there is growing interest in experiments to cultivate microalgae
41  using simulated or real waste gas emissions, the video will cover the photobioreactor equipment
42  adaptations necessary to work with corrosive gases and discuss safe sampling in such scenarios.
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Photobioreactors are useful for controlled experiments and cultivation of purer microalgal
products than can be achieved by open ponds. Microalgal cultivation in bench-scale
photobioreactors supports the development of fundamental knowledge that may be used for
process scale-up. Slight changes to environmental conditions can significantly alter
microbiological experiments and confound the results?. A sterile process with temperature, pH,
and gas sparging control is advantageous for studying microalgal properties and performance
under varied conditions. Additionally, the control over input gas concentrations, temperature,
shear force from mixing, and medium pH can support diverse species that are otherwise
challenging to cultivate. Photobioreactors can be run as a batch process with continuous gas feed
and sparging, or as a chemostat flow-through system with continuous gas feed and sparging plus
influent and effluent wastewater nutrient inputs. Here, we demonstrate the batch process with
continuous gas feed and sparging.

The use of photobioreactors addresses several microalgal cultivation and production challenges.
The field generally struggles with concerns of contamination by other microorganisms, efficient
substrate utilization (which is especially important in the case of CO, mitigation or wastewater
treatment)?, pH control, illumination variability, and biomass productivity?. Photobioreactors
enable researchers to study a wide range of phototrophs in closely-controlled batch systems,
where even slow growing species are protected from predators or competing microorganisms®*.
These batch systems are also better at facilitating greater CO; utilization rates and biomass
productivity because they are closed systems that are more likely to be in equilibrium with
supplied gases. Photobioreactor technology also offers pH control, the lack of which has hindered
high biomass productivity in past studies®. At bench scale, the level of control offered by
photobioreactors is advantageous to researchers. At larger industrial scales, photobioreactors
can be used to maintain commercial bioproduct purity and improve production efficiency for
nutraceutical, cosmetic, food, or feed applications®.

Microalgae are of great interest for biosequestration of CO, because they can rapidly fix CO; as
biomass carbon. However, most anthropogenic sources of CO; are contaminated with other
corrosive and toxic gases or contaminants (NOx, SOx, CO, Hg), depending on combustion process
fuel source. Growing interest in sustainable CO, sequestration has prompted development of
photobioreactor technologies to treat CO,-rich emissions, such as those from coal-fired power
plants (Table 1). Unfortunately, there is inherent risk of human and environmental exposure to
the corrosive and toxic contaminants during research and scale-up processes. As such, describing
the safe assembly and operation of bioreactors using corrosive gases is necessary and instructive.

This method is for the use of a 2 L bench-scale photobioreactor for the growth of microalgae
under carefully controlled experimental conditions. The protocol describes microalgal storage,
inoculum preparation, and photobioreactor setup and sterilization. Beyond basic operation, this
work describes microalgal biomass measurements and biomass productivity calculations, and
adaptation of the equipment for microalgal cultivation with corrosive gases. The protocol
described below is appropriate for researchers seeking to exert greater experimental control,
optimize microalgal growth conditions, or axenically culture a range of phototrophic microbes.
This method does not describe appropriate materials for cultivation of microbes that produce or
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consume flammable gases (e.g. CHa, Ha, etc.)’.
PROTOCOL:
1. Safe use and sampling of a photobioreactor sparged with corrosive gases

NOTE: This method does not describe appropriate procedures for safe sampling of microalgal
cultures that produce or consume highly flammable gases.

1.1. Manage toxic gas as a risk to human health.

NOTE: Per the University of lowa’s Chemical Hygiene Plan, the authors worked with the
University Fire Safety Coordinator and University Environmental Health & Safety Industrial
Hygiene Officer to develop a safety protocol for working with the toxic gases.

1.2. Set up a toxic gas monitoring system with sensors for each of the toxic gases in use. Calibrate
the sensors according to manufacturer instructions. Bump test (check for sensor and alarm
functionality with calibration gases) frequently, according to manufacturer instructions. Locate
the gas monitor just outside the fume hood.

1.3. Prior to beginning any corrosive gas experiments, notify nearby personnel of the risk and
alarm system. Also, notify the appropriate local emergency responders. Post signs on laboratory
entrances specifying which hazardous gases are in use.

1.3.1. Instruct all nearby personnel to evacuate if toxic gas is detected. Notify laboratory
supervisors and emergency response personnel.

NOTE: In a power outage, the gas-regulating tower will stop gas flow when it loses power.
However, if the room heating, ventilation, and air conditioning (HVAC) system or fume hood go
down without a power outage, this will result in leaking toxic gas.

1.4. Model the possible accumulated concentration of toxic gases in the room if the fume hood
were to fail using the American Industrial Hygiene Association’s (AIHA) mathematical modeling
spreadsheet IH MOD? for each gas.

1.4.1. Obtain the room supply/exhaust air rate, Q, in m3 min from building HVAC maintenance
personnel or HVAC technician. Calculate the volume, V, of the laboratory (L x W x H) in m3.
Calculate the contaminant emission rate, G, of each type of toxic gas in mg min%, using Equation
1 adapted from the ideal gas law:

P 3
G = %*MW*lO mg

(1)

where P is the fraction of pressure exerted by the toxic gas at 1 atm (ppm gas/10° ppm), Qgas is
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the flow rate of the gas in L min%, R is the universal gas constant (0.082057 L-atm-mol*-K1), Tis
temperature in K, and MW is the gas’ molecular weight in mol g*.

1.4.2. Use the values for V, Q, and G for each gas (calculated in step 1.4.1) in the “Well-Mixed
Room Model With option to cease generation and model room purge” algorithm in the IH MOD
spreadsheet to calculate the accumulated room gas concentrations for each gas over a 1440 min
(24 h) simulation period. Compare these values to the exposure limits (Table 2)°.

2. Preparation of the microalgal inoculum

2.1. Prepare the Scenedesmus obliquus inoculum, or other microalgal species selected for the
photobioreactor, prior to the start of the experiment by transferring it from storage, whether
cryopreserved or cultured on agar media.

2.1.1. Add 30-50 mL of sterile microalgal growth medium (triple-nitrogen Bold’s basal medium
[3N-BBM], Table 3) to a sterile (150-250 mL) shake flask capped with a foam stopper.

NOTE: Unless the flask is sparged, only one-fifth of the shake flask volume should be occupied by
liquid media.

2.1.2. Use a biosafety cabinet to maintain sterility when transferring cells to a slant or shake flask.
For cultures on agar, use a sterile loop to transfer microalgae from its agar plate or slant to the
shake flask. For cryopreserved cultures, gradually thaw the cryopreserved sample and rinse away
the cryoprotectant according to the chosen protocol?, then add the cells to the shake flask.

2.1.3. Culture cells in 3N-BBM at 20-25 °C under 16 h:8 h light:dark and shaking at 115-130 rpm.

2.1.4. Track microalgal growth over time using optical density (OD) measurements (as in sections
5 and 6). Allow the microalgae to reach its exponential growth phase (2-4 days) before
transferring cells to the photobioreactor.

NOTE: Depending on the goal of the experiment, the cells may be rinsed of culture medium (this
study) and/or concentrated with multiple centrifugation steps prior to inoculation of the
bioreactor.

3. Setup and operation of photobioreactor

3.1. Use the photobioreactor (Figure 1) to control temperature, pH, stirring rate, gas flow rates,
and input solution flow rates.

NOTE: The photobioreactor may be used to control the flow of up to four different input
solutions, commonly acid, base, antifoam, and substrate.

3.1.1. Prepare 100 mL each of 1 N NaOH and 1 N HCl and add each to a 250 mL input solution
bottle. Use secondary containment for these solutions.
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3.1.2. Store metered input solutions in autoclavable capped bottles equipped with dip tubes and
a vent tube with a sterile inline air filter. Connect the dip tubes to the photobioreactor’s four
input ports using autoclavable tubing and, during photobioreactor operation, submerse the dip
tubes in the input solutions. Pass the 1.6 mm inside dimeter (ID) autoclavable tubing between
the input solutions and their ports through separate peristaltic pumps which may be controlled
either by manually selected flow rates or by feedback from pH and foam-level probes (in the case
of acid, base, and antifoam solutions).

3.2. Calibrate the photobioreactor pH meter prior to autoclaving.
3.2.1. Connect the pH probe to the photobioreactor control tower by fitting the probe to the
connecting line and twisting to lock. Use pH 4 and pH 7 buffers to calibrate the pH meter. Wait

until values have stabilized before accepting the pH meter value.

3.2.2. Disconnect the pH probe from the pH meter cord that connects the probe to the control
tower.

3.2.3. Surface sterilize with 70% ethanol or autoclave the probe with the reactor. To autoclave,
cap the pH probe tightly with aluminum foil.

NOTE: If the probe is autoclaved, there is a risk of corrosion of the probe interior from steam
damage. This capping method does not completely guarantee damage prevention.

3.2.4. Add 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer to the
culture medium to better control pH.

3.3. Insert and screw closed the cold finger and exhaust condenser on the photobioreactor
headplate.

3.4. Insert the inoculation port and screw tightly in place. Add a length of autoclavable tubing to
the section of inoculation port above the photobioreactor headplate. Prior to autoclaving the
bioreactor, clamp the tubing closed with an autoclavable hose clamp.

3.5. Attach tubing capped with sterile filters to any unused photobioreactor ports.

3.6. Attach acid and base input solutions to the photobioreactor input ports via autoclavable
tubing. Add 1.5 L of culture medium.

3.7. Autoclave the reactor and associated input solutions for 30-45 min according to working
volume.

NOTE: If the culture medium is adversely affected by autoclaving, add the media after autoclaving
under sterile conditions in a laminar flow hood. The protocol can be paused here.
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CAUTION: Reactor will be hot after removing from autoclave.
3.8. Attach the impeller motor to the impeller shaft and tighten the fitting.

3.9. Arrange LED light panels symmetrically outside the bioreactor according to illumination
requirements.

3.9.1. Prior to autoclaving, measure and record the light intensity with a photometer. Place the
illuminance sensor inside the photobioreactor vessel and face the sensor toward the light source.

3.10. Connect up to two gas cylinders to supply the simulated coal-fired power plant emissions
(Table 1) to the microalgae in the photobioreactor.

NOTE: The gas concentrations used in this study approximated those of the University of lowa
power plant.

3.10.1. Assemble the connections between the gas cylinder, gas regulating tower, and
photobioreactor sparging ring. Attach appropriate regulators capable of 20 psi outlet pressure to
the gas cylinders. Attach 6 mm ID pressure resistant tubing to the regulator outlet hose barb and
secure with a hose clamp. Attach the other end of the pressure resistant tubing to the gas
regulating tower gas inlet using a hose barb to 6 mm stem quick connect fitting secured with a
hose clamp. Connect 3.2 mm ID tubing to the gas-regulating tower gas outlet using another 6
mm quick connect fitting and connect the other end of the outlet tubing to the sparging ring port
at the photobioreactor headplate.

NOTE: For a second input gas, repeat step 3.9.1, but use a T-shaped hose barb to consolidate the
two input gas lines to a single section of tube connected to the sparging ring port.

3.10.2. Set the outlet pressure to 20 psi on each gas regulator and use the bioreactor interface
to set experimental gas flow rates.

NOTE: Calculate and report the volume of air under standard conditions per volume of liquid per
minute (vvm); divide the volumetric gas flow rate by the culture volume. Report in units of per
miniute.

3.11. When sparging with more than one gas cylinder, confirm the supplied CO; concentration
to the photobioreactor with a CO; sensor.

3.11.1. Connect a software (e.g., GasLab) compatible CO, sensor to the USB port of a computer.
Download the most recent software that corresponds to the CO, sensor model. Open the
software and input the sensor model, measurement time interval, and duration of measurement
data logging.

3.11.2. Place the CO; sensor and combined gas flow tube (prior to connecting the tube with the
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bioreactor) in a 100-250 mL, capped, vented vessel (external to the bioreactor).

NOTE: During the experiment, the headspace CO; concentrations may be measured from one of
the venting tubes on the photobioreactor headplate.

3.11.3. Start the CO; concentration measurements on the user interface and wait for the
measurements to equilibrate.

3.11.4. Use the photobioreactor user interface to adjust the gas flow rates from each tank until
the desired total flow rate (0.1 L min'!) and CO concentration (12%) is achieved.

3.12. On the photobioreactor user interface, use the STIRR function to set the impeller rotation
rate. Ensure that the mixing rate is rapid enough for the culture medium to assimilate the sparged
gas bubbles.

NOTE: Certain microalgal species have weak cell structures and will be damaged or ruptured by
high shear force.

4. Adapting the photobioreactor and experimental setup for toxic gas use

CAUTION: The corrosive gases in real or simulated flue gas are corrosive and toxic. These gases
pose serious risk if inhaled.

NOTE: This method does not describe appropriate materials for safe cultivation of microbes that
produce or consume highly flammable gases (i.e., methane, hydrogen, etc.).

4.1. Replace brass, plastic, and standard tubing components with corrosion resistant materials.

4.1.1. Use stainless steel to reliably resist corrosion from the strong acids formed by the reaction
between NOy or SOx and water. Replace plastic quick connect fittings at the gas inlets and outlets
on the gas-regulating tower with stainless steel quick connect fittings. Use stainless steel
regulators for gas cylinders including the outlet hose barb rather than brass.

4.1.2. Use polytetrafluoroethylene (PTFE) or natural ethyl vinyl acetate (EVA) tubing to resist
corrosion from NOy and SOy gases (respectively) on the connections between the gas cylinder to
the gas-regulating tower and the gas-regulating tower to the photobioreactor.

4.2. After autoclaving, assemble the photobioreactor and gas cylinders within a walk-in fume
hood. Place the photobioreactor on a table inside secondary containment and place gas cylinders
in free standing cylinder collars or a cylinder rack.

4.3. After initiating gas flow, use a bubble type liquid leak detector to check for gas leaks in all
connections between the gas cylinders and bioreactor. Use a wash bottle filled with a 1:100 (v:v)
dilution of dish soap:water to cover the connection with a small stream of soap solution.
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NOTE: Leaks will be indicated by bubbling at the connections.

4.4. When initiating the microalgal experiments, begin sparging then adjust pH before
inoculation (as in standard photobioreactor experiments).

NOTE: Buffering the culture medium during corrosive gas experiments is highly recommended
since the input gases are strongly acidic.

4.5. Inoculate the photobioreactor by aspirating the prepared microalgal inoculum into a sterile
syringe, fitting the syringe to the tubing attached to the inoculation port, opening the inoculation
tubing clamp, and depressing the syringe.

4.6. Check the gas monitor, gas cylinder pressures, and photobioreactor twice daily (and prior to
sampling) for elevated levels of toxic gas or indication of leaks.

4.7. Limit the fume hood sash opening to a width that allows the bioreactor and gas cylinder
regulators to be reached. To avoid inhalation exposure risk, ensure that the opening does not
expose personnel above the torso region.

4.8. Turn the gas cylinder regulators to the closed position to cease gas flow to the reactor. Close
the fume hood sash and allow 5 min for the hood to evacuate the corrosive gases before sampling
the photobioreactor culture.

4.9. Sample within the fume hood either by opening a headplate port and using a sterile
serological pipet or drawing culture into a syringe through the inoculation/sampling port. Secure
the photobioreactor ports prior to opening the gas cylinders and resuming the experiment.

5. Measuring microalgal biomass productivity

5.1. Use a calibration curve to relate microalgal culture OD7s50 measurements to dried microalgal
biomass concentrations.

5.1.1. Prepare several (minimum: 4, minimum working volume: 500 mL) flasks with sterile
microalgal medium and inoculate with the species of interest (e.g., S. obliquus in this study).

5.1.2. Measure the culture OD7sp until growth is exponential, and promptly sacrificially sample
the flasks by filtering known volumes (minimum of 100 mL) of the contents with a 0.45 um filter
membrane of known mass. Use covered aluminum weigh boats or glass vessels to support the
biomass and filters as they are dried.

5.1.3. Mass the biomass and filters after drying for approximately 18-24 h in an oven between
80-100 °C. To verify complete drying, measure again after an additional 2-3 h to determine if the
mass has stabilized.
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5.1.4. Subtract the filter mass from the combined biomass and filter mass to calculate the
biomass mass.

5.1.5. Plot the calibration curve as measured OD7so against the biomass concentration (mass of
biomass divided by the volume of filtered culture) and fit the data with a linear regression.

6. Biomass productivity modeling and rate calculations

6.1. Calculate experiment biomass concentrations from OD7so measurements using the
calibration curve linear regression (determined in section 5).

6.2. Fit batch microalgal growth data from lag to exponential to stationary phase with a logistic
regression (Equation 2) in graphing and statistics software (Table of Materials):

flx) = m (2)

where L is the curve’s maximum biomass concentration value, k is the relative steepness of the
exponential phase (time™), x, is the time of the sigmoidal curve’s midpoint, and x is time.

6.2.1. Manually enter the logistic equation above. Select Fit a curve with nonlinear regression
on the Analysis tab in the software. On the left of the Parameters: Nonlinear Regression box,
choose Create new equation under the New dropdown box. Use the default explicit equation as
equation type, name the new function, and define the new function as Y = L/(1+ exp(-k*(x-b))),
where b represents xo.

6.3. Calculate the overall biomass productivity of the microalgal batch by dividing the difference
between the final and initial biomass concentrations by the difference between the final and
initial times.

6.4. Calculate the maximum biomass productivity of the microalgal batch from the derivative of
Equation 2 (Equation 3) at the sigmoid midpoint, when x = x.

of(x) L k e~ k(x—x0) 3
ax  (e—k(x—x0)41)2 (3)

REPRESENTATIVE RESULTS:

A calibration curve for the green microalgae, S. obliquus, harvested in the exponential phase, was
established with OD7s0 and dried biomass concentrations (Figure 2). The linear regression had an
R? value of 0.9996.

An S. obliquus culture was started in a 250 mL Erlenmeyer flask from a culture stored on a
refrigerated agar plate. The microalga was inoculated in 3N-BBM with 10 mM HEPES buffer and
sparged with 2.2% CO. in a 2 L photobioreactor with 1.5 L working volume (0.07 vvm) (Figure 1).
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The batch was tracked via ODysp; the biomass concentrations were calculated from the
calibration curve, and then modeled with a logistic curve (Figure 3). The photobioreactor
maintained the culture at pH 6.8, 100 cm® min™! total gas flow rate, continuous 280 umol m2 st
illumination, and 27 °C. The logistic curve fit biomass concentration data from lag to exponential
to stationary phase. From the logistic model, the maximum biomass concentration during the
batch was 2070 + 20 mg LY, maximum biomass productivity occurred at 4.6 day, and the rate of
specific biomass productivity was 1.0 d*. The maximum biomass productivity, calculated from
the derivative of the logistic curve at the time of maximum growth, was 532 + 60 mg L't d™2.

The well-mixed room model was used to calculate the accumulated concentration of NO;, SO,
and CO in the case of fume hood failure for 24 h. These values were compared to the exposure
limits (Table 2). For example, in the scenario where 0.05 L min™t of 400 ppm NO: is released during
a fume hood failure period of 24 h, the well-mixed room model with inputs of calculated G =
0.0377 mg mint, Q =0.0001 m3 min', V=100 m3, and maximum time for simulation = 1440 min
predicts NO, accumulation to 0.54 mg m3 (0.29 ppm), which is above the acceptable chronic
exposure limit (American Conference of Governmental Industrial Hygienists threshold limit value
[ACGIH TLV]) and below the short-term exposure limit (STEL).

A promising preliminary trial with simulated flue gas achieved a greater maximum microalgal
biomass productivity rate (690 + 70 mg L* d'!) than that of 12% CO; and ultra-zero air (510 + 40
mg L* d!) (Figure 4). Prior to the experiment, a gas monitor was calibrated with CO, NO,, and
SO;. The simulated flue gas experiment was carried out without any risk to personnel or damage
to equipment from corrosive gases.

FIGURE AND TABLE LEGENDS:

Figure 1: Bench-top photobioreactor illuminated by red and blue LED lights. The
photobioreactor operates as a 2 L batch reactor with 1.5 L working volume. The photobioreactor
is continuously fed with gases through the sparging ring and excess gas vents through ports in
the headplate. Adapted with permission from Molitor et al.>.

Figure 2: Calibration curve relating OD7so to S. obliquus cell dry weight. S. obliquus cell culture
light absorption was measured at 750 nm, then cells were filtered and dried to obtain cell dry
weight measurements. Reprinted with permission from Molitor et al.>.

Figure 3: S. obliquus growth data at 2.2% CO; input modeled with a logistic regression. The data
points represent biomass values as calculated from optical density measurements. The data have
been modeled with a logistic regression through a least squares fit; f(x) = m where L
=1955mg Lt k=1.154d?, and xo=3.317 d. R2 = 0.995.

Figure 4: Modeled S. obliquus growth at 12% CO;, with and without additional simulated flue
gas components. The biomass measurements from each batch of microalgae were modeled with
logistic regressions.
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Table 1: Composition of coal-fired power plant emissions. These quantities were averaged from
the University of lowa power plant emissions data collected at minute intervals over the span of
10 h.

Table 2: Exposure limits and descriptions for toxic gases (CO, SO2, NO;) in flue gas. OSHA TWA:
time weighted average (usually 8 h period), CEILING: value never to be reached, STEL: short-term
exposure limit (TWA over 15 min), NIOSH IDLH: danger to life and health, NIOSH REL: 15 min
exposure limit, ACGIH TLV: acceptable chronic exposure limit, no ill effects.

Table 3: Composition of triple-nitrogen Bold’s basal medium (3N-BBM). The quantity of
nitrogen has been tripled from the original Bold’s basal medium?*?.

DISCUSSION:

Batch, axenic photobioreactor experiments with regulated pH, temperature, gas flow rate, and
gas concentration promote meaningful results by eliminating contamination by non-target algal
strains and variability in culture conditions. Accurate pure culture growth kinetics can be
obtained even in the presence of corrosive gases (CO2, SO2, NO3), which serve as nutrients,
turning waste gases into a valuable product such as animal feed.

Prior to beginning any microalgal experiment, the chosen microalga culture should be taken from
storage and readapted to liquid culture. Growing the microalgae into exponential phase improves
the probability that experiments have equivalent initial conditions and that the microalgae do
not stagnate in lag phase after inoculation.

Calibration curves relating optical density and biomass concentrations are especially important
during studies of biomass productivity. High microalgal biomass productivity is one of the key
goals of the microalgal industry and, as such, is often an indicator of research success?.
Therefore, accurate calculations of biomass concentrations from optical density measurements
must stem from species-specific, precise, and accurate calibration curve data. To avoid potential
optical interferences, it is important that measurements for the calibration curve and during the
experiment be made in equivalent background solutions. Additionally, the calibration curve
should be made with measurements taken from microalgae in the growth phase(s) most
representative of those in the experiments. Certain microalgal species can have dramatic
differences in cell size during different growth phases which can alter the optical density and
perceived biomass concentrations. It should be noted that biomass productivity is related to, but
not equivalent to, growth rate. Specific growth rate depends on the number of cells (change in
cell density over time/cell density) present, and specific biomass productivity depends on the
bulk mass of cells (change in mg/L biomass over time per mg/L biomass)!® present.

When microalgal biomass concentrations are modeled with a logistic curve, experimental results
can be meaningfully compared by interpolating biomass concentrations and accurately
calculating biomass productivities. However, care should be taken when interpreting these
experimental results; it is inappropriate to compare overall and maximum batch biomass
productivity. While maximum biomass productivity values are useful to compare batch results,
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overall biomass productivity is misleading without further information on the experiment
duration and microalgal growth phases. These rates change continuously during the lag, log
growth, and stationary phases.

During experiments with corrosive gases which are characteristic of power plant or industrial
combustion emissions, caution should be exercised for both human health and equipment
longevity. Standard parts must be replaced with more robust materials, and consumables such
as tubing should be inspected and replaced more frequently to resist corrosion, prevent leaks,
and avoid human exposure. Extra safety measures and risk awareness are essential to safe and
successful operation and sampling. The method is not appropriate for flammable gases because
there is potential for gas accumulation within the headspace and the equipment is neither
designed for such risks nor suitable for safe adaptation to such conditions.
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Table1

Component

H,0
co,
0,
co
S0,
NO,
N,

Percent

12.6%
11.6%
5.8%
0.048%
0.045%
0.022%
69.9%

Click here to access/download;Table;JoVE Table 1.xIsx 2
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Toxic gas TWA CEILING STEL NIOSH IDLH NIOSH REL ACGIH TLV
Cco 35 ppm 200 ppm - 1,200 ppm 35 ppm 25 ppm
SO, 2ppm 100 ppm 5 ppm 100 ppm 2 ppm 2 ppm

NO, 3ppm 5ppm 1ppm 13 ppm 1 ppm 0.2 ppm
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CDC Description
Colorless, odorless
Colorless gas with a characteristic, irritating, pungent odor

Yellowish-brown liquid or reddish-brown gas (above 70 °F) with a pungent, acrid odor



Table 3

Compound
NaNO;

MgS0,-7H,0
NaCl

K,HPO,
KH,PO,
CaCl,-2H,0
ZnS0,-7H,0
MnCl,-4H,0
MoO,
Cus0,-5H,0
Co(NOs),-6H,0
H;BO;

EDTA

KOH
FeSO,-7H,0
H,SO, (concentrated)

mM
8.82 x 10°

3.04x 10™

4.28x10"
431x10"

1.29 x 10°
1.70x 10
3.07x10°
7.28x10°
4.93x10°
6.29x 10
1.68 x 10
1.85x10™

1.71x 10™

5.52x 10"
1.79 x 10

1x107° pL
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https://www.editorialmanager.com/jove/download.aspx?id=1115122&guid=1fadf38d-e2d2-42d6-9ab3-1ca2728b32fe&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1115122&guid=1fadf38d-e2d2-42d6-9ab3-1ca2728b32fe&scheme=1

Table of Materials

Name of Material/Equipment

Biostat A bioreactor
Bump test NO, gas

Bump test O,, CO, LEL gas
Bump test SO, gas

Corrosion resistant tubing for NO,

gas

Corrosion resistant tubing for SO,

gas
cozIR 100% CO, meter
cozIR 20% CO, meter

Durapore Membrane Filter, 0.45

um

Gas cylinder regulators

Gas cylinders

Gas monitoring and leak detection

system

Gaslab software
Hose barb

K30 1% CO2 meter
LED grow panels

Memosens dissolved oxygen probe

Memosens pH probe

Oven, Isotemp 500 Series
Prism GraphPad software
Stem to hose barb fitting

Company

Sartorius Stedim
Grainger

Grainger

Grainger

Swagelok

QC Supply
Gas Sensing Solutions Ltd.

Gas Sensing Solutions Ltd.

Millipore Sigma

Praxair
Praxair

RAE Systems by Honeywell
Gaslab

Grainger

Senseair

Roleadro

Endress+ Hauser
Endress+ Hauser
Fisher Scientific
GraphPad Software
Swagelok

Click here to access/download;Table of Materials;JoVE_Materials list.xls

Catalog Number

GAS34L-112-5
GAS44ES-301A

GAS34L-175-5

SS-XTATA4TA4-6

120325
CM-0121 at CO2meter.com
CM-0123 at CO2meter.com

HVLP04700

PRS 40221331-660
Ulta-zero air, high purity CO2,
or custom gas composition

MAB3000235E020
v2.0.8.14

ltem # 3DTN3

CM-0024 at CO2meter.com
HY-MD-D169-S

C0S22D-19M6/0
CPS71D-7TB41
13246516GAQ
Version 7.03 or 8.0.1
SS-4-HC-A-6MTA

*
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Allied Electronics and

Tubing, dilute acid/base transfer Automation 6678441
Allied Electronics and

Tubing, gas transfer Automation 6678444



Comments/Description

2-liter bioreactor for microbial fermentation; designed to be autoclaved; pH, temperature, gas
flow rate control

Calibration gas for MultiRAE gas detector

Calibration gas for MultiRAE gas detector

Calibration gas for MultiRAE gas detector

PTFE Core Hose Smooth Bore X Series—Fiber Braid and 304 SS Braid Reinforcement

Reinforced Braided Natural EVA Tubing - 1/4" ID

CO2 meter for concentrations up to 100%

CO2 meter for concentrations up to 20%

Hydrophilic, plain white, 47 mm diameter, 0.45 um pore size, PVFD membrane filters

Single-stage stainless steel regulator configured for 0-15 psi outlet assembly diaphragm valve
with %”MNPT threads, Stainless steel to resist corrosion from NOx and SOx

Dependent on study objectives

Pumped model that detects 02, SO2, NO2, CO, and LEL

Software for CO2 meter measurements and data logging

Used to adapt regulators to tubing, Stainless steel to resist corrosion from NOx and SOx
CO2 meter for concentrations less than 1%

Red & blue LED light panels

Autoclavable (with precautions) dissolved oxygen probe for bioreactor

Autoclavable (with precautions) pH probe for bioreactor

Small oven for drying

Graphing software for data organization, data analysis, and publication-quality graphs
Stainless Steel Hose Connector, 6 mm Tube Adapter, 1/4 in. Hose ID



Silicone TP Process Tubing; 1.6mm Bore Size; 3000mm Long; Food Grade

Silicone TP Process Tubing; 3.2mm Bore Size; 3000mm Long; Food Grade
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ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
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publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
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JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.
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Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the
submitted revision may be present in the published version.

2. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account.
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from
[citation].”

This was previously done for all applicable figures and permission has been uploaded.

3. Figure 4: Please delete the unnecessary white space between characters.
Figure 4 has been replaced.

4. Please add more details to your protocol steps. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the protocol. Please ensure
you answer the “how” question, i.e., how is the step performed? Alternatively, add references to
published material specifying how to perform the protocol action. Please be as specific as you can with
respect to your experiment providing all necessary details. Please provide all volumes and
concentrations used throughout. See examples below.

5. 1.1: Please specify the species of microalgae used.
This has been amended in Step 2.1 to say “ Prepare the Scenedesmus obliquus inoculum, or other
microalgal inoculum species selected for the photobioreactor...”

6. 1.1.1: Please specify the composition of microalgal growth medium.
Table 3 has been added to detail the medium composition, and the medium has been cited.

7. 1.1.2: Please specify at what conditions the microalgae are cultured (culture medium, temperature,
light/dark hours, shaking speed, etc.).
These details have been added in Step 2.1.3.

8. 1.1.3: How long does it take for the microalgae to reach its exponential growth phase? Please be
specific whether the cells are rinsed or concentrated in this protocol.

This has been corrected: “Allow the microalgae to reach its exponential growth phase (2-4 days) before
transferring cells to the photobioreactor. Depending on the goal of the experiment, the cells may be
rinsed of culture medium (this study) and/or concentrated with multiple centrifugation steps prior to
inoculation of the bioreactor.” See 2.1.4.

9. Section 2: Referencing Figure 2 (schematic of the photobioreactor) would be helpful here.
Figure 1 and referenced in Section 3 (formerly Section 2).

10. 2.1.2: Please list an approximate volume of solutions to prepare.
The solutions are now listed as 100 mL. See 3.1.1.

11. 2.2.4: What buffer is used here? Please provide its composition.


https://www.editorialmanager.com/jove/download.aspx?id=1114546&guid=bdd62c2f-dd67-47a0-b5e2-384c1f02c04d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1114546&guid=bdd62c2f-dd67-47a0-b5e2-384c1f02c04d&scheme=1

10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer has been specified. See 3.2.4.

12. 2.6: Please specify the volume of culture medium added.
1.5 L of culture medium has been specified. The 2-L volume of the bioreactor has been specified in the
last paragraph of the introduction. See 3.6.

13. 2.9.3.4: Please specify the desired total flowrate and CO2 concentration.
The total flowrate of 0.01 L/min and CO2 concentration of 12% have been added. See 3.11.4.

14. 3.1.1: Please specify species of interest.
This step has been amended to read “inoculate with the species of interest (this study: S. obliquus).” See
5.1.1.

15. 3.1.2: Please specify the volume of the contents filtered. Please specify the type of filter.
The volume has been specified as a minimum of 100 mL. The filter has been detailed as a
MillaporeSigma Durapore 47 mm 0.45 um filter membrane in the Materials List.

16. 3.1.3: How to dry the biomass and filters? At what temperature?
These specifications have been moved from Steps 5.1.2.- 5.1.3.

17. After you have made all the recommended changes to your protocol section (listed above), please
highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including headers and
spacing) to be featured in the video. Bear in mind the goal of the protocol and highlight the critical steps
to be filmed. Our scriptwriters will derive the video script directly from the highlighted text.

18. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted
steps form a cohesive narrative with a logical flow from one highlighted step to the next. The highlighted
text must include at least one action that is written in the imperative voice per step. Notes cannot
usually be filmed and should be excluded from the highlighting.

19. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

Reviewers' comments:
Reviewer #1:

Manuscript Summary: Clear
Major Concerns: No

Minor Concerns: No

Reviewer #2:

Manuscript Summary: This is a good work with great contribution to the research community.
Major Concerns: None

Minor Concerns: None

Reviewer #3:
Manuscript Summary:
This manuscript has done a good job describing the construction and operating of a bench-scale



photobioreactor. The system turned the corrosive gases into nutrients. The author has stated clearly in
the introduction the motivation of presenting this protocol, which is to minimize the risk of human and
environmental exposure to corrosive and toxic contaminants during research and scale-up processes.
Overall, the manuscript is well written.

Minor Concerns:

Introduction: It is preferred that the author shows an example of flue gas concentration in realistic
industrial situation.

Thank you for this suggestion. Lines 72-73 have been changed to specify coal-fired power plant flue gas
and include Table 1, which details the flue gas composition.

1.1.3: Please explain how you determine the exponential growth phase.
Step 2.1.4 has been amended to specify that the microalgae optical density should be tracked as in
Section 5 & 6, and that exponential phase will be reached 2-4 days after inoculation.

Section 2: how do you attach the tubes and probes? Do you use glue to seal? Please provide the gas flow
rate in addition to vwm. Please also provide the gas concentration and gas type as an example.

Tubes are attached with hose barbs and the probe is connected with a twist to lock mechanism (now
both mentioned in Section 3). Also, probes are part of the Sartorius biostat assembly and should be
attached according to manufacturer instructions. No glue is used to seal the connections.

The gas flow rate is now included in Step 3.11.4. Additionally, Step 3.10 has been updated to specify
“simulated coal-fired power plant emissions” as in Table 1.

Instructions for calculating vvm are included in the note below 3.10.2; vwvm will differ depending on
chosen gas flow rates and medium working volumes.

2.9.3.2: Are the venting tubes in figure 2? the Exhaust condenser?
The exhaust condenser was labeled in the figure and the venting tubes have been added.

4.1: What's the calibration curve linear regression?

The calibration curve linear regression mentioned in Step 6.1 would have been determined in Section 5.
Step 6.1 has now been updated to specify this. The example calibration curve regression equation is
included in the caption of Figure 2.

4.2: Please define x as well.
Thank you. x has been defined as time in Step 6.2.

Section 6: Is part of this section included in the hazardous chemical management program within the
university? | suggest the author to refer to the university regulations or make a reference.

Per the University of lowa’s Chemical Hygiene Plan
(https://ehs.research.uiowa.edu/sites/ehs.research.uiowa.edu/files/ChemicalHygienePlan19.pdf), we
worked with the University Fire Safety Coordinator and University EHS Industrial Hygiene Officer to
develop this method for safely working with the toxic gases.

6.2: How do you calculate the laboratory air turnover rate?
Calculating parameters of air exchange and possible toxic gas concentration accumulations are now

included in Section 1.

Figure 4 legend: "Microalgal growth under the simulated flue gas condition stopped because the CO2



supply was depleted."” Should this be the flue gas supply? In the figure, CO2 was supplied until Day 9,
while flue gas was supplied only till Day 4.
This amendment is correct. However, for better comparison, the Figure 4 has been replaced with a

graph in which both microalgae batches successfully reach stationary phase and the sentence has been
removed.
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